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ABSTRACT	

Cancer	is	a	leading	cause	of	deaths	in	the	world.		Cytotoxic	drugs,	target-specific	drugs	

and	 peptide	 drugs	 are	 major	 types	 of	 the	 anticancer	 drugs.	 Cisplatin,	 a	 cytotoxic	

anticancer	drug,	is	the	most	common	platinum-based	chemotherapeutic	drug	used	in	

clinics.	However,	this	drug	has	fatal	side	effects	because	of	 its	nonspecific	toxicity.	 In	

this	thesis	I	report	the	development	of	platinum	(IV)	prodrugs	conjugated	with	cancer-

cell-specific	 peptides	 and	 demonstrated	 its	 specificity,	 cytotoxicity	 and	 apoptotic	

effects	towards	their	respective	target	cancer	cell	lines.	I	further	showed	that	similar	to	

cisplatin	 (platinum	 (II)	 drug),	 the	 cell-specific	 cytotoxic	 mechanism	 of	 the	 new	

compounds	 is	 crosslinking	 of	 DNA.	 In	 addition	 to	 using	 peptide-conjugated	 small	

molecules	 for	 improving	 specificity,	 I	 developed	 peptide-based,	 anti-angiogenesis	

inhibitors	for	targeted	therapy.	Angiogenesis	plays	a	key	role	in	cancer	growth,	survival	

and	 metastasis.	 Clinically	 it	 has	 been	 shown	 that	 employing	 anti-angiogenesis	

inhibitors	 in	 combinational	 therapy	 with	 traditionally	 chemotherapeutic	 agents	

produce	significantly	better	results.	Human	methionine	aminopeptidase	2	 (hMetAP2)	

removes	 N-terminal	 methionine	 (the	 start	 codon)	 from	 nascent	 allowing	 them	 to	

interact	with	 the	α	 subunit	of	eukaryotic	 initiation	 factor	2.	 It	plays	an	active	 role	 in	

protein	 synthesis,	 cell	 proliferation,	 and	 angiogenesis.	 Thus,	 hMetAP2	 has	 been	 an	

attractive	drug	target	not	only	for	cancers	but	also	for	chronic	disorders	such	as	age-

related	 macular	 degeneration,	 rheumatoid	 arthritis,	 obesity,	 and	 type-2	 diabetes.	

Using	computational	tools,	I	designed	a	self-derived	structural	disrupting	peptide	drug	

targeting	hMetAP2.	 In	 this	 thesis	 I	 show	 that	 this	peptide	 can	 specifically	 inhibit	 the	

activity	 of	 hMetAP2	 but	 not	 those	 of	 other	 human	 methionine	 aminopeptidases	

(hMetAP1	or	hMetAP1D)	in	extracts	of	breast	carcinoma	cells	(MCF7	and	SKBR3).	The	

liposome-delivered	 peptide	 inhibits	 hMetAP2	 by	 changing	 its	 conformational	 state	
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according	to	semi-native	pulsed	field	gel	electrophoresis	(PAGE)	and	causes	cell	cycle	

arrest.	 The	 peptide	 delivered	 by	 either	 liposome	 or	 a	 cell-penetration	 peptide	 can	

inhibit	 cell	 proliferation,	 migration,	 and	 wound	 healing	 of	 both	 breast	 (MCF7)	 and	

colon	 (SW48,	 SW480)	 cancer	 cells	 with	 a	 lesser	 effect	 on	 non-neoplastic	 colon	

epithelial	cells	(FHC).	Thus,	the	self-derived	peptide	from	hMetAP2	could	be	useful	as	a	

new	anti-angiogenesis	agent	for	targeting	cell	growth	and	associated	disorders.	
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CHAPTER	I INTRODUCTION	

	 	



	

	 19	

I.1 CANCER	AND	ITS	DRUGS	

According	 to	 the	 World	 Health	 Organization	 (WHO),	 globally	 cancer	 is	 the	 second	

major	 cause	 of	 death	 (1).	 	 It	 is	 estimated	 that	 in	 2018,	 cancer	 caused	 1	 in	 6	 deaths	

which	are	9.6	million	people	(1).				

The	 current	 treatment	 strategies	 of	 cancer	 include	 radiation	 therapy,	 hormonal	

therapy,	targeted	therapy,	surgery,	immunotherapy,	precision	medicine	and	stem	cell	

transplant	 (2).	 The	 drugs	 involved	 in	 cancer	 therapies	 are	 generally	 referred	 to	 as	

anticancer	 drugs.	 There	 are	more	 than	 100	 FDA	 (U.S	 food	 and	 drug	 administration)	

approved	 drugs	 (3,	 4).	 These	 drugs	 can	 also	 be	 classified	 according	 to	 their	

mechanisms	of	action:	cytotoxic	drugs	and	target-specific	drugs	(5,	6).	They	can	also	be	

classified	 according	 to	 their	 molecular	 weights	 from	 low	 (small	 molecule)	 and	

intermediate	 (peptides)	 to	 high	 (biological	 drugs).	 This	 thesis	 will	 focus	 on	 two	

projects.	 In	 the	 first	 project,	 I	 will	 employ	 peptides	 to	 make	 cytotoxic	 drugs	 more	

cancer	 specific.	 In	 this	 second	project,	 I	will	develop	a	peptide	 that	 inhibits	a	 cancer	

target	 called	 human	 methionine	 aminopeptidase	 2.	 Thus,	 in	 the	 following	

subsections,	 I	will	describe	the	background	of	cytotoxic	drugs	and	target-specific	

drugs,	followed	by	peptide-based	drugs.	

I.2 Cytotoxic	anticancer	drugs	

Traditionally,	the	success	of	chemotherapeutic	agents	was	determined	by	their	ability	

to	 destroy	 rapidly	 dividing	 cancer	 cells	 via	 their	 cytotoxic	 properties	 (6).	 These	

cytotoxic	 drugs,	 however,	 can	 also	 affect	 rapidly	 dividing,	 normal	 cells	 such	 as	 bone	

marrow,	gastrointestinal	tract	and	hair	follicles	and	result	in	well-known	side	effects	of	

mucositis,	myelosuppression,	stomatitis	and	alopecia	(6).	
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Alkylating	agents,	the	earliest	developed	chemotherapeutic	drugs,	are	cytotoxic	drugs	

that	contain	one	or	two	alkyls	groups,	which	can	form	reactive	intermediates	that	bind	

to	DNA	in	cancer	cells	and	thereby	result	in	cell	death	(7).	Alkyl	sulphonates,	nitrogen	

mustards,	 nitrosoureas,	 ethylenimines,	 and	 triazines	 are	 alkylating	 drugs	 currently	

used	in	clinics	(6).	The	second	largest	groups	of	cytotoxic	anticancer	drugs	include	anti-

metabolites.	 Pyrimidine	 analogues	 (e.g.	 5-	 fluorouracil),	 anti-folates	 (methotrexate)	

and	 nucleoside	 analogues	 (gemcitabine)	 are	 some	 clinically	 used	 anti-metabolites	

drugs	 (6).	 Mitotic	 inhibitors,	 such	 as	 docetaxel	 and	 paclitaxel,	 represents	 another	

group	of	cytotoxic	drugs,	that	bind	to	microtubules	and	cause	cancer	cell	death	(6).	

A	 large	 number	 of	 cytotoxic	 drugs	work	 by	 acting	 on	 cancer-cell	 DNA.	 They	 include	

Platinum-based	 drugs,	 topoisomerase	 I	 and	 II	 inhibitors,	 hydroxyurea,	 antibiotic	

mitomycin	C,	DNA	methylation	inhibitors,	Bleomycin	and	poly-ADP	ribose	polymerase	

inhibitors	(6).		

Platinum-based	drugs	are	nonspecific	anticancer	drugs	that	bind	directly	to	cancer	cell	

DNA	halting	cell	cycle	and	 leading	to	apoptosis	 (2,	8).	Because	of	 their	effectiveness,	

50%	of	all	anticancer	drugs	used	in	clinics	are	platinum-based	(9).	Cisplatin,	carboplatin	

and	 oxaliplatin	 are	 three	 FDA	 approved	 platinum-based	 drugs	 (8).	 Despite	 their	

success,	 these	 drugs	 have	 high	 toxicity	 towards	 normal	 cells	 (9).	 Considering	 the	

deadly	 nature	 of	 these	 side	 effects,	 there	 is	 a	 need	 for	 developing	 platinum-based	

drugs	with	 less	off-target	effects.	 In	 chapter	 III	 of	 this	 thesis,	 I	 report	new	platinum-

based	compounds	that	are	conjugated	with	cancer	cell-type	specific,	cell	penetration	

peptides	(CPP)	after	introducing	the	background	in	platinum-based	drugs	in	Chapter	II.	

The	aim	is	to	reduce	off-target	effects.	
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I.3 Target-specific	anticancer	drugs	

Another	way	 to	 reduce	 off-target	 effects	 is	 to	 develop	 target-specific	 drugs.	

Cancer	cells	have	certain	molecular	and	functional	traits	that	distinguish	them	

from	normal	cells	(10).	These	traits	are	known	as	the	hallmarks	of	cancer	(10).	

These	 hallmarks	 have	 been	 used	 for	 the	 development	 of	 new	 targeted	

therapeutics	against	cancer	cells	 (10).	There	are	more	than	89	FDA	approved	

target-specific	 anticancer	 drugs.	 This	 number	 is	 increasing	 rapidly	 in	 recent	

decades	(11).			

Two	examples	of	 target-specific	drugs	are	monoclonal	antibodies	 (mAbs)	and	

signal	 transduction	 therapies	 (6).	 Signal	 transduction	 therapies	 involve	 the	

manipulation	 of	 cancer	 signalling	 pathways	 for	 the	 treatment	 of	 cancer	 (6).		

Growth	 factors,	 protein	 kinases,	 chemokines,	 cytokines,	 hormones,	 growth	

receptors	and	neurotransmitters	are	some	components	of	signal	transduction	

pathways	 that	 have	 been	 targeted	 for	 drug	 development	 (6).	 Tamoxifen,	 an	

oestrogen	receptor	antagonist,	was	the	first	such	drug	used	against	oestrogen-

dependent	 breast	 cancer	 (6,	 12).	 Imatinib,	 a	 tyrosine	 kinase	 inhibitor,	 is	 an	

inhibitor	 for	 Bcr-Abl	 protein	 kinase	 (6)	 that	 is	 implicated	 in	 chronic	 myeloid	

leukemia	 (CML)	 (13).	 Everolimus	 and	 temsirolimus,	 the	 inhibitors	 of	 serine/	

threonine	 kinase,	 romidepsin	 and	 vorinostat,	 the	 inhibitors	 of	 histone	

deacetlyl,	 and	 bexarotene,	 the	 inhibitor	 of	 retinoid	 receptors,	 are	 other	

examples	of	drugs	targeting	protein	kinases	that	are	overexpressed	 in	cancer	

cells	 (6,	 14-17).	 Inhibitors	 of	 epidermal	 growth	 factor	 receptors	 (EGFR),	

platelet-derived	 growth	 factor	 receptors	 (PDGFRs)	 and	 vascular	 endothelial	
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growth	 factor	 receptor	 (VEGFRs)	 have	 also	 been	 developed	 for	 clinical	 use	

(18).	Gefitinib,	erlotinib	and	lapatinib	are	inhibitors	for	EGFR,	vatalanib	inhibits	

VEGFR,	whereas	sorafenib	and	sunitinib	inhibit	both	VEGFR	and	PDGFRs	(18).		

Targeted	 anticancer	 drugs	 could	 also	 be	 developed	 against	 other	 proteins	

inside	 cancer	 cells	 (6).	 For	 example,	 pralatrexate	 and	 folate	 analogue	 target	

overexpressing	 replication	 factor	 C	 subunit	 1	 (RFC-1)	 (19).	 Bortezomib	 and	

carfilzomib	were	used	as	proteasome	inhibitors	in	mantle	cell	lymphomas	and	

multiple	myelomas	(20,	21).		

Tumour	 growth	 requires	 the	 development	 of	 new	 blood	 cells.	 Tumour	

angiogenesis	 was	 also	 targeted	 by	 sorafenib,	 sunitinib,	 vatalanib	 and	 mAb	

bevacizumab	 (22).	However,	 the	complexities	of	 tumour	angiogenesis	and	 its	

resistance,	 toxicity	 and	metastasis	 have	 limited	 the	 potential	 of	 these	 drugs	

(23,	 24).	 In	 this	 thesis	 (Chapters	 IV	 and	 V),	 I	 will	 review	 the	 history	 of	

angiogenesis-based	 therapeutics	 and	 discuss	 a	 new	 peptide-based	 drug	

against	 an	 anti-angiogenesis	 target,	 human	 methionine	 aminopeptidase	 2	

(hMetAP2)	that	was	shown	to	be	one	of	the	top-ranked	drug	targets	for	cancer	

drug	development	by	Fiona	et	al.	(2019)		(25).	

I.4 Peptide-based	drugs	

This	thesis	focuses	on	using	peptides	to	improve	the	specificity	of	cancer	therapeutics.	

Small	molecule	drugs	and	biologics,	 like	proteins,	constitute	the	two	major	classes	of	

therapeutics	available	 in	the	market	(26).	Effective	small	molecule	drugs	are	typically	

less	 than	 500	 Da	 in	 molecular	 weight	 while	 biologic	 drugs	 are	 usually	 greater	 than	

10,000	 Da	 (27,	 28).	 	 Peptide	 drugs	 are	 typically	 made	 of	 the	 same	 20	 amino	 acid	
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residues	 as	 proteins	 but	 with	 a	 much	 shorter	 sequence.	 Their	 molecular	 weights	

between	 220	 and	 12,000	 Da,	 thus,	 many	 small	 peptides	 are	 in	 between	 these	 two	

major	 drug	 classes	 (28).	 The	 smaller	 sizes	 of	 the	 peptides	 (than	 those	 of	 proteins)	

combined	with	their	nearly	unlimited	possible	combination	of	20	amino	acids	provide	

drug	researchers	with	the	advantage	of	developing	a	range	of	diverse	molecules	to	be	

tested	as	drug	candidates	(29,	30).			

Unlike	small	molecule	drugs,	peptide	drugs	are	metabolically	degraded	 into	nontoxic	

by-products	 rather	 been	 concentrated	 in	 specific	 organs	 (30,	 31).	 In	 comparison	 to	

large	 protein-based	 drugs,	 peptide	 drugs	 have	 low	 immunogenic	 and	 deeper	 tissue	

penetration	 because	 of	 their	 reduced	 sizes	 (32).	Moreover	 compared	 to	 their	 bulky	

counterparts,	 protein	 drugs,	 they	 can	 easily	 be	 modified	 structurally	 for	 large-scale	

optimisation	(33).		

Peptide	drugs	can	be	rationally	designed	to	block	or	stimulate	different	components	of	

disease	 pathways	 (34).	 This	 allows	 them	 to	 be	 potentially	 used	 as	 anticancer	 drugs,	

radionuclide	 carrier,	 drug	 delivery	 vehicles,	 hormones	 antagonist/agonist,	

antimicrobial	 agents,	 and	 vaccines	 (35-38).	 Figure	 I-1	 Illustrates	 the	 development	

pathway	 for	 peptide	 drugs.	 It	 typically	 involves	 a	 literature	 search	 for	 drug	 target	

identification,	 followed	 by	 lead	 peptide	 identification.	 Lead	 identification	 involves	

searching	relevant	literature,	mimicking	natural	peptide	substrates,	and	screening	and	

validating	peptide	 leads.	 In	 the	third	phase,	 the	 lead	peptides	are	 further	 tested	and	

optimised.	 Then	 the	 lead	 compounds	 are	 checked	 for	 their	 toxicities,	 metabolite	

liabilities,	large-scale	production	and	formulation	in	preclinical	in	vivo	tests	so	that	they	

can	enter	clinical	trials	(39).	
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Figure	I-1	Peptide	drug	development	process.	

I.4.1 	Peptide-based	drugs	available	in	the	market	

Currently	 the	 commercially	 available	 peptide	 therapeutics	 are	 either	 derived	 from	

natural	 sources	 (humans,	 plants	 or	 animals),	 synthesized	 chemically	 or	 made	

recombinantly	in	laboratories/	industries	(31).	The	approved	peptide	drugs	constitute	

both	 short	 peptides	 (3	 amino	 acids)	 and	 long	 peptides	 (up	 to	 50	 amino	 acids)	 (30).			

The	 currently	 available	 peptide-based	 drugs	 along	 with	 their	 target	 diseases/	

conditions	(31)	are	listed	in	Table	I-1.	
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Table	I-1	Peptide	drugs	currently	available	in	the	market	(31).	

Peptides	drug	 Brand	name	 Length	(a.a)	 Disease	treated	

Corticorelin	ovine	

triflutate	

Acthrel,	Stimu-	

ACTH	

41	 ACTH-	Dependent	Cushing’s	

syndrome	

ACTH	1-24	 Cortrosyn	 24	 Adrenocortical	insufficiency	

diagnosis	

2-	butanedioate	 Enalpril	 3	 Hypertension	

Seralasin	acetate	 Sarenin	 8	 Hypertension	

Liraglutide	 Victoza	 31	 Type-2	diabetes	

Paramlintide	acetate	 Symlin	 37	 Type	1	&	2	diabetes	

Enfuvirtide	 Fuzeon	 36	 AIDS/	HIV	

Human	calcitonin	 Cibacalcin	 32	 Hypercalcaemia	

Bivalirudin	

trifluroacetate	

Angiox	 20	 Cardiovascular	disorders	

Icatibant	acetate	 Firazyr	 10	 Cardiovascular	disorder	

(Hereditary	angioedema)	

Ziconotide	acetate	 Prialt	 25	 Severe	chronic	pain	(CNS)	

Sermorelin	acetate	 Geref	 29	 Growth	hormone	deficiency	

Thmalfasin	 Zadaxin	 28	 Hepatitis	B	and	C	

Peptides	for	cancer	treatment	

Buserelin	acetate		 Bigonist	 9	 Advanced	prostate	cancer	

Goserelin	acetate	 Zoladex	 10	 Advanced	breast	and	

prostate	cancer	

Histrelin	acetate	 Supprelin	 9	 Advanced	prostate	cancer	

Leuprolide	acetate	 Eligard	 9	 Prostate	and	breast	cancer	

Triptorelin	pamoate	 Decapeptyl	 10	 Advance	prostate	cancer	

Abarelix	acetate	 Plenaxis	 10	 Advance	prostate	cancer	

Degarelix	acetate	 Degarelix	

acetate	

10	 Advance	prostate	cancer	

ADH-1c	 ExherinTM	 5	 Malignant	melanoma	

Thymopentin	 Mepentil	 5	 Cancer,	immune	deficiencies	
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I.4.2 Advantages	of	peptide-based	drugs	

In	 the	 20th	 century,	 the	 discovery	 of	 small	 molecule	 drugs	 dominated	 drug	

development	 research	 (40).	 However,	 in	 the	 21st	 century	 pharmaceutical	 industries	

have	 come	across	a	number	of	problems	 in	 taking	 small	molecule	drugs	 successfully	

from	 laboratories	 to	 markets	 (40).	 	 Producibility,	 pharmacokinetics,	 efficacy,	 higher	

costs,	 intellectual	 property	 issues,	 quality	 and	 toxicity	 are	 some	 of	 many	 issues	

associated	with	small	molecule	drugs	development	(40,	41).	This	leads	to	only	10	%	of	

small	 molecule	 drug	 candidates	 make	 it	 to	 the	 market	 in	 recent	 years	 (42).	

Approximately	38	%	of	small	molecule	drug	candidates	failed	phase	I	clinical	trials	due	

to	toxicity,	63	%	of	the	remaining	failed	because	of	the	efficacy	issues	in	phase	II	(42).	

Only	45%	of	the	remaining	small	molecule	drugs	were	successful	in	phase	III	(42).	Even	

after	 passing	 Phase	 III,	 FDA	 only	 approves	 23%	 of	 the	 small	 molecule	 drugs	 (42)	

because	of	toxicity	and	efficacy	reasons,		This	strenuous	process	and	strict	laws	result	

in	 increasing	the	development	costs	 for	small	molecule	drugs	 (43).	As	a	 result,	many	

alternatives,	 including	 peptide-based	 drugs	 are	 been	 actively	 investigated	 (31).	

Peptides	 can	 be	 easily	 isolated	 from	 natural	 sources	 or	 could	 be	 synthesised	 in	 the	

laboratory	both	chemically	and	recombinantly	(31).	Moreover,	they	in	general,	provide	

better	 efficacy,	 selectivity,	 specificity,	 less	 immunogenicity,	 less	 toxicity	 and	 better	

penetration	 across	 the	 cell	 barriers	 (31,	 44,	 45).	 Although	 peptides	 were	 not	

considered	 an	 ideal	 replacement	 for	 small	 molecule	 drugs	 because	 of	 difficulty	 in	

large-scale	 synthesis	 (31),	 the	 development	 of	 solid	 phase	 synthesis	 has	 helped	

pharmaceutical	companies	in	mass	production	of	peptides	(46).		

I.4.3 Limitations	of	peptide-based	drugs		

Despite	their	huge	potential,	peptide	drugs	have	some	drawbacks	including,	sensitivity	
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to	proteases,	 low	stability	and	conformational	 instability	 (31,	47).	A	human	body	has	

600	 proteases	 (exogenous	 and	 endogenous)	 so	 protecting	 peptide	 drugs	 from	 their	

actions	is	vital	(48).	To	solve	this	problem	scientist	have	tried	a	number	of	approaches	

including	 C	 and	 N	 terminal	 modification,	 cyclization	 of	 peptide	 sequences,	 stapling,	

minimisation	 of	 the	 length	 of	 peptides,	 and	 introduction	 of	 disulphide	 bonds	 and	N	

terminal	esterification	(31,	45).		

Peptide	drugs	generally	cannot	be	delivered	orally	and	hence	almost	all	peptide-based	

drugs	 with	 the	 exception	 of	 Exenetide	 (a	 drug	 for	 diabetes)	 are	 delivered	 through	

injections	 (30).	Moreover,	because	of	 their	 low	molecular	weights,	peptide	drugs	are	

easily	removed	from	the	blood	through	renal	clearance,	which	results	in	shorter	half-

life	 inside	 plasma	 (49).	 In	 addition,	 most	 peptide	 drugs	 have	 difficulty	 in	 passing	

through	 the	 cell	 membrane	 thus	 limiting	 their	 use	 for	 intracellular	 targets	 (30,	 31).	

Protein	drugs,	 in	 their	native	states,	have	stable	conformations	which	not	only	assist	

them	 in	 their	 biological	 activity	 but	 also	 help	 them	 in	 membrane	 penetration	 and	

proteolytic	 stability	 (50).	 In	 contrast,	 peptide	 drugs	 usually	 do	 not	 have	 stable	

secondary	structures	important	for	their	proteolytic	stability	and/or	functional	activity	

(51).	 Thus,	 the	 strategies	 for	 structurally	 constraining	 the	 conformations	 of	 these	

peptide	drugs	could	help	increase	their	proteolytic	stability	activity.	Examples	of	these	

strategies	include	cyclization,	stable	mini-protein	scaffold	insertion,	chemical	coupling,	

attachment	to	high	molecular	weight	polymers,	liposomal	formulation,	attachment	to	

cell	penetration	peptides	(CPPs),	and	introduction	of	D-amino	acids	(30,	50).						

This	 thesis	aims	 to	not	only	discover	new	anticancer	peptide	drugs	but	also	 improve	

their	 activity	 and	 stability	 by	 both	 using	 liposomal	 formulation	 and	 CPP	 strategies.	 I	

also	utilized	cell-specific	CPPs	to	specifically	deliver	an	approved	small	molecule	drug	
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to	its	intended	target	thereby	reducing	its	side	effect/	toxicity.		

I.4.4 Cell	penetration	peptides	(CPPs)	

The	 efficiency	 of	 a	 drug	 largely	 depends	 on	 its	 ability	 to	 reach	 its	 target	 (52).	 For	

instance,	peptide	drugs	are	very	effective	against	extracellular	targets	because	peptide	

drugs	 can	 reach	 them	 easily	 (30).	 However,	 they	 have	 very	 low	 efficiency	 against	

intracellular	 targets	 because	 of	 peptide	 inability	 to	 pass	 through	 the	 cell	membrane	

(30).	Therefore,	drugs	that	target	intracellular	targets	have	to	pass	the	cell	membranes	

in	order	to	function	properly	(29,	53).		

Lipomski’s	rule	states	that,	because	of	their	hydrophilic	characteristics,	hydrogen-bond	

forming	 molecules	 and	 charged	 molecules	 are	 unable	 to	 cross	 the	 cell	 membrane	

barrier	(54).	 	However,	the	discoveries	of	Frankel	et	al.	(1988)	and	Joliot	et	al.	(1991)	

found	that	not	all	peptides	 follow	Lipomski’s	 rule	 (55,	56).	Frankel	et	al.	 (1988)	were	

responsible	 for	 the	 isolation	 of	 TAT	 peptide	 from	 human	 immunodeficiency	 virus	 1	

while	 Joliot	 et	 al.	 (1991)	 isolated	 homeobox	 peptide	 from	Drosophila	 melanogaster	

(55,	56).		They	found	that	upon	exogenous	addition	these	peptides	were	able	to	enter	

the	 cells	 by	 passing	 through	 their	 cell	membranes	 (55,	 56).	 	 The	 homeobox	 peptide	

isolated	in	1991	had	a	size	of	60	amino	acids.	In	1994,	Derossi	et	al.	(1994)	identified	a	

much	 smaller	 peptide	 (penetratin)	 of	 16	 amino	 acids	within	 homeobox	peptide	 that	

was	responsible	for	the	cell	penetration	of	the	homeobox	peptide	(57).	 	Table	I-2	lists	

some	of	the	commonly	used	CPPs.	

Recent	 advances	 in	 cell	 penetration	 peptides	 have	 found	 that	 CPPs	 could	 either	 be	

cationic	or	amphipathic	and	cationic	 (58-61).	 	Moreover,	Wender	et	al.	 (2008)	 found	

that	 peptides	 rich	 in	 the	 guanidinium	group	have	 a	 significant	 advantage	 in	 crossing	

the	cell	membrane	 (62).	 For	 instance,	peptides	having	more	arginine	 (contains	more	
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guanidinium	 groups)	 will	 pass	 cell	 membrane	 more	 easily,	 compared	 to	 a	 peptide	

containing	less	arginine	(62).			

CPPs	have	been	used	successfully	for	the	delivery	of	different	cargos	including;	protein,	

peptides,	 polymers,	 nano-particles,	 small	 molecule	 drugs	 and	 oligonucleotides	 (63).		

Cargos	are	either	attached	through	non-covalent	or	covalent	linkages	(37,	64,	65).		
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Table	I-2	CPPs	commonly	used	in	research.	

	 	

CPP		 Sequence	 Class	 Origin	 Reference	

R9/	Poly	R	 RRRRRRRRR-NH2	 Cationic		 Synthetic	 (66)	

(KFF)3K	 KFFKFFKFF	 Cationic	 Synthetic	 (67)	

TAT	 GRKKRRQRRRQC		 Cationic		 HIV-1	 (55)	

Transportan	 GWTLNSAGYLLGKINLK	ALAALAKKIL-
NH2		

Amphipathic		 Mastoparan		 (68)	

Penetratin	 RQIKIWFQNRRMKWKK-NH2		 Cationic/	
amphipathic		

Antennapedia		 (57)	

HRSV	 RRIPNRRPRR	 Cationic	 Natural	 (69)	
AIP6	 RLRWR	 Cationic	 Natural	 (69)	

MPG	
	

GALFLGFLGAAGSTMGAWSQPKKKRKV	 Amphipathic	
	

HIV	
glycoprotein	
41	

(70)	

ARF(1-22)	 MVRRFLVTLRIRRACGPPRVRV	 Amphipathic	 Natural	 (69)	

pVEC	
	

LLIILRRRIRKQAHAHSK	
	

Amphipathic	
	

Natural	
	

(71)	

MAP17	
	

QLALQLALQALQAALQLA	
	

Amphipathic	
	

Synthetic	
	

(69)	

VT5	
	

DPKGDPKGVTVTVTVTVTGKGDPKPD	 Amphipathic	 Synthetic	 (72)	

Bac7	
	

RRIRPRPPRLPRPRPRPLPFPRPG	 Amphipathic		 Synthetic	 (73)	

(PPR)n	 (PPR)3,	(PPR)4,	(PPR)5,	(PPR)6	 Amphipathic		 Synthetic	 (69)	

GALA	 WEAALAEALAEALAEHLAEALAEALEALAA	 Amphipathic		 Synthetic	 (69)	

INF7	 GLFEAIEGFIENGWEGMIDGWYGC	 Amphipathic		 Influenza	HA2		 (74)	

CADY	
	

GLWRALWRLLRSLWRLLWRA	 Amphipathic		 PPTG1	
peptide	

(75)	

C105Y	
	

CSIPPEVKFNKPFVYLI	 Hydrophobic	 Natural	(1-
Antitrypsin)	

(76)	

PFVYLI	 PFVYLI	 Hydrophobic	 Synthetic	 (76)	

Pep-7	 SDLWEMMMVSLACQY	 Hydrophobic	 Phage	clone	 (77)	
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I.4.4.1 Entry	Mechanism	of	CPPs	across	the	plasma	membrane	

The	 entry	 of	 CPPs	 across	 the	membranes	 is	 usually	 controlled	 by	 two	mechanisms;	

endocytosis	 and	 active	 transport	 (78).	 Moreover,	 for	 CPPs	 that	 are	 arginine-rich,	 a	

concentration	 gradient	 is	 needed	 (79).	 The	 endocytosis	 of	 CPPs	 across	 the	 cell	

membrane	can	be	distinctively	separated	into	three	steps	(28):	1)	binding	of	CPPS	with	

glycosaminoglycan	 (GAG)	 on	 the	 outer	 part	 of	 the	 plasma	 membrane,	 2)	 the	

internalization	of	CPPs	into	endosomes,	and	3)	the	release	of	CPPs	into	cytoplasm	from	

endosomes	(80).		

The	active	transport	of	CPPs	inside	the	cytoplasm	does	not	rely	on	the	CPPs	interaction	

with	 GAG	 (81).	 The	 CPPs	 under	 active	 transport	 can	 enter	 a	 wide	 variety	 of	 cells	

(including	 primary	 cells),	 without	 a	 distinguishable	 interacting	 receptor	 (60).	 Some	

reports	indicate	that	the	direct	entry	of	CPPs	into	cells	is	mediated	by	the	formation	of	

ceramide	(at	plasma	membrane)	and	activation	of	lysosomal	enzyme	(82,	83).	

CPPs	 generally	 have	 a	 linear	 conformation,	 therefore,	 they	 are	 not	 only	 prone	 to	

protease	 activity	 but	 have	 fewer	 contact	 points	 with	 membranes	 (84).	 Lattig-

Tunnemann	 et	 al.	 (2011)	 demonstrated	 that	 structural	modification	 (cyclization)	 can	

increase	 the	 number	 of	 contact	 points,	 for	 CPPs,	with	 the	 cell	membranes	 (84).	 For	

instance	 the	 uptake	 of	 the	 human	 lactoferrin-derived	 peptide	 (hLF)	 relies	 upon	 its	

cyclization	 (85).	 Moreover,	 increasing	 the	 conformational	 freedom	 of	 guanidinium	

group	by	 increasing	the	side	chain	 length,	has	been	shown	to	 increase	the	uptake	of	

guanidinium	group	containing	CPPs,	as	 it	 allows	a	higher	percentage	of	guanidine	 to	

interact	 with	 cell	 surface	 (86).	 	 Interestingly,	 Verdurmen	 et	 al.	 (2011)	 showed	 that	

cationic	 CPPs	 prefer	 L-conformation	 of	 amino	 acids	 over	 D	 conformation	 (87).	 This	
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indicates	 that	 those	 cationic	 CPPs	 require	 L	 conformation	of	 amino	 acids	 to	 interact	

with	particular	contact	points	(e.g.	receptors)	on	the	plasma	membrane.	

I.4.4.2 Limitations	of	CPPs	as	drug	carriers	

The	 response	 of	 targeted	 cells	 towards	 CPPs,	 in	 a	 drug-CPP	 conjugate,	 has	 been	

investigated	intensely	(88).	Part	of	the	scientific	community	believe	that	these	CPPs	act	

just	like	a	Trojan	horse	i.e.	have	no	effects	on	target	cells	(88).	However,	some	recent	

reports	 challenge	 this	 idea	 (88).	 Scientists	 have	 shown	 that	 these	 CPPs	 can	 trigger	

different	types	of	cellular	responses	upon	entry	into	target	cells,	as	drug-CPP	conjugate	

(89,	90).	For	instance	it	is	still	not	clear	if	actin	cytoskeleton	act	as	a	barrier	or	gateway	

towards	CPP-conjugated	molecules	 (91).	Some	of	 the	 first	generation	CPPs	displayed	

low	 cell/	 tissue/	 organ	 specificity	 and	 therefore	 had	 to	 be	 injected	 directly	 into	 the	

target	tissue	(92).	However	recently	developed	CPPs	are	more	target	specific	(92).	The	

cell	permeation	ability	and	toxicity	of	CPPs	varies	from	cell	to	cell	and	cargo	to	cargo	

(92).	Therefore	these	two	parameters	(toxicity	and	permeability)	need	to	be	carefully	

analyzed	for	each	CPP,	its	cargo	and	its	target	cell	line	(92).	CPP-	conjugate	uptake	by	

the	cell	usually	 takes	5-30	minutes	however	 in	 slow	uptake	process	 the	proteases	 in	

serum	can	digest	these	CPPs	(92).	Therefore	modification	of	CPPs,	like	cyclization,	may	

become	 necessary	 (92).	Moreover	 even	 upon	 uptake,	 some	 CPPs	 can	 end	 up	 being	

trapped	 in	 endosomes	 and,	 as	 a	 result,	 their	 releases	 may	 require	 other	 cytotoxic	

chemicals	 (92).	 CPPs	 generally	 enter	 most	 cells	 except	 the	 so-called	 “difficult	 to	

transfect	 cells”	 (92).	 It	 is	 clear	 that	 further	 work	 is	 needed	 to	 fully	 understand	 the	

extent	of	CPPs’	effect	upon	entry	into	a	cell.	
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I.4.4.3 Use	of	CPPs	in	cancer	treatment	

Cancer	remains	one	of	the	major	causes	of	death	(93).	The	main	causes	contributing	to	

this	situation	is	the	side	effects	of	conventional	therapies,	resistance	to	current	drugs	

and	recurrence	(94).	 	This	 increases	the	need	for	developing	better	drugs.	Therefore,	

scientists	 are	 constantly	 exploring	 the	 peptide	 world	 to	 identify	 possible	 cancer	

targeting	peptide	drugs	(36,	95).		Moreover,	researchers	are	also	investigating	the	use	

of	CPPs	to	deliver	the	already	existing	drugs	(32,	95).	Figure	I-2	illustrates	the	benefits	

of	 peptide-drug	 conjugates	 towards	 cancer	 treatment.	 So	 far	 FDA	 has	 not	 approved	

any	CPP-based	drug.	Table	 I-3	 lists	some	CPP-based	compounds	that	have	made	 into	

clinical	trials.	NGR-TNF	(a	conjugate	of	NGR-cisplatin)	is	currently	in	Phase	III	of	clinical	

trails	against	malignant	plural	mesothelioma	(96).		
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Table	I-3	CPP-based	drugs	in	clinical	development	(97).	

CPP	 Cargo		 Compound	 Application	 Status	 Company	

R7		 Cyclosporine	A		 PsorBan		 Cyclosporine	
A		

Phase	II	
terminated	
2003		

CellGate.	Inc		

TAT		 δPKC	inhibitor		 KAI-9803		 Heart	attack		 Phase	II	
completed	
2011		

KAI	
Pharmaceutical		

PTD4		 HSP20	
phosphopeptide		

AZX-100		 Wound	
healing		

Phase	II	
completed	
2012		

Capstone	
Therapeutics		

P28		 P28		 P28	 Central	
Nervous	
System	
Tumour		

Phase	I	
completed	
2013		

Pediatric	Brain	
Tumour	
Consortium		

P28		 P28		 P28	 Solid	
tumours		

Phase	I	
completed	
2014		

CDG	
Therapeutics.	
Inc		

N/A		 N/A		 AVI-4658		 Duchenne	
Muscular	
Dystrophy	
(DMD)		

Phase	II	
completed	
2015		

Sarepta	
Therapeutics		

TAT		 JNK-1		 XG-102		 Intraocular	
inflammation	
and	pain		

Phase	III	
completed	
2016		

Xigen	SA		

TAT		 JNK-1		 AM-111		 Acute	inner	
ear	hearing	
loss		

Phase	III	
completed	
2017		

Auris	Medical		

MTS		 Botulinum	toxin	
A		

R-002		 Cervical	
Dystonia		

Phase	II	
completed	
2018		

Revance	
Therapeutics		
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Studies	 have	 shown	 that	 an	 anticancer	 drug	 linked	 with	 a	 peptide	 could	 have	 an	

increased	 EPR	 (enhanced	 permeability	 and	 retention)	 effect	 (98-100).	 EPR	 is	

characterised	 by	 an	 increase	 in	 vascular	 permeability	 and	 poor	 lymphatic	 drainage	

(101).	Increased	EPR	activity	means	that	the	anticancer	drug	conjugated	with	peptides	

would	 penetrate	 better	 across	 the	 capillary	 barrier	 into	 the	 tumour	 site	 while	 poor	

lymphatic	 drainage	 allows	 prolonged	 exposure	 time	 for	 the	 drugs	 (102).	 EPR	 is	

dependent	on	the	size	of	the	drugs	molecules.		

In	drug	resistance	cancer	cells,	peptide	conjugated	anticancer	drugs	can	also	evade	the	

ABC	drug	transporter	like	P-glycoproteins	by	changing	the	physico-chemical	properties	

and	uptake	mechanisms	(103,	104).		Furthermore,	the	cell	membranes	of	cancer	cells	

are	generally	rich	in	microvilli	and	negatively	charged	molecules	(e.g.	GAGs	and	anionic	

lipids)	(105,	106).	The	increased	contact	points	(a	consequence	of	more	microvilli)	and	

more	negative	charged	molecules	are	 ideal	 for	 the	cationic	CPPs	to	 interact	with	the	

cancer	surface	membranes.			

Cancer	cells	 contain	a	number	of	molecules/	 receptors	on	 their	 surfaces	 that	 can	be	

used	 to	 distinguish	 them	 from	 the	 normal	 cells	 (107,	 108).	 This	 opens	 the	 doors	

towards	selective	targeting	of	cancer	cells.	If	a	CPP	binds	specifically	to	these	receptors	

for	 entry	 into	 the	 cells,	 cancer	 cell-specific	 drugs	 (CPP-conjugated	 drug)	 could	 be	

developed	 (109).	Moreover,	 CPP-conjugated	 anticancer	 drugs	 could	 also	 be	 used	 to	

target	tumours	that	are	hard	to	reach	by	normal	drugs	(110).	
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Figure	 I-2	Advantages	of	using	CPPs	 in	 cancer	 treatment.	CPPs	can	 reduce	drug	 resistance	

and	increase	EPR.	EPR	increase	means	that	drugs	can	pass	into	the	cancer	cells	easily	from	

the	capillaries	but	won’t	be	drained	to	the	lymphatic	system	quickly.	Cancer	cells	also	have	

more	surface	area	(microvilli)	for	CPP	interaction.	Negative	molecules	on	cancer	surface	also	

help	attachment	of	cationic	CPPs.	Moreover,	cancer	cells	express	specific	receptors.	Hence	

CPPs	designed	to	target	those	receptors	could	be	used	to	selectively	target	cancer	cells.	
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I.4.4.4 Cell	type-specific	CPPs		

As	 mentioned	 above	 CPPs	 offers	 numerous	 advantages	 as	 a	 non-invasive	 delivery	

system	for	drugs	(111).	However,	most	CPPs	lack	cell	selectivity	and	hence	enter	most	

cell	types	 indiscriminately	(111).	Eisaku	et	al.	 (2012)	 in	their	work	reported	CPPs	that	

could	enter	different	cell	lines	selectively	(111).	According	to	their	report	CPP2,	CPP28,	

CPP30,	 CPP33	 and	 CPP44	 selectively	 enter	 Lovo	 (colon	 adenocarcinoma),	 U2os	

(osteosarcoma),	 MCF7	 (breast	 cancer),	 A549	 (lung	 adenocarcinoma)	 and	 Hep5G2	

(hepatoblastoma)	&	K562	(111).	They	used	the	messenger	RNA	display	technology	to	

synthetically	make	 these	CPPs	 (111).	Furthermore,	 they	showed	 their	peptides	could	

be	used	in	cancer	therapy	in	an	in	vivo	mice	model	(111).	In	chapter	III	of	this	thesis	I	

have	utilised	CPP30	and	CPP33	reported	by	Eisaku	et	al.	(2012)	to	selectively	deliver	a	

platinum	(IV)	prodrug	analogue	of	cisplatin,	into	MCF7	and	A549	cell	lines.		

I.4.5 Self-derived	inhibitory	peptides	

Self-derived	peptides	 are	 small	 segments	of	 a	 protein	 that	 are	designed	 to	 alter	 the	

function	of	the	protein	they	are	derived	from	(112).	As	a	result,	they	are	also	called	as	

self-inhibitive	peptides	(113).		

The	 development	 of	 computational	 tools	 has	 accelerated	 the	 development	 in	

rationally	 designed	 peptide	 drugs,	 especially	 self-derived	 inhibitory	 peptides	 (114).	

These	tools	utilize	the	diverse	 libraries	of	experimental	data	 in	many	huge	databases	

to	highlight	the	structurally	and	functionally	relevant	parts	of	the	native	proteins	that	

could	 be	 used	 in	 self-derived	 inhibitory	 peptide	 strategies	 (115).	 Over	 the	 past	 few	

decades,	different	scientific	groups	around	the	world	have	reported	peptides	with	self-

inhibitory	properties	(116-118).	
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The	 self-derived	 peptide	 strategy	 has	 recently	 been	 used	 to	 successfully	 develop	

inhibitory	 peptides	 against	 multiple	 proteins;	 involved	 in	 different	 diseases	 (113).	

Along	 with	 other	 types	 of	 peptide	 drugs,	 self-derived	 peptides	 also	 provide	 an	

alternative	to	small	molecule	and	protein-based	drugs.	The	most	well	known	example	

of	an	approved	self-derived	peptide	drug	 is	peptide	T20,	used	against	HIV	(119).	T20	

peptide	is	derived	from	the	glycoprotein	41	(GP41)	of	HIV	(120).	T20	prevents	HIV	from	

entering	 into	 the	host	cells	by	 stopping	viral	 spore	 formation	 (120).	Spore	 formation	

prevention	results	from	inhibition	of	the	conformational	change	needed	for	the	fusion	

of	cellular	and	viral	membranes	by	T20	peptide	(120).		

Olga	 et	 al.	 (2007)	 reported	 that	 amino	 acid	 segments	 derived	 from	 STAT4	 have	

inhibitory	 effects	 on	 STAT3	 (121).	 Based	 on	 their	 findings	 they	 found	 that	 these	

inhibitory	peptides	bind	to	STAT3	at	a	specific	 location,	which	brings	about	change	in	

its	structural	conformation	and	hence	inhibits	it	(121).		

Akiko	 et	 al.	 (1999),	 in	 1991	 reported	 a	 self-derived	 inhibitory	 peptide	 that	 could	 be	

used	 to	 inhibit	 glucosyltransferase	 (GTF)	 (122).	 Streptococci	 in	 the	 oral	 cavities	

produce	GRF	 enzyme.	 GTF	 plays	 a	 crucial	 role	 in	 dental	 caries	 formation	 (122).	 GTF	

enzyme	is	involved	in	the	formation	of	dental	plaque,	which	results	in	the	promotion	

of	microbial	colony	growth	(122).	These	microbial	colonies	in	turn	secrete	an	acid	that	

is	responsible	for	the	demineralization	of	tooth	enamel	(122).	Akiko	et	al.	(1999)	tested	

22	 peptides	 from	 multiple	 regions	 of	 the	 GTF	 protein	 for	 their	 inhibitory	 potential	

towards	 the	 GTF	 protein	 itself.	 They	 identified	 that	 the	 segment	 1176-1194	 was	

capable	of	significantly	 inhibiting	the	activity	of	GTF	protein	(122).	Furthermore,	they	

also	showed	that	this	segment	was	specific	towards	the	GTF	inhibition	(122).	According	

to	 their	 findings,	 their	 self-derived	 peptide	 demonstrated	 non-competitive	 binding	

properties	to	GTF	protein.	Moreover,	they	also	found	that	a	scrambled	version	of	the	
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same	segment	did	not	illustrate	the	same	inhibitory	potential	as	the	peptide	segment	

(1176-1194	residues)	(122).	Additionally,	the	peptide	was	bonded	strongly	to	the	GTF	

protein	and	that	bonding	integrity	was	evident	even	in	the	presence	of	sodium	dodecyl	

sulphate	 (SDS)	 (122).	 	 The	 peptide	 and	 GTF	 were	 found	 to	 interact	 directly	 in	 a	

sequence-specific	manner,	and	the	peptide-GTF	bond	was	biphasic	(122).	

Yongtao	et	al.	(2015)	also	utilized	the	self-derived	inhibitory	peptide	strategy	to	design	

peptides	 that	 could	 stop	 viral	 membrane	 formation	 by	 inhibiting	 protein-protein	

interactions	 (114).	 They	 developed	 a	 computational	 model	 based	 on	 a	 statistical	

scoring	 function	 as	 the	 input	 feature	 to	 predict	 the	 inhibitory	 potential	 of	 their	

predicted	peptides	 (114).	With	Matthew’s	 coefficient	of	0.84,	 their	model	prediction	

demonstrated	accuracy	in	92%	of	cases	(114).	

Currently	 there	 are	 two	predominant	 theories	 that	 explain	 the	 action	mechanism	of	

self-derived	 inhibitory	 peptides	 (113,	 121).	 	 The	 first	 theory	 explains	 the	 inhibitory	

effects	of	peptides	by	preventing	protein-protein	interactions	(113).	According	to	this	

theory,	 these	 self-derived	 peptides	 bind	 to	 the	 interacting	 interface	 of	 one	 protein,	

stop	the	other	binding	partner	from	bonding	to	the	peptide-bonded	protein	and	cause	

the	inhibition	of	the	protein-protein	interaction	(113).	This	theory	is	based	on	the	fact	

that	 the	 protein-protein	 interaction	 between	 two	 globular	 proteins	 is	 governed	 by	

direct	interactions	at	the	interacting	interfaces	(113).	According	to	this	theory,	the	self-

derived	 peptides	 bind	 to	 the	 binding	 pockets	 (113).	 The	 second	 theory	 is	 that	 self-

derived	peptides	bind	to	proteins	at	sites	other	than	the	 interacting	 interfaces	(121).	

According	to	 this	 theory,	self-derived	peptides	bind	to	 their	 target	at	such	a	 location	

that	 it	 brings	 about	 a	 conformational	 change	 in	 its	 structure.	 This	 conformational	

change	leads	to	inhibition	of	protein	function	(121).		



	

	 40	

In	Chapter	V	of	this	thesis,	I	report	the	development	of	self-derived	inhibitory	peptides	

against	human	Methionine	aminopeptidase	2	(hMeAP2).		

Summary	of	chapters	to	come	

In	Chapter	II	of	this	thesis,	I	will	provide	a	more	detailed	background	of	platinum-based	

drugs.	 	 This	 is	 followed	 by	 my	 research	 in	 the	 development	 of	 cancer-cell-specific	

platinum	(IV)	prodrugs	(Chapter	III).	Then,	I	will	discuss	angiogenic	inhibitors	as	cancer	

therapeutics	 with	 specific	 background	 details	 on	 angiogenesis	 target	 human	

methionine	 aminopeptidase	 2	 (hMetAP2)	 in	 Chapter	 IV.	 This	 is	 followed	 by	 the	

development	 of	 a	 self-derived	 peptide-based	 drug	 against	 hMetAP2	 in	 Chapter	 V.		

Finally,	 in	 Chapter	 VI	 the	 findings	 of	 this	 thesis	 and	 possible	 future	 works	 will	 be	

discussed.
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CHAPTER	II History	of	platinum-based	chemotherapeutic	drugs	



	

	 42	

II.1 Cisplatin	and	their	analogues	

Chemotherapy,	 radiation	 therapy,	 immunotherapy,	 hormone	 therapy,	 targeted	

therapy,	 precision	 medicine,	 stem	 cell	 transplant	 and	 surgery	 are	 some	 of	 the	

approaches	used	for	cancer	treatment	 (2).	 Immunotherapy,	chemotherapy,	hormone	

therapy	and	targeted	therapy	are	also	used	 in	cancer	treatment	(2).	 	Platinum-based	

drugs	constitute	a	major	portion	of	chemotherapeutic	agents	used	in	clinics.	

Cisplatin	 has	 been	 reportedly	 used	 in	 clinics	 against	 carcinoma,	 germ	 cells	 tumours	

sarcomas	 and	 lymphomas	 (123).	 Because	 of	 its	 success,	 numerous	 analogues	 of	

cisplatin	were	synthesised	 (123).	About	13	of	 those	 reached	clinical	 trials.	 	However,	

the	rate	of	success	in	clinical	trials	has	been	significantly	low	(123).	Globally,	cisplatin,	

oxaliplatin	 and	 carboplatin	 are	 the	 three	 approved	 platinum-based	 drugs	 (124-127).		

Moreover,	 lobaplatin,	 heptaplatin,	 and	 nedaplatin	 have	 been	 approved	 for	 use	 in	

China,	South	Korea,	and	Japan	respectively	(128).	Figure	II-1	represents	the	structures	

of	these	compounds.	Other	cisplatin	analogues	that	went	into	clinical	trials	around	the	

world	 include;	 enloplatin,	ormaplatin,	DWA2114R,	 JM-216,	CI-973,	254-S	and	 LNDDP	

(129).	

Cisplatin	 approved	 derivatives,	 oxaliplatin	 and	 carboplatin,	 provide	 better	 treatment	

for	 the	 patients	 in	 some	 cases,	 however,	 these	 derivatives	 also	 have	 their	

disadvantages.	 For	 instance	 carboplatin	 has	 lower	 toxicity	 as	 compared	 to	 cisplatin.	

However,	 its	 efficiency	 is	 usually	 1/8	 to	 1/45	 times	 lower	 than	 cisplatin	 (130).	

Moreover,	unlike	 cisplatin,	 carboplatin	 is	 susceptible	 to	an	alternative	mechanism	of	

action	which	increases	the	risk	of	undesired	side	effects	(131).		Furthermore,	because	

of	 its	 side	effects	on	 the	bone	marrow,	carboplatin	can	significantly	 reduce	 the	 total	

blood	count	of	patients	(132).	
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Figure	 II-1	 Approved	 platinum-based	 chemotherapeutic	 drugs.	 FDA	 approved	

cisplatin,	carboplatin	and	oxaliplatin	are	being	used	worldwide.	While	nedaplatin,	

lobaplatin,	and	heptaplatin	are	approved	for	use	in	Japan,	China	and	South	Korea	

respectively	 (124,	 128).	 ChemDraw	 software	 was	 used	 to	 draw	 the	 chemical	

structure.	

II.1.1 Cisplatin	mechanism	of	action	

Cisplatin	 mechanism	 can	 be	 broadly	 divided	 into	 four	 steps.	 Figure	 II-2	

diagrammatically	 illustrates	 this	 mechanism	 (133).	 The	 first	 step	 is	 the	 passage	 of	

cisplatin	across	the	cell	membrane,	the	second	is	the	activation	of	cisplatin,	the	third	is	

the	transfer	of	activated	cisplatin	 inside	the	nucleus	and	binding	to	DNA	and	the	 last	

step	 is	 the	 start	 of	 the	 cellular	 process	 e.g.	 apoptosis	 that	would	 lead	 to	 cell	 death	

(133).	Figure	II-3	shows	cisplatin	effects	on	cancer	cells	at	the	molecular	level.		

Scientists	 have	 reported	 several	 transporters	 on	 cancer	 cell	 plasma	membranes	 that	

are	associated	with	 the	passage	of	 cisplatin	 from	 the	extracellular	membrane	 to	 the	

cell	 cytoplasm	(134,	135).	These	 transporters	 include;	MDR1,	CTR1,	AQP9,	AQP2	and	

SLCs.	CTR1,	AQP9,	AQP2	and	SLCs	are	solute	carrier	importers	while	MDR1	is	an	ATP-

binding	 cassette	 transporter,	 also	 known	 as	 P-glycoprotein	 (134,	 135).	 Furthermore,	

CTR1	has	been	identified	to	be	crucial	for	cisplatin	transport	across	the	cell	membrane	
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and	 CTR1	 degradation	 has	 also	 been	 linked	 to	 cisplatin	 resistance	 (136,	 137).		

TMEM205	 (membrane-bound	 protein)	 and	 Glucose	 Transporter	 1	 (Glut1)	 have	 also	

been	linked	to	the	transport	of	cisplatin	across	the	plasma	membrane	(134).		

Cancer	 cells	 have	 low	 chloride	 ion	 concentration	 as	 compared	 to	 their	 extracellular	

environment	 (138).	 Therefore,	 upon	 entry	 into	 the	 cytoplasm	 cisplatin	 loses	 its	 two	

chloride	atoms	and	hence	gets	activated	(130).	This	hydrolysed	cisplatin	behaves	like	a	

potent	 electrophile	 that	 reacts	with	nucleophiles	 including	nitrogen	donor	 groups	of	

nucleic	acids	and	sulfhydryl	groups	of	proteins	(130).	Activated	cisplatin	travels	to	the	

nucleus	and	binds	 to	N7	 reactive	centre,	of	purine	 residues,	on	 the	DNA	 (130).	 	This	

binding	causes	cell	cycle	arrest	and	ultimately	apoptosis	(Figure	II-3)	(130).		

Beside	nuclear	DNA,	cisplatin	and	its	analogues	have	also	been	investigated	thoroughly	

for	 their	 effects	 on	 mitochondrial	 DNA	 (139).	 Mitochondrion	 plays	 a	 key	 role	 in	

providing	the	energy	for	rapidly	dividing	cancer	cells.	Thus,	inhibition	of	mitochondrial	

function	 is	 directly	 related	 to	 drug-	 induced	 apoptosis	 in	 cancer	 cells	 (140).	 Studies	

have	 shown	 that	 platinum-based	 compounds	 designed	 against	 mitochondrial	 DNA	

could	 bring	 about	 apoptosis,	without	 effecting	 nuclear	DNA	 (139).	 In	 a	 recent	 study	

Zhu	et	al.	(2019)	found	that	platinum	compounds	could	bring	about	cell	death	even	if	

they	are	exclusively	accumulated	in	cell	mitochondria	or	nucleus	(141).	

	Figure	II-3	also	illustrates	several	other	proposed	mechanisms	that	could	lead	to	cell	

death,	once	exposed	to	cisplatin.		
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Figure	 II-2	 Cisplatin	 entry	 into	 cancer	 cells	 and	 its	 mechanism	 of	 action.	 Cisplatin	

crosses	 the	plasma	membrane	of	cancer	cells.	 	Cl-	 ion	concentration	 is	higher	on	the	

outside	as	compared	to	the	cancer	cell	cytoplasm.	Therefore,	cisplatin	loses	it’s	Cl-	to	

OH	group	before	it	enters	the	nucleus	and	binds	to	the	DNA.	DNA	binding	could	either	

result	 in	 cellular	 death,	 through	 apoptosis,	 or	 the	 DNA	 repair	 machinery	 could	 be	

activated	to	repair	the	damage	caused	by	cisplatin	binding	to	DNA.	Moreover,	cisplatin	

could	 also	 bring	 about	 apoptosis	 by	 binding	 to	 cellular	 proteins.	 MarvinSketch	

software	was	used	to	draw	the	chemical	structure.	
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Figure	II-3	Molecular	processes	involved	in	cisplatin	induced	cell	death	and	resistance.	

Upon	entry	into	cancer	cells,	cisplatin	binds	to	DNA.	Binding	to	DNA	could	either	lead	

to	activation	of	the	DNA	repair	system	or	p53	pathway.	Activation	of	the	p53	pathway	

leads	to	apoptosis	through	multiple	signaling	pathways.	Moreover,	cancer	cells	could	

develop	 resistance	 to	 cisplatin	 by	 modifying	 receptors	 involved	 in	 cisplatin	 entry,	

mismatch	repair	system,	and	p53	pathway	(130).	
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II.1.2 Cisplatin	side	effects	

Cisplatin	 functions	 by	 crosslinking	 DNA	 that	 results	 in	 pushing	 cellular	 machinery	

towards	apoptosis	(130).	However,	as	cisplatin	can	enter	both	normal	and	cancer	cells,	

it	 can	 also	 cause	 apoptosis	 in	 normal	 cells	 (142).	 	 Cisplatin	 has	 been	 linked	 to	

significant	kidney	 (143),	heart	 (144),	 and	 liver	 (144)	 toxicity.	Cisplatin	 induced	cardio	

toxicity	 could	 result	 in	 myocarditis,	 arrhythmia,	 cardiomyopathy,	 cognitive	 heart	

failure,	and	arrhythmia	(142).	

II.1.3 Resistance	to	cisplatin	

Tumour	cell	resistance	towards	cisplatin	has	been	reported	(130).	For	instance,	colon	

cancer	 cells	 are	 inherently	 resistant	 to	 cisplatin	 (145).	 Additionally,	 ovarian	 cancer	

acquires	resistance	to	platinum-based	drugs	over	time	(146).			

There	 are	 multiple	 factors	 controlling	 the	 resistance	 of	 tumours	 towards	 cisplatin.	

These	factors	include	the	up-regulation	of	DNA	repair	pathways	(147),	deactivation	of	

thiol-containing	small	molecules	(148),	and	reduced	cisplatin	accumulation	 inside	the	

cells	(Figure	II-3)	(149).			

Moreover,	cancer	cells	are	known	for	their	adaptation	to	survive	under	pressure	from	

various	 chemotherapeutics,	 including	 platinum	 drugs	 (149,	 150).	 These	 adaptations	

include	modification	of	p53	pathway	(Figure	 II-3)	and	up-regulation	of	anti-apoptotic	

Bcl-2	signal	(151,	152).		

II.2 Platinum	(IV)	prodrugs	

The	 development	 of	 carboplatin	 and	 oxaliplatin	 has,	 to	 an	 extent,	 reduced	 cisplatin	

inherent	problems	of	bioavailability,	solvability,	and	resistance	(130).	However,	these	

cisplatin	analogues	still	possess	significant	cytotoxicity	(130).	Therefore,	there	is	a	need	

for	 making	 platinum-based	 molecules	 that	 not	 only	 possess	 better	 bioavailability,	
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solvability,	 and	 less	 resistance	but	 also	 are	 less	 toxic	 towards	normal	 cells.	 Platinum	

(IV)	 complexes,	 also	 known	 as	 Pt	 (IV)	 prodrugs	 could	 provide	 an	 answer	 to	 this	

problem.	 These	 drug	 provide	 “magic-bullet	 like”	 features	 that	 allow	 it	 to	 undergo	

specific	transformation	in	vivo,	which	could	be	used	for	delivery	of	the	drug	to	specific	

sites	in	cancer	cells	(153).		

The	 low-spin	d6	octahedral	 geometry	 and	 kinetic	 inertness	 of	 Pt(IV)	 prodrugs	makes	

them	 more	 stable	 and	 suitable	 for	 oral	 consumption	 (154).	 Moreover,	 the	

pharmacological	 properties	 of	 Pt(IV)	 prodrugs	 could	 also	 be	 enhanced	 by	 specific	

modifications	on	 the	axial	 ligands	 (155).	Such	modifications	could	also	be	 tailored	 to	

reduce	the	side	effects	of	these	drugs	(155).		

Figure	 II-4	 represents	 the	mechanism	 of	 action	 for	 cisplatin	 Pt(IV)	 prodrugs.	 Upon	

entry	 into	 the	 cells,	 these	molecules	 undergo	 reductive	 elimination	 reactions	 (156).	

These	reactions	give	rise	 to	 the	reactive	Pt(II)	drug	and	the	rest	of	 the	mechanism	 is	

the	same	as	what	described	above	for	cisplatin	.			
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Figure	II-4	Pt(IV)	prodrug	mechanism	of	action.	Upon	entry	into	the	cells,	platinum	(IV)	

prodrug	undergoes	reductive	elimination.	This	releases	the	active	platinum	(II)	core	of	

the	drug.	The	rest	of	the	mechanism	is	similar	to	the	one	described	above	for	cisplatin	

(156).	

II.2.1 Structure-	activity	relationship	of	platinum	(IV)	prodrugs	

As	 mentioned	 earlier,	 upon	 entry	 to	 the	 cytoplasm,	 the	 Pt(IV)	 prodrug	 undergoes	

reduction	and	 the	axial	 ligands	are	 released	 to	 form	 the	active	Pt(II)	drug	 (156).	The	

reduction	potential	of	platinum	(IV)	prodrugs	is	vital	for	its	activity	(157,	158).	Studies	

have	shown	that	this	reduction	potential	depends	greatly	on	the	axial	ligands	attached	

to	the	Pt(IV)	prodrugs	(157,	158).		In	Pt(IV)	prodrugs	reduction	potential	is	the	highest	

when	 chloride	 ligands	 are	 in	 the	 axial	 position	 (159,	 160).	 Carboxylate	 (160)	 has	

intermediate	 reduction	 potential	 while	 hydroxyl	 (160)	 ligand	 in	 the	 axial	 position	

provides	 low	reduction	potential	 (161).	Other	studies	have	also	reported	that	bulkier	

ligands	can	 increase	 the	 reduction	potential	of	 the	Pt(IV)	prodrugs	 (160).	 	Therefore,	

these	factors	should	be	considered	when	designing	new	Pt(IV)	prodrug	molecules.		
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Additionally,	 the	 axial	 groups	 can	be	used	 to	 enhance	 the	biological	 profile	 of	 Pt(IV)	

prodrugs,	 by	 increasing	 cellular	 uptake,	 increasing	 cytotoxic	 effects	 by	 attaching	

another	 toxin	 on	 the	 axial	 positions,	 increasing	 target	 specificity	 by	 attaching	 it	 to	

nanoparticles	or	other	cancer	cell-specific	molecules	(153).		

II.2.2 Current	status	of	platinum	(IV)	prodrugs	

Satraplatin,	 a	 platinum	 (IV)	 prodrug,	 was	 developed	 against	 hormone-refractory	

prostate	 cancer	 (162).	 It	went	 into	 clinical	 trials,	 however,	 at	 phase	 III	 it	 showed	no	

significant	 improvement	 in	 patient	 condition	 (130).To	 date,	 it	 is	 the	most	 successful	

Pt(IV)	 prodrug	 (130).	 Ormaplatin	 and	 iproplatin	 are	 other	 Pt(IV)	 prodrugs	 that	went		

into	 clinical	 trials	 (163).	 Table	 II-1	 lists	 some	 of	 the	 well-known	 pt	 (IV)	 prodrugs
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Table	 II-1	 List	 of	 Pt	 (IV)	 prodrugs.	 Pt(IV)	 prodrugs	 generally	 have	 lower	 toxicity	 as	 compared	 to	

Pt(II)	drugs.	However	as	 shown	above	 they	still	have	certain	 side	effects.	Moreover	Pt(IV)	drugs	

e.g.	 satraplatin	might	be	 less	potent	 than	Pt(II)	drugs	 in	certain	cases.	This	 table	also	shows	 the	

current	state	of	these	drugs	in	clinical	trial.		

	

Pt(IV)	prodrug	 Used	against	 Limitations	 Current	status	 Reference	

Satraplatin/	

JM216	

Breast	cancer,	

lung	cancer,	

prostate	cancer	

Low	efficiency	

Bone	marrow	

suppression,	

nephrotoxicity,	

ototoxicity,	

neuropathy,	and	

gastrointestinal	

toxicity		

Failed	in	phase	III	trial	

because	of	low	

efficacy	

(164)	

Ormaplatin	 Ovarian	cancer	 Neurotoxicity,	

nausea,	vomiting	

and	

myelosuppression	

	

Caused	peripheral	

neuropathy	in	phase	I	

clinical	trials	

(165,	166)	

Iproplatin	 Advanced	gastric	

adenocarcinoma	

or	pancreatic	

carcinoma		

Granulocytopenia,	

thrombocytopenia,	

nausea,	vomiting,	

and	diarrhea	

Failed	in	phase	II	trial	

because	of	low	

efficacy	

(167)	
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II.3 Peptide-based	Platinum	(IV)	prodrugs	

As	mentioned	earlier	cancer	cells	overexpress	certain	receptors	on	their	surfaces	(168).	

Therefore	 peptides	 that	 bind	 specifically	 to	 these	 receptors	 could	 be	 designed	 to	

develop	 cancer-specific	 therapeutics	 (169).	 Combining	 peptides	 to	 platinum	 (IV)	

prodrugs	 can	 achieve	 two	 benefits.	 Firstly,	 I	 can	 specifically	 target	 cancer	 cells	 and	

secondly,	I	can	target	specific	intracellular	targets	(153).		

II.3.1 Peptide-	Pt(IV)	prodrugs,	targeting	cancer-related	targets	

A	number	of	peptide-Pt(IV)	prodrugs	have	been	developed	recently	(153).	Here	I	list	of	

the	conjugates	that	could	be	classified	as	cancer-specific	Pt(IV)	prodrug	conjugates.	

II.3.1.1 NGR/RGD-Platinum	(IV)	prodrug	

	Aminopeptidases	N	(APN/	CD13),	a	membrane-spanning	surface	protein,	plays	a	key	

role	 in	tumorigenesis,	 immune	response	and	pain	(153).	A	short	peptide	sequence	of	

NGR	(Asn-Gly-Arg)	shows	high	affinity	towards	APN	(153).	Lippard	et	al.	(2008)	created	

NGR-Pt(IV)	 prodrug	 and	demonstrated	 that	 their	 compound	had	better	 activity	 than	

the	parent	Pt(IV)	prodrug	(170).	The	same	group	also	created	RGD	(Arg-Gly-Asp)-Pt(IV)	

prodrugs	(170).	These	drugs	targeted	integrin	in	tumour	cells	(170).	Overexpression	of	

integrins	also	helps	tumour	angiogenesis	(170).	

II.3.1.2 Neurotensin/	Somatostatin	ligand-	Platinum	(IV)	prodrug	

Neurotensin	 and	 somatostatin	 receptors	 are	 overexpressed	 in	 a	 number	 of	 the	

tumours	(169,	171,	172).	Neurotensin	receptors	are	overexpressed	in	colon,	pancreas,	

breast,	 prostate,	 and	 lung	 while	 somatostatin	 is	 overexpressed	 in	 neuroendocrine	

tumours.	 Over	 the	 past	 few	 years,	 the	 peptides	 that	 mimic	 the	 ligands	 of	 these	

receptors	have	been	developed	(173).	Pseudo-neurotensin	=	Lys-Lys-Pro-Tyr-Ile-Leu,	is	
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the	pseudo	ligand	for	neurotensin	while	octreotate	(d-Phe-Cys-Phe-d-Trp-Lys-Thr-Cys-

Thr-OH)	is	the	pseudo	ligand	for	somatostatin	(173).	Ravera	et	al.	(2012)	made	Pt(IV)	

prodrug	 analogues	 containing	 these	 two	 pseudo	 ligands	 to	 target	 Neurotensin	 and	

somatostatin	 receptors	 on	 tumour	 cells	 (173,	 174).	 Compared	 to	 control	 (succinate-

Pt(IV)	prodrug),	these	two	new	molecules	showed	enhanced	cytotoxic	effects	(173).	

II.3.1.3 Chlorotoxin-Platinum	(IV)	prodrug	

Leiurus	 quinquestriatus	 hebraeus,	 Israeli	 yellow	 scorpion,	 produce	 a	 36	 amino-acid	

long	peptide	called	CTX	(chlorotoxin)	(175).	This	peptide	has	the	ability	to	specifically	

bind	 to	 chloride	 channels	 and	 matrix	 metalloproteases	 (MMPs)	 on	 the	 cell	 surface	

membranes	 (175,	 176).	MMPs	 and	 chloride	 channels	 are	overexpressed	by	different	

cancer	cells	and	studies	have	shown	that	CTX	binding	could	inhibit	tumour	cells	(177).		

Lippard	 et	 al	 (2012)	 conjugated	 CTX	 with	 platinum	 (IV)	 prodrug	 (178).	 Their	 results	

show	that	their	compound	was	not	as	active	as	cisplatin	(178).	They	believed	that	the	

instability	 of	 their	 compound	 could	 be	 the	 cause	 of	 this	 observation	 (178).	

Furthermore,	CTX	also	has	acted	as	a	toxin	and	hence	a	synergistic	effect	of	CTX	and	

cisplatin	should	have	been	seen	(178).	However,	this	effect	was	lacking	and	this	leads	

them	to	believe	that	CTX	only	acted	as	a	carrier	 in	the	CTX-	Pt(IV)	prodrug	conjugate	

(178).	

II.3.1.4 Anti-HER2-Platinum	(IV)	prodrug	

HER2	is	overexpressed	in	20-30%	of	breast	cancers	(179).	Ang	et	al.	(2015)	developed	

an	 anti-HER2	 peptide	 and	 coupled	 it	 to	 cisplatin	 and	 oxaliplatin	 (IV)	 prodrug	 (179).		

Compared	 to	 their	 parent	 molecules,	 cisplatin	 and	 oxaliplatin,	 these	 conjugated	

molecules	were	found	to	be	more	effective	against	HER2	positive	cell	lines	(179).	Their	

anti-HER2-Pt(IV)	prodrug	was	also	effective	against	 cisplatin-resistant	cell	 lines	 (179).	
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Moreover,	 their	 results	 also	 showed	 the	 selectivity	 of	 these	 compounds	 towards	

cancer	cells	(179).	

II.3.2 Limitations	of	current	peptide-Pt(IV)	prodrug	candidates	

The	 current	 peptide-	 Pt(IV)	 prodrugs	 have	 shown	 less	 systematic	 side	 effects	 (153).		

However,	 those	 that	 entered	 clinical	 trials	 have	 not	 shown	 significant	 therapeutic	

benefits	over	their	Pt(II)	counterparts.	Therefore,	there	is	still	a	need	to	produce	better	

Pt(IV)	prodrug	conjugates	for	more	efficient	delivery	of	platinum	drugs	to	cancer	cells.	

According	to	Silva	et	al.	 (2018)	 the	passage	of	platinum	molecules	across	the	plasma	

membrane	 of	 cancer	 seems	 to	 greatly	 influence	 their	 cytotoxicity,	 uptake	 and	

resistance	 (180).	 Poor	 uptake	 of	 platinum-based	 drugs	 can	 cause	 resistance	

development	 (181).	Moreover,	 the	 passage	of	 platinum	drug	 across	 cell	membranes	

triggers	 signalling	 pathways	 that	 assist	 in	 apoptosis	 (180).	 This	 makes	 platinum	 (IV)	

drug	passage	across	the	plasma	membrane	crucial	for	its	effectiveness	(182).	Platinum-

based	drugs	have	different	levels	of	uptake	across	the	plasma	membrane	of	different	

cancer	cell	lines	(183).		

The	current	peptide-Pt(IV)	conjugates,	however,	as	mentioned	above,	do	not	assist	the	

platinum	 (IV)	 prodrugs	 to	 cross	 the	 plasma	membrane.	 They	 are	more	 focussed	 on	

targeting	a	particular	component	of	the	cancer	signalling	pathways.	These	components	

could	 include	 cell	 surface	 receptors,	 hormones	 or	 signalling	 pathway	 proteins	 (153).	

Without	a	speedy	cell	penetration,	Pt(IV)	could	become	a	drug	with	less	efficacy	or	be	

reduced	to	the	active	Pt(II)	prematurely	outside	the	cell	and	thus	cause	side	effects.		
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II.4 CPPs-Platinum	(IV)	prodrugs	

To	 overcome	 the	 above	 limitations,	 I	 proposed	 to	 employ	 cell-penetration	 peptides	

(CPPs).	 CPPs,	 used	 as	 vectors,	 are	 known	 to	make	 the	 passage	 of	 their	 cargo	 easier	

across	 the	 plasma	membrane	 (184).	 As	 mentioned	 above,	 scientists	 have	 identified	

numerous	CPPs,	which	can	be	used	as	carriers	for	a	number	of	small	or	large	molecule	

drugs.	TAT	(YGRKKRRQRRR)	is	a	well-known	CPP	(184).	Abramkin	et	al.	(2012)	made	a	

Pt(IV)	prodrugs	by	linking	TAT	to	Oxaliplatin	(IV)	(185).	Their	results	showed	that	both	

mono	and	bi-conjugates	were	active	against	CH1	and	SW480	cancer	cell	 lines	at	 low	

micro-molar	concentrations	(185).	This	was	the	first	time	that	any	CPP	was	attached	to	

platinum	complexes.	

However,	 TAT	 is	 a	 generic	 cell	 penetration	 peptide.	 Thus,	 this	 TAT-oxaliplatin	 (IV)	

prodrug	would	enter	both	normal	and	cancer	cells	indiscriminately.	In	this	thesis,	I	will	

examine	 CPP30	 and	 CPP33	 that	 are	 specific	 towards	 the	 penetration	 of	 MCF7	 and	

A549	 cells,	 respectively	 (111).	 In	 the	next	 Chapter,	 I	make	 cell	 type-specific	 cisplatin	

(IV)	prodrugs	by	attaching	them	to	CPP30	(for	MCF7	cells)	and	CPP33	(for	A549	cells)	

and	analyzing	their	effects.		Figure	II-5	diagrammatically	explains	the	aim	and	concept	

of	our	newly	developed	peptide-platinum	(IV)	molecules.	
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Figure	 II-5	Cell	 type-specific	Pt(IV)	prodrug	concept.	 (a)	Pt	 (II)	drugs	 like	cisplatin	can	

enter	all	types	of	cells	and	cause	apoptosis	without	discrimination.	(b)	Pt(IV)	prodrugs,	
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without	 any	 cell-specific	 axial	 groups,	 can	 also	 enter	 both	 target	 and	non-target	 cell	

lines	 and	 cause	 cell	 death,	 without	 discrimination	 between	 cancer	 and	 non-	 cancer	

cells.	(c)	Pt(IV)	prodrugs	conjugated	with	cell	type-specific	CPP	can	enter	its	target	cell	

line	 (MCF	 for	 CPP30	 and	 A549	 for	 CPP33).	 However,	 it	 cannot	 enter	 non-target	 cell	

lines.	Therefore,	these	Pt(IV)	prodrugs	would	only	trigger	apoptosis	in	target	cell	lines	

e.g.	breast	cancer	or	colon	cancer	cells	while	these	drugs	would	have	no	toxicity	with	

normal	cells	as	they	cannot	be	penetrated	by	the	cell-specific	CPP.			
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CHAPTER	III Cancer	cell-specific	platinum	prodrugs	
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III.1 RESEARCH	PROBLEMS	TO	BE	ADDRESSED	IN	THIS	WORK	

Despite	 advancements	 in	 various	 approaches	 for	 cancer	 treatment	 along	 with	 a	

significant	 increase	 in	 the	 life	 expectancy	 of	 cancer	 patients,	 chemotherapy	 remains	

the	 cornerstone	 of	 cancer	 treatment	 (186).	 In	 chemotherapy,	 platinum-based	 drugs	

dominate	with	 its	usage	 for	nearly	50%	chemotherapeutic	 treatment	 (133).	 The	 first	

FDA-approved	 platinum-based	 drug	 is	 cisplatin	 (cis-[PtCl2(NH3)2]	 in	 1978.	 This	 is	

followed	 by	 its	 analogues:	 oxaliplatin,	 carboplatin	 and	 several	 others;	 nedaplatin,	

lobaplatin	 and	 heptaplatin	 (128).	 Although	 Platinum-based	 chemotherapeutic	 drugs	

have	achieved	high	clinical	success	rates	(187),	the	problems	of	indiscriminate	toxicity	

and	 resistance	 (usually	 resulted	 from	 poor	 uptake	 of	 the	 drugs	 by	 the	 cells)	 remain	

unsolved	issues	(188).		

An	 attractive	 alternative	 to	 the	 above	 Pt(II)-based	 drugs	 is	 platinum	 (IV)	 prodrugs	

(128).	Unlike	Pt(II),	Pt(IV)	is	chemically	less	active	because	of	the	saturation	of	its	low	

spin	d6	orbitals	by	two	additional	axial	ligands.	Nontoxic	Pt(IV)	prodrugs	are	attractive	

because,	in	principle,	they	will	be	reduced	into	cytotoxic	Pt(II)	once	inside	the	reducing	

environment	 of	 tumour	 cells	 (128,	 189).	 	 Several	 early	 versions	 of	 Pt(IV)	 prodrugs	

(ormaplatin,	 lproplatin,	 and	 satraplatin)	 underwent	 clinical	 trials	 but	did	not	make	 it	

into	 clinical	 use	 due	 to	 either	 premature	 reduction	 to	 Pt(II),	 low	 efficacy,	 or	 lack	 of	

survival	benefit	(153).		

The	failure	of	these	early	versions	of	Pt(IV)	prodrugs	is	in	part	because	Pt(IV)	prodrugs	

are	bulkier	than	Pt(II)	and	thus	have	more	difficulty	entering	into	cells.	Moreover,	they	

were	not	made	cancer-cell-specific.	One	recent	strategy	for	solving	these	problems	is	

to	 employ	 peptide-based	 axial	 ligands.	 For	 example,	 Keppler	 et	 al.	 (2012)	 have	

attached	a	 cell	 penetration	peptide	TAT	 to	oxaliplatin	 (185).	However,	 TAT	does	not	
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discriminate	 normal	 from	 cancer	 cells.	 	 Others	 attempted	 to	 improve	 specificity	 by	

using	a	peptide	axial	 ligand	to	target	a	cell-surface	protein	over-expressed	 in	tumour	

cells.	 Targeted	 cell-surface	 proteins	 include	 integrins	 (170),	 aminopeptidase	N	 (170),	

Neurotensin	 receptors	 (173),	 formyl	 peptide	 receptors	 (190),	HER2	 (179)	 and	matrix	

metalloproteases	 (178).	While	 these	 peptides	 can	make	 Pt(IV)	 prodrugs	 bind	 to	 the	

surfaces	 of	 cancer	 cells	 more	 specifically,	 efficient	 entrance	 of	 Pt(IV)	 prodrugs	 into	

tumour	cells	is	not	guaranteed.		

III.2 OUR	APPROACH	TO	SOLVE	THE	ABOVE	MENTIONED	PROBLEMS	

In	this	work,	I	aim	to	solve	both	issues	of	cell	permeation	and	cancer-cell	specificity	of	

Pt(IV)	 prodrugs	 by	 using	 cancer-cell-specific	 cell-penetration	 peptides.	 	 This	 is	made	

possible	by	 the	 recent	discovery	of	CPP30	and	CPP33	 that	 can	 specifically	enter	 into	

MCF7	(breast	carcinoma)	and	A549	(lung	adenocarcinoma)	cell	lines	(191),	respectively	

(111).	 Here,	 I	 will	 conjugate	 CPP30	 and	 CPP33	 to	 cis,cis,trans-

diamminedichlorodisuccinato-platinum(IV)	(DSP)	and	examine	their	ability	to	improve	

a	cancer-specific	killing,	in	comparison	to	cisplatin	and	DSP.	

III.3 HYPOTHESIS	

Our	 hypothesis	 is	 that	 attaching	 cell	 type-specific	 peptides	 (CPP30	 and	 CPP33)	 to	

cisplatin	(IV)	pro	drug	(DSP)	would	provide	cell-type-specific	toxicity.	
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Figure	III-1	Chemical	structures	of	cisplatin;	cis,cis,trans-diamminedichlorodisuccinato-

platinum(IV)	 (DSP);	 cell	 penetration	 peptides	 (CPP30	 &	 CPP33);	 and	 the	

monofunctional	cisplatin-peptide	conjugates,	CPP30-DSP	and	CPP33-DSP	as	labelled.	

III.4 MATERIAL	AND	METHODS	

III.4.1 Materials	

Cisplatin	 (Sigma-Aldrich	479306),	N,Nʹ-Carbonyldiimidazole	 (CDI),	 hydrogen	peroxide,	

succinic	anhydride,	DMSO,	and	dry	DMF	were	obtained	from	commercial	sources	and	

used	 as	 received.	 CPP30	 (RLYMRYYSPTTRRYG-NHMe)	 and	 CPP33	

(RLWMRWYSPRTRAYG-NHMe)	were	synthesized	and	purified	by	HPLC	to	a	>95%	purity	
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by	 Genscript.	 The	 chemical	 structures	 of	 cisplatin,	 CPP30,	 and	 CPP33	 are	 shown	 in	

Figure	III-1.		

III.4.2 Synthesis	of	cis,cis,trans-diamminedichlorodisuccinato-platinum(IV)	(DSP)	

cis,cis,trans-diamminedichlorodisuccinato-platinum(IV)	 (DSP),	 was	 synthesized	

according	.to	the	previously	reported	literature	procedures	(192).	Firstly,	cisplatin	was	

converted	 to	 cis,cis,trans-diamminedichlorodihydroxy-platinum(IV)	 (DHP;	

Pt(NH3)2Cl2(OH)2).	To	the	solution	of	cisplatin	(300	mg,	0.1	mmol)	dissolved	in	distilled	

H2O	(7.5	ml),	10.5	ml	of	H2O2	was	added	dropwise	at	50°C.	The	reaction	mixture	was	

stirred	vigorously	at	50	°C	for	2	hours,	in	dark.	Afterwards	the	volume	of	the	reaction	

mixture	 was	 reduced	 to	 ~	 1	 ml	 using	 rotary	 evaporator	 and	 the	 reaction	 flask	 was	

placed	 at	 4	 °C	 overnight.	 The	 next	 day,	 DHP	 crystals	were	 filtered	 and	washed	with	

cold	water	and	diethyl	ether.	The	yield	of	this	reaction	was	approximately	45%.	High-

resolution	mass	 spectroscopy	 and	 elemental	 analysis	were	 used	 for	 characterization	

(Figure	 VII-1,	Table	 VII-1).	 Bruker	 compass	 DataAnalysis	 4.3	 software	was	 used	 to	

analyse	 mass	 spectroscopy	 data	 generated	 from	 MaXis	 II	 ETD	 1823391.22321	

instrument	 at	 Griffith	 Nathan	 campus.	 HRMS	 data:	 for	 DHP,	 calcd	 [M+H]+,	 m/z	

333.968,	found	m/z	333.966.	Elemental	analyses	were	done	using	FLASH2000	CHNS/O	

Analyzer	at	School	of	chemistry	and	molecular	biosciences.		

Synthesis	and	purification	of	DSP	was	achieved	as	described	below.	To	the	solution	of	

DHP	 (100	mg,	0.299	mmol)	dissolved	 in	DMSO	 (1.5	ml),	 succinic	 anhydride	 (120	mg,	

1.196	mmol)	was	added	and	the	reaction	mixture	was	stirred	at	70°C	under	nitrogen	

atmosphere	 for	 24	 hours.	 After	 cooling	 down	 the	 reaction	 to	 room	 temperature,	

acetone	 (10	ml)	 and	diethyl	 ether	 (50	ml)	were	 added	 simultaneously	 to	 precipitate	

DSP	 from	 the	 reaction	 mixture.	 The	 precipitate	 was	 filtered	 and	 dried	 under	 high	
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vaccum	at	70°C	for	6	hours,	to	remove	the	solvents	including	trace	amount	of	DMSO	

that	can	entrap	 inside	 the	crystals	of	DSP.	The	yield	of	DSP	obtained	 in	 this	 reaction	

was	61%	and	 the	 characterization	of	pure	DSP	was	performed	by	elemental	 analysis	

and	mass	spectroscopy	(Figure	VII-2,	Table	VII-1).	Bruker	compass	DataAnalysis	4.3	

software	was	 used	 to	 analyse	mass	 spectroscopy	 data	 generated	 from	MaXis	 II	 ETD	

1823391.22321	 instrument	 at	 Griffith	 Nathan	 campus.	 HRMS	 data:	 for	 DSP,	 calcd	

[M+H]+,	 m/z	 534.99,	 found	 m/z	 534.98.	 Elemental	 analyses	 were	 done	 using	

FLASH2000	CHNS/O	Analyzer	at	School	of	chemistry	and	molecular	biosciences	(Table	

VII-1).		

III.4.3 Synthesis	of	mono-functional	cisplatin-peptide	conjugates	(CPP30-DSP	and	

CPP33-DSP)	

The	synthesis	of	both	CPP30-DSP	and	CPP33-DSP	has	been	achieved	by	following	the	

same	 method,	 as	 described	 below.	 cis,cis,trans-diamminedichlorodisuccinato-

platinum(IV)	 (DSP)	 (5.0	 mg,	 0.009	 mmol)	 was	 dissolved	 in	 0.5	 mL	 of	 dry	 DMF	 and	

heated	to	60	℃.	The	coupling	reagent,	1,1’-Carbonyldiimidazole	(CDI)	(3.3	mg,	0.0206	

mmol),	dissolved	in	0.5	mL	of	dry	DMF,	was	added	dropwise	to	the	reaction	mixture	at	

60	℃	and	stirred	for	10	mins.	The	reaction	mixture	was	cooled	to	room	temperature	

under	 slow	 argon	 flushing	 and	 then	 the	 peptide	 (CPP30,	 41.1	mg,	 0.0206	mmol;	 or	

CPP33,	41.4	mg,	0.0206	mmol)	dissolved	 in	dry	DMF	(0.5	mL)	was	slowly	added.	The	

reaction	mixture	was	then	allowed	to	stir	at	60	℃	 for	the	next	72	hours	under	dark.	

After	this	time	the	reaction	mixtures	were	freeze-dried	to	obtain	the	crude	products.	

CPP30-DSP	and	CPP33-DSP	were	purified	by	HPLC	using	TELOS	SY	C8,	5	µm,	10	x	150	

mm	reverse	phase	column,	with	gradient	solutions	of	0.1%	TFA	in	water	and	0.1%	TFA	

in	 acetonitrile	 as	 mobile	 phase.	 The	 purity	 of	 both	 the	 final	 products	 were	 >	 95%	

(HPLC)	 and	 the	 yields	 obtained	 were	 7.0	 and	 7.1%	 for	 CPP30-DSP	 and	 CPP33-DSP,	
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respectively.	 The	 characterization	 of	 these	 conjugates	 was	 performed	 by	 high-

resolution	mass	spectrometry.	Bruker	compass	DataAnalysis	4.3	software	was	used	to	

analyse	 mass	 spectroscopy	 data	 generated	 from	 MaXis	 II	 ETD	 1823391.22321	

instrument	at	Griffith	Nathan	campus.	HRMS	data:	for	CPP30-DSP,	calcd	[M+3H]3+,	m/z	

838.00,	found	m/z	838.34;	calcd	[M+4H]4+,	m/z	628.75,	found	m/z	629.00;	for	CPP33-

DSP,	 calcd	 [M+3H]3+,	 m/z	 843.34,	 found	 m/z	 843.68;	 calcd	 [M+4H]4+,	 m/z	 632.76,	

found	m/z	633.01.			

III.4.4 Cell	lines	and	culture	conditions		

The	 cell	 lines	MCF7	 and	 SKBR3	were	 gifted	 by	 Prof.	 Jiri	 Neuzil	 and	A549,	 SW48	 and	

SW480	by	Prof.	Vinod	Gopalan,	U87	MG	and	HeLa	cells	by	Dr.	Andrea	Maggioni	and	

RAW264.7	by	Dr.	Tamim	Mosaiab,	all	at	Griffith	University.	MCF7,	SKBR3,	A549.	SW48	

and	SW480	are	cells	derived	from	human	however	RAW264.7	 is	derived	from	mouse	

macrophage.	All	the	cells	were	grown	in	25	cm2	culture	flasks	as	monolayer	culture.		All	

cells	were	maintained	in	humidified	air,	37	°C	temperature	and	5%	CO2.	MCF7,	SKBR3,	

HeLa,	 U87	 MG	 and	 RAW264.7	 were	 grown	 in	 DMEM	 (Dulbecco's	 Modified	 Eagle's	

medium).	While	A549,	SW48	and	SW480	were	grown	in	DMEM/F12	medium.	

III.4.5 Cytotoxicity	tests	in	multiple	cancer	cell	lines	

A549,	MCF7,	SW480,	SW48,	HeLa,	U87	MG	and	RAW264.7	were	seeded	at	5000	cells	

per	well	 in	 a	 96	well	 plate,	 in	 their	 appropriate	media	 (mentioned	 above).	 After	 24	

hours	 of	 incubation	 100	  µM	 of	 test	 compounds	 (DSP,	 CPP30,	 CPP33,	 CPP30-DSP,	

CPP33-DSP	 and	Cisplatin)	were	 introduced	 into	 each	well	 in	 FBS	 free	media.	 After	 8	

hours	 appropriate	 media	 (with	 20%	 FBS)	 were	 introduced	 into	 each	 well	 (without	

removing	old	media),	making	100	µL	final	volume	in	each	well.	Cells	were	grown	for	48	

hours	and	resazurin	assay	was	performed	as	described	previously	by	Riss	et	al.	(2004)	
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(193).	 Tecan	 Infinite	 200	 Pro	 Multimode	 Microplate	 Reader	 was	 used	 to	 measure	

fluorescence	 (560	 nm	 excitation	 /	 590	 nm	 emission).	 Furthermore,	 the	

structural/morphological	 effects	 of	 test	 compounds	were	 investigated	by	 treating	 all	

the	cells	 in	 the	same	manner	as	described	above.	 In	 this	case,	 instead	of	performing	

resazurin	 assay,	 the	 cells	 were	 fixed	with	 4%	 paraformaldehyde	 in	 PBS.	 Afterwards,	

images	were	taken	using	Olympus	ix53	microscope.		

III.4.6 IC50	determination	

MCF7/A549	 cells	were	 scraped	 from	a	 25	 cm2	 flasks	 cells	 and	 seeded	 at	 1500	 cells/	

well	 in	 a	 96	 well	 format.	 After	 24-hour	 incubation	 different	 concentration	 of	 test,	

compounds	were	introduced	in	FBS	free	media.	Plates	were	incubated	along	with	test	

compounds	 for	 24	 hours.	 Afterwards,	 appropriate	 media	 (DMEM	 for	 MCF7	 and	

DMEM/F12	for	A549)	with	20%	FBS	were	introduced	into	each	well	(without	removing	

old	media).	Cells	were	further	incubated	for	72	hours	and	resazurin	growth	assay	was	

performed	as	described	above.	IC50	was	calculated	by	using	Prism	software.	

III.4.7 Cytotoxicity	and	apoptotic	effects	

MCF7/A549	 cells	were	 seeded	 at	 15,000	 cells/well	 in	 a	 96	well	 plate	 in	 appropriate	

media	 with	 10%	 FBS	 and	 incubated	 for	 24	 hours.	 After	 washing	 with	 PBS,	 test	

compounds	at	50	and	100	  µM	concentrations	were	 introduced	 in	 serum-free	media	

and	 plates	were	 incubated	 for	 6	 hours.	 Appropriate	media	 containing	 20%	 FBS	was	

then	 added	 into	 each	well	 (without	 removing	 old	media)	 and	 cells	were	 allowed	 to	

grow	for	a	further	24	hours.	Afterwards,	the	effects	of	test	compounds	on	MCF7/A549	

cell	 viability,	 cytotoxicity	 and	 apoptosis	 were	 investigated	 using	 ApoTox-Glo	 Triplex	

Assay	 (Promega).	 The	manufacturer	 protocol	was	 followed	 to	 perform	 these	 assays.		

Tecan	 Infinite	 200	 Pro	 Multimode	 Microplate	 Reader	 was	 used	 to	 measure	
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fluorescence	 [400	 excitation	 /505	 emission	 (Viability)	 485	 excitation	 /520	 emission	

(Cytotoxicity)]	and	luminescence.		

III.4.8 Confocal	microscopy	

15000	MCF7/	A549	cells	were	seeded	into	10	well	chamber	slides	(Greiner	Bio-one)	in	

appropriate	media	with	10%	FBS.	After	24-hour	incubation	cells	were	washed	and	test	

compounds	(Concentration=	2x	times	IC50)	were	introduced	in	serum-free	media	for	6	

hours.	 Appropriate	 growth	 media	 with	 20%	 FBS	 was	 added	 (without	 removing	 old	

media)	and	cells	were	allowed	to	grow	for	an	additional	24	hours.	Cells	were	washed	

with	 PBS	 and	 fixed	 in	 4%	 paraformaldehyde.	 For	 confocal	 microscopy	 the	 staining	

method	 for	 DAPI	 was	 followed	 as	 performed	 by	 Chazotte	 et	 al.	 (2012)	 with	 some	

modifications	 (194).	 0.1%	 Triton-X	 in	 PBS	 was	 used	 to	 permeabilize	 the	 fixed	 cells.	

After	washing,	cells	were	stained	with	DAPI	and	phalloidin.		The	method	of	Benedetti	

et	 al.	 (2011)	 was	 followed	 with	 some	 modifications	 (195).	 Nikon	 A1R+	 confocal	

microscope	was	 used	 to	 take	 confocal	 images	 at	 60X	 resolution.	 8	 times	 zoom	was	

used	to	focus	on	a	single	nucleus.	NIS-Elements	acquisition	software	(version	4.13)	and	

imageJ	software	were	used	to	process	the	images.	

III.5 RESULTS		

Synthesis	 of	 the	 mono-functional	 Pt(IV)-peptide	 conjugates,	 denoted	 as	 CPP30-DSP	

and	CPP33-DSP,	have	been	achieved	by	following	the	synthetic	route	shown	in	Figure	

III-2.	Chemical	structures	of	these	commercially	obtained	peptides;	CPP30	and	CPP33	

are	 shown	 in	 Figure	 III-1.	 The	 Pt(IV)-peptide	 conjugates	 were	 obtained	 upon	

treatment	 of	 DSP	 with	 the	 peptides	 CPP30	 and	 CPP33	 in	 dry	 DMF.	 1,1ʹ-

Carbonyldiimidazole	(CDI)	was	used	as	coupling	reagent.		
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CPP30-DSP	and	CPP33-DSP	were	purified	by	HPLC	and	unambiguously	characterised	by	

high-resolution	mass	spectrometry	 (HRMS).	As	shown	 in	 the	HPLC	chromatograms,	a	

purity	of	greater	than	95%	was	achieved	for	both	CPP30-DSP	(Figure	III-3)	and	CPP33-

DSP	 (Figure	 III-4)	 conjugates.	 The	 most	 abundant	 charge	 states,	 with	 expected	

isotopic	mass	distribution	peaks,	observed	in	HRMS	data	were	in	good	agreement	with	

the	theoretical	values.	The	mass	spectra	(Figure	III-5,	Figure	III-6)	of	both	CPP30-DSP	

and	CPP33-DSP	showed	3+	and	4+	charge	states	as	the	most	abundant	peaks.	The	3+	

and	 4+	 charge	 state	 peaks	 of	 CPP30-DSP	 were	 observed	 at	 838.34	 and	 629.00,	

respectively.	 For	CPP33-DSP	 they	were	observed	at	843.68	 (3+	peak)	and	633.01	 (4+	

peak).	 Both	 the	 reactions	 of	 CPP30,	 CPP33	 with	 DSP	 resulted	 in	 the	 corresponding	

mono-conjugates	species	in	low	yield	(~7	%).	Although	very	tiny	peaks	were	seen	in	the	

HPLC	 chromatogram	 of	 crude	 reaction	 mixtures	 of	 CPP30,	 CPP33	 with	 DSP	 (Figure	

VII-3,	Figure	VII-4),	which	could	belong	to	the	bi-conjugate	peptide	species,	however	

the	 yields	 of	 the	 product	 isolated	 from	 these	 peaks	 were	 significantly	 low	 and	 not	

sufficient	for	further	characterisation.	Therefore	the	biological	studies	were	performed	

only	on	the	mono-conjugates	peptide	species,	CPP30-DSP	and	CPP33-DSP.	

	

Figure	III-2	Reaction	scheme	used	for	the	synthesis	of	CPP30-DSP	and	CPP33-DSP.	
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Figure	 III-3	Analytical	HPLC	analysis	of	CPP30-DSP.	Analytical	HPLC	was	done	with	C8	

column	using	a	gradient	of	aqueous	acetonitrile	with	0.065%	TFA.	CPP30-DSP	was	seen	

to	be	more	than	95%	pure.		

	

Figure	 III-4	Analytical	HPLC	analysis	of	CPP33-DSP.	Analytical	HPLC	was	done	with	C8	

column	using	a	gradient	of	aqueous	acetonitrile	with	0.065%	TFA.	CPP33-DSP	was	seen	

to	be	more	than	95%	pure.		

CPP30-DSP		

CPP33-DSP		
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Figure	 III-5	High-resolution	mass	 spectra	 of	 CPP30-DSP.	 The	 3+	 and	 4+	 charge	 state	

peaks	were	observed	at	m/z	838.34	and	629.00,	respectively.	

	

	

Figure	 III-6	High-resolution	mass	 spectra	 of	 CPP33-DSP.	 The	 3+	 and	 4+	 charge	 state	

peaks	were	observed	at	m/z	843.68	and	633.01,	respectively.		

III.5.1 Cytotoxicity	tests	in	multiple	cancer	cell	lines	

To	 test	 the	 cytotoxicity	 of	 our	 compounds,	 I	 incubated	 them	 at	 100	µM	with	 A549,	
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MCF7,	 SW480,	 SW48,	 HeLa,	 U87	 MG	 and	 RAW264.7.	 Figure	 III-7	 shows	 these	

cytotoxic	effects.	As	expected	CPP30,	CPP33,	and	DSP	have	no	inhibitory	effects	on	the	

growth	 of	 all	 the	 7	 cell	 lines,	 whereas	 cisplatin	made	 very	 strong	 growth	 inhibition	

against	 all	 cell	 lines.	 Cisplatin	 inhibited	 the	 growth	 of	 A549,	 MCF7,	 SW480,	 SW48,	

HeLa,	U87	MG	and	RAW264.7	to	9.1,	4.0,	19.2,	15.7,	1.8,	8.9	and	1.2	%	respectively.	By	

comparison,	CPP30-DSP	shows	no	significant	 inhibitory	effects	on	all	cell	 lines	expect	

MCF7	 cells.	 At	 100	 µM,	 CPP30-DSP	 reduced	 the	 growth	 of	 MCF7	 cells	 to	 35%,	

compared	to	4%	by	cisplatin.	Similarly,	CPP33-DSP	significantly	inhibits	the	cell	growth	

of	A549	cells	only.	At	100	µM,	CPP33-DSP	reduced	the	growth	of	A549	cells	 to	32%,	

compared	to	9%	by	cisplatin.	Figure	 III-8	confirmed	the	cell	specificity	of	CPP30-DSP	

and	CPP33-DSP	by	showing	that	they	only	induce	morphological	changes	in	MCF7	and	

A549	cell	lines,	respectively,	whereas	cisplatin	affects	all	the	cell	lines.	

	

Figure	 III-7	 Effect	 of	 test	 compounds	 on	 7	 different	 cell	 lines.	 Cell-specific	 growth	

inhibition	of	CPP30-DSP	and	CPP33-DSP,	compared	to	lack	of	cell	specificity	of	Cisplatin	

and	lack	of	inhibition	of	CPP30,	CPP33	and	DSP	against	all	the	cell	lines	(A549	for	lung	
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cancer,	MCF7	 for	breast	cancer,	SW480	and	SW48	 for	colon	cancers,	HeLa	 for	cervix	

cancer,	U87	MG	for	brain	cancer	and	RAW264.7	for	mouse	macrophage).		

	

Figure	III-8	Effect	of	test	compounds	on	the	different	cell	lines.	(a)	shows	the	effects	of	

CPP33-DSP	on	5	different	cell	lines.	(b)	shows	the	effects	of	CPP30-DSP	on	5	different	

cell	lines.	Cisplatin	shows	effects	on	all	cell	lines.	However,	CPP33-DSP	and	CPP30-DSP	

only	inhibit	A549	and	MCF7	cell	lines	respectively.	Effects	could	be	seen	in	terms	of	cell	

number	and	cell	morphology.		

III.5.2 IC50	determination	

Test	 compounds	 were	 incubated	 with	 A549	 and	 MCF7	 cell	 lines	 and	 their	 growth	

inhibition	 potentials	 were	 examined	 to	 determine	 the	 IC50	 values.	 Figure	 III-9	 (a)	

shows	 that	CPP33	and	DSP	are	unable	 to	 inhibit	A549	cells.	CPP33-DSP	and	cisplatin	

have	an	IC50	of	80.0	and	1.7	µM,	respectively.	For	MCF7	cells	(Figure	III-9	(b)),	CPP30-

DSP	and	cisplatin	have	an	IC50	value	of	47.6	and	4.6	µM,	respectively,	whereas	CPP30	

and	DSP	show	no	inhibitory	effects.		
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Figure	 III-9	 Effect	 of	 test	 compounds	on	A549	 and	MCF7	 cell	 growth.	 Concentration	

dependence	of	 inhibition	of	A549	and	MCF7	by	cisplatin,	DSP,	CPP33	and	CPP33-DSP	

on	A549	(a)	and	MCF7	(b)	cells.	The	IC50	of	cisplatin	and	CPP33-DSP	on	A549	cell	lines	

were	 4.57	 and	 47.55	µM,	 respectively,	while	 the	 IC50	 of	 cisplatin	 and	 CPP30-DSP	 on	

MCF7	 cell	 lines	 were	 1.65	 and	 80.21	 µM,	 respectively.	 Moreover	 DSP,	 CPP30	 and	

CPP33	did	not	show	any	significant	effects.	

III.5.3 Cytotoxicity	and	apoptotic	effects		

ApoTox-Glo™	Triplex	Assay	was	used	to	determine	the	cytotoxic	and	apoptotic	effects	

of	CPP30-DSP	and	CPP33-DSP	on	MCF7	and	A549	cell	 lines,	respectively.	Figure	 III-10	

(a)	 shows	 that	 DSP	 and	 CPP33,	 at	 50	 and	 100	 µM,	 has	 no	 cytotoxic	 and	 apoptotic	

effects	 on	 A549	 cells	 because	 there	 is	 no	 significant	 difference	 in	 fluorescence	 and	

luminescence	 intensity	 to	 that	of	 the	negative	 control	 (no	 treatment).	 	 Cisplatin	and	

CPP33-DSP,	however,	decrease	viability	and	increase	cell	cytotoxicity	and	apoptosis	of	

A549	cells,	significantly	at	both	50	and	100	µM.		Compared	to	the	negative	control,	the	

cytotoxicity	 and	apoptosis	 caused	by	100	µM	concentration	of	 cisplatin	 are	nearly	 3	

times	and	2	 times	more	 than	the	negative	control.	The	cytotoxicity	and	apoptosis	 to	

A549	cells	due	to	CPP33-DSP	are	bit	weaker	than	that	due	to	cisplatin	but	are	nearly	2	

times	and	1.5	times	more	than	the	negative	control,	respectively.	Similarly,	there	is	no	
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significant	difference	between	DSP,	CPP30	and	the	negative	control	(no	treatment)	for	

MCF7	cells	 in	the	cytotoxicity	and	apoptotic	assays	whereas	significant	effects	due	to	

cisplatin	and	CPP30-DSP	were	observed	at	both	100	and	50	µM	(Figure	III-10	(b)).	For	

example,	 at	 100	µM,	 the	 cytotoxicity	 due	 to	 CPP33-DSP	 and	 cisplatin	 are	 2.5	 and	 3	

times	over	the	negative	control,	respectively.	

	

	

Figure	III-10	Effect	of	test	compounds	and	controls	as	labelled	at	50	and	100	µM	on	

viability,	cytotoxicity	and	apoptosis	of	A549	(a)	and	MCF7	(b)	cells.		

III.5.4 Nuclear	DNA	cross-linkage	by	confocal	microscopy	

High-resolution	 confocal	 microscopy	 was	 performed	 to	 determine	 if	 nuclear	 DNA	

cross-linkage	is	the	mechanism	for	cell	apoptosis	by	CPP30-DSP	and	CPP33-DSP,	similar	

to	that	of	cisplatin	(195).	Figure	III-11	(a)	and	(b)	represent	the	confocal	images	at	60x	

magnification	 while	 Figure	 III-11	 (c)	 and	 (d)	 represent	 the	 quantification	 of	 DAPI	

fluorescence	 intensity	 of	 three	nuclei	 in	 first	 row	of	 Figure	 III-11	 (a)	 and	 (b).	 	 Figure	

III-11	(a)	and	(c)	show	that	DSP	and	CPP30	as	with	the	negative	control	have	no	effects	

on	the	nuclear	DNA	of	the	MCF7	cell.	By	comparison,	CPP30-DSP	and	cisplatin	cross-
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link	the	nuclear	DNA	thereby	resulting	in	the	creation	of	black	patches	in	DAPI	staining	

of	nuclei.	Figure	III-11	(c)	further	shows	that	DAPI	fluorescence	intensity	is	reduced	by	

almost	half,	after	treatment	with	CPP30-DSP	and	cisplatin.	 	Similarly,	DSP,	CPP33	and	

the	negative	control	have	no	effects	on	the	nuclear	DNA	of	the	A549	cell	(Figure	III-11	

(b)	 and	 (d)),	 whereas	 CPP33-DSP	 and	 cisplatin	 cross-link	 the	 nuclear	 DNA	 thereby	

resulting	in	the	creation	of	black	patches	in	DAPI	staining	of	nuclei.	DAPI	fluorescence	

intensity	is	reduced	by	almost	half,	after	treatment	with	CPP30-DSP	and	cisplatin.			

	

Figure	 III-11	Demonstration	of	DNA	cross-linking	by	confocal	microscopy.	DNA	cross-

linking	along	with	8x	zoomed	view	of	a	single	nucleus	on	MCF7	cells	(a)	and	A549	

cells	(b).	Using	imageJ,	this	effect	is	quantified	by	using	DAPI	fluorescence	intensity	

for	MCF7	(c)	and	A549	(d)	cells,	respectively.		

III.6 DISCUSSION	

DSP,	 the	 Pt(IV)	 intermediate	 of	 cisplatin,	 was	 synthesized	 successfully	 using	 the	

method	outlined	by	Feng	T.	et	al,	(2016)	with	comparable	yields	(192).	They	reported	a	

yield	 of	 53	 and	 66%	 for	 cisplatin	 to	DHP	 and	DHP	 to	DSP,	 respectively.	 (192)	 In	 our	

work	 we	 obtained	 a	 yield	 of	 45	 and	 61	 %	 for	 cisplatin	 to	 DHP	 and	 DHP	 to	 DSP,	
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respectively.	 This	 illustrates	 that	 we	 were	 successful	 in	 reproducing	 Feng	 T.	 et	 al,	

(2016)	 for	 synthesizing	 cisplatin	 (IV)	 pro-	 drug	 intermediate.	 	Moreover,	 HPLC,	mass	

spectroscopy	 and	elemental	 analysis	were	employed	 to	 characterize	 the	 compounds	

(192).	The	data	generated	from	these	techniques	provided	us	with	the	confidence	that	

the	 compounds	we	 synthesized	were	not	only	 correct	but	also	had	a	purity	of	more	

than	95%,	which	is	vital	for	the	downstream	conjugation	with	CPPs.			The	conjugation	

of	 CPP30	 and	 CPP33	with	 DSP	 to	make	 CPP30-DSP	 and	 CPP33-DSP	was	 designed	 to	

yield	both	mono-	 and	bi-	 conjugates	 species	however	 the	 yield	of	 the	 synthesis	was	

very	low.	The	yields	of	bi-conjugates	were	significantly	low	and	not	sufficient	for	future	

characterization	 or	 biological	 assays.	 The	 yields	 of	mono-conjugates	 CPP30-DSP	 and	

CPP33-DSP	were		~	7	%.	This	low	yield	was	similar	to	what	were	reported	(185,	187).	

The	low	yield	may	be	due	to	the	steric	effects	of	the	long	amino-acid	side	chains	(170).	

Topographically	these	steric	effects	would	hinder	the	synthesis	of	bi-conjugates	even	

more	than	the	synthesis	of	mono-	conjugates.		This	explains	our	failure	to	obtain	useful	

amount	 of	 bi-	 conjugates	 molecules.	 Nevertheless,	 7%	 yields	 for	 mono-conjugates	

provided	enough	 compounds	 for	 characterization	and	downstream	biological	 assays.	

In	this	thesis,	all	the	results	were	generated	by	using	the	mono-	conjugates	species	of	

CPP30-DSP	and	CPP33-DSP.		

CPP30	and	CPP33	can	specifically	enter	MCF7	and	A549	cells,	 respectively	 (111).	We	

hypothesize	 that	 after	 attaching	 to	 DSP	 (cisplatin	 (IV)	 pro-drug)	 the	 CPP30-DSP	 and	

CPP33-DSP	 could	 specifically	 enter	 MCF7	 and	 A549	 cells,	 respectively,	 as	 well.	 To	

validate	this	assumption,	7	different	cell	 lines	were	employed	to	check	the	specificity	

of	our	compounds.	We	showed	that	CPP30-DSP	and	CPP33-DSP	both	specifically	target	

their	intended	cell	lines;	MCF7	and	A549,	respectively.	Although	both	compounds	have	

higher	 IC50	 than	 their	 parent	 drug;	 cisplatin,	 their	 specificity	 (Figure	 III-7)	 would	
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provide	therapeutic	advantages.	More	importantly,	we	have	validated	the	hypothesis	

that	conjugating	cell-specific	CPPs	with	a	pro-drug	can	lead	to	cell-specific	drugs.		

The	 higher	 IC50	 of	 CPP30-DSP	 and	 CPP33-DSP,	 compared	 to	 the	 parent	 compound	

(cisplatin),	 is	 similar	 to	 what	 was	 observed	 previously.	 	 Abramkin	 et	 al.	 (2012)	

synthesized	mono-	and	bi-oxaliplatin-TAT	conjugates,	the	IC50	of	which	are	11	and	23	

µM	on	A549	cells,	respectively	(185),	compared	to	6.79	µM	by	oxaliplatin	alone	(196).	

Mukhopadhyay	 et	 al.	 (2008)	 also	 reported	 lower	 IC50	 for	 their	 peptide-cisplatin	

conjugates	 (170).	 	 Another	 observation	 was	 that,	 similar	 to	 Mukhopadhyay	 et	 al.	

(2008),	our	initial	experiments	suggest	 inhibitory	effects	of	DSP	on	cell	 lines.	Because	

Wilson	et	al.	 (2014)	 reported	entrapment	of	 solvent	 in	DSP	 (197)	and	our	elemental	

analysis	 (Table	 VII-1)	 also	 showed	 the	 presence	 of	 1	 DMSO	 molecule	 in	 DSP.	 I	

subsequently	removed	the	entrapped	DMF	from	the	DSP	crystals	and	found	that	the	

DSP	 is	 no	 longer	 inhibitive	 even	 at	 the	 concentration	 of	 100	 µM.	 Thus,	 our	 results	

support	 the	 assumption	 that	 CPP30-DSP	 and	 CPP33-DSP	 are	 active	 only	 after	 CPP30	

and	CPP33	take	DSP	 into	their	 respectively	 target	cells.	The	result	also	 indicates	 that	

even	 if	 the	peptide	part	 of	 our	 conjugates	 (CPP30-DSP	 and	CPP33-DSP)	 is	 degraded,		

the	 DSP	 would	 not	 have	 the	 ability	 to	 adversely	 effect	 the	 normal	 body	 cells	 as	 it	

cannot	enter	the	cell	by	itself.		

According	to	literature	the	main	mechanism	by	which	cisplatin	brings	about	apoptosis	

in	cells	is	by	cross-linkage	of	the	nuclear	DNA	(198).	Thus,	we	first	examined	if	CPP30-

DSP	and	CPP33-DSP	had	cytotoxic	and	apoptotic	effects	on	their	target	cell	lines,	which	

were	shown	in	Figure	III-10.		Then,	we	investigated	if	CPP30-DSP	and	CPP33-DSP	affect	

nuclear	DNA,	which	 is	 confirmed	by	confocal	microscopy	on	MCF7	and	A549	genetic	

contents,	 respectively.	 Confocal	 images	 (Figure	 III-11)	 show	 that	 upon	 exposure	 to	

these	compounds	the	genetic	material	went	 into	spiral/	coiled	conformations	due	to	
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cross-linkage,	the	known	effect	of	cisplatin.	As	a	control,	I	did	not	observe	spiral/	coil	

conformations	 in	 the	 nuclear	 DNA	 when	 the	 cells	 were	 exposed	 to	 DSP.	 This	 is	

consistent	with	the	finding	that	DSP	alone	had	no	effect	on	the	cancer	cells.		

Thus,	 these	 results	 suggest	 that,	 based	 on	 its	 cellular	 permeability	 and	 specificity,	

cisplatin	(IV)	prodrugs	conjugated	with	cell-specific	CPPs	have	a	high	potential	of	being	

developed	into	clinically	viable	tumour	type-specific	platinum-based	drugs.			
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CHAPTER	IV History	of	angiogenesis-based	therapeutics	
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IV.1 Current	angiogenesis	inhibitors	

Angiogenesis	can	be	defined	as	 the	sprouting	of	new	blood	vessels	 from	pre-existing	

vessels	 (199).	Undisrupted	and	 sufficient	 supply	of	nutrients,	oxygen	and	 removal	of	

toxic	 cellular	waste	are	not	only	essential	 for	normal	body	cells	but	also	 for	growing	

tumour	cells	(199,	200).	Angiogenesis	 is	crucial	for	the	growth	of	tumours	locally	and	

for	their	spreading/	metastasis	to	other	parts	of	the	body	(200).		Muthukkaruppan	et	

al.	 (1982)	 showed	 that	 tumours	 grow	 faster	 when	 the	 rate	 of	 angiogenesis	 is	 fast,	

compared	 to	 the	 tumours	 that	 grow	 in	 an	 area	 with	 a	 slower	 rate	 of	 angiogenesis	

(201).	Angiogenesis	 inhibition	can	be	achieved	either	by	 inhibiting	angiogenic	 factors	

or	by	releasing	anti-angiogenesis	factors.		

Table	 IV-1	 lists	 some	 of	 the	 tested	 angiogenesis	 inhibitors	 along	with	 their	mode	 of	

action.	 Among	 them,	 Bevacizumab,	 Sorafenib,	 Sunitinib,	 Pazopanib,	 and	 Everolimus	

are	approved	by	FDA	(202-204).		Sorafenib,	Sunitinib,	Pazopanib	and	Everolimus	were	

designed	 to	 inhibit	 angiogenesis	 by	 blocking	 downstream	 kinases.	 However，	 these	

drugs	 have	 multiple	 target	 sites	 (Table	 IV-1),	 which	 reduces	 their	 specificity	 and	

increases	 toxicity	 (202-204).	 On	 the	 other	 hand,	 Bevacizumab	 is	 based	 on	 a	

monoclonal	antibody	(205).	It	binds	to	extracellular	VEGF-A	to	inhibit	its	binding	to	the	

VEGF	 receptor.	 This	 inhibition	 results	 in	 anti-angiogenic	 effects	 (205).	 This	 drug	

candidate	went	into	clinical	trials,	where	it	showed	a	half-life	of	20	days	and	exhibited	

linear	pharmacokinetics	between	the	dosages	of	0.3-	10	mg/kg	(206).	Clinically	 it	has	

been	 used	 in	 combination	 with	 chemotherapeutic	 agents	 to	 enhance	 cancer	

treatments	 (206).	 In	 such	 combination	 therapy	 approachies,	 Bevacizumab	 provides	

significant	benefits	in	the	treatment	of	soft-tissue	sarcoma,	lung	cancer,	breast	cancer,	

renal	 cell	 carcinoma	 and	 pancreatic	 cancer	 (206).	 Furthermore,	 based	 on	 its	
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effectiveness,	 Bevacizumab	 is	 the	 first	 line	 therapy	 drug	 for	 metastatic	 colorectal	

cancer	(mCRC)	(206).	Regardless	of	its	success	stories	Bevacizumab	shows	side	effects	

in	patients	including	mild-moderate	haemorrhage,	hypertension,	poor	wound	healing,	

proteinuria,	and	thromboembolic	events	(206).	Furthermore,	as	it	is	an	antibody-based	

drug,	Bevacizumab	 is	expensive,	which	makes	 it	hard	to	access	by	economically	poor	

patients.	 Therefore,	 the	 high	 cost	 combined	 with	 the	 severe	 side	 effects	 makes	 it	

desirable	for	pharmaceutical	companies	to	look	for	an	alternative.	



	

	 81	

	

Table	IV-1	Angiogenesis	inhibitors,	their	targets	and	mode	of	action.	

Inhibitor	 Target	 Mode	of	action	 Reference	

Bevacizumab	 VEGF-A	
Blocks	VEGF-A	signal.	

(205)	

Ramucirumab	 VEGF-A	 (207)	

Everolimus	 mTOR	

Acts	on	downstream	kinases	in	

the	angiogenesis	signaling	

pathways.	

(208)	

Pazopanib	 VEGFR,	FGFR,	PDGFR,	

c-KIT	

(209)	

Sunitinib	 RTK,	RET,	CD114,	

CD135	

(204,	209-

212)	

Sorafenib	 VEGFR,	PDGFR,	RAF	 (203,	213)	

carboxyamidotriazole	 Blocks	calcium	

channels	
Inhibits	cell	migration	and	

proliferation	

(214)	

TNP470	 hMetAP2	 (215)	

SU5416	 VEGF,	RTK	 Inhibit	binding	of	pro-

angiogenesis	signals	to	their	

receptors	

(216-218)	

Thrombospondin	 TGF-β1	 (219)	

VEGF	antagonists	 VEGFR	 (220)	

Cartilage-Derived	

Angiogenesis	

Inhibitory	Factor	

Unknown	

Inhibits	the	degradation	of	

endothelial	cell	basement	

membrane	

(221)	

Matrix	

metalloproteinase	

inhibitors	

Matrix	

metalloproteinase	

(222)	

Angiostatin	 ERK-1,	ERK-2	 Inhibits	proliferation	and	

promotes	apoptosis	in	

endothelial	cells	

(223,	224)	

Endostatin	 FGF2,	VEGF	 Inhibits	of	endothelial	cells	

proliferation	and	survival.	

(225,	226)	

2-methoxyestradiol	 GPR30	 Inhibits	of	endothelial	cells	

proliferation	and	survival	and	

promotes	apoptosis.	

(227)	
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IV.2 Human	methionine	amino	peptidases	

In	order	for	a	newly	formed	protein	to	attain	the	functionally	active	state,	the	removal	

of	 initiator	 methionine	 is	 crucial	 (230).	 A	 family	 of	 enzymes,	 known	 as	 methionine	

amino	peptidases,	regulates	this	important	post-translational	modification	(230).	

	hMetAPs	can	be	divided	into	two	major	classes	based	on	their	structure	and	sequence	

data	 (230).	 MetAP1	 and	 2	 have	 structurally	 distinct	 active	 sites	 and	 thereby	 have	

different	catalytic	capabilities	(231).	Furthermore	hMetAP1,	unlike	hMetAP2,	can	bind	

to	ribosomes	because	of	its	unique	pro-XX-Pro	motif	(231).	

IV.3 MetAP2	and	its	linkage	with	angiogenesis	

The	 hMetAP2	 primary	 function,	 as	 mentioned	 previously,	 is	 to	 posttranslational	

modification.	Therefore,	when	hMetAP2	was	linked	to	angiogenesis	inhibition,	it	came	

as	a	surprise	even	to	scientists.	It	was	found	that	hMetAP2	inhibition,	was	one	of	the	

mechanisms	for	anti-angiogenic	drugs	and	immunosuppressant	drugs	(232).		However，

the	exact	mechanism	that	links	cell	growth	cycle	arrest	of	endothelial	cells	to	hMetAP2	

inhibition	 is	 still	 debatable	 (233,	 234).	 One	 predominant	 theory	 links	 hMetAP2	

inhibition	 in	 vascular	 endothelial	 cells	 with	 activation	 of	 cdk2	 and	 cdc2	 (235).	

According	to	this	theory,	this	activation	 leads	to	cell	cycle	arrest.	Another	study	 links	

hMetAP2	 inhibition	 to	 the	 cyclin	 D1	 down	 regulation	 (236),	 which	 could	 then	 bring	

about	cell	cycle	arrest.			

Tetrathiomolybdate	 VEGF	 Inhibits	blood	vessels	

formation	by	cHeLating	of	

copper	

(228)	

αVβ3	inhibitors	 αVβ3	 Promotes	apoptosis	in	

endothelial	cells	

(229)	
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Zhang	 et	 al.	 (2000)	 also	 proposed	 one	 detailed	 mechanism.	 According	 to	 them,	 in	

endothelial	 cells,	 treatment	 with	 the	 hMetAP2	 inhibitor,	 TNP470,	 results	 in	 more	

nascent	proteins	having	un-cleaved	initiator	methionine	(237).	Un-cleaved	methionine	

makes	 these	 proteins	 unstable	 and	 reduces	 their	 half-life	 (238).	 Endothelial	 cell	

machinery	 identifies	 this	 situation	 as	 a	 stress	 signal	 and	 thereby	 activates	 the	 p53	

signalling	 pathway	 (237)	 and	 results	 in	 cell	 cycle	 arrest.	Figure	 IV-1	 represents	 the	

theory	proposed	by	Zhang	et	 al.	 (2000)	 in	detail	 (237).	Moreover,	 this	 theory	 is	 also	

supported	by	 findings	 in	another	 study	 that	 suggests	 that	 in	 the	absence	of	 the	p53	

pathway,	TNP470	could	not	arrest	cell	cycle	(239).			

	

Figure	 IV-1	 Proposed	 mechanisms	 linking	 TNP470	 inhibition	 with	 angiogenesis.	 In	

endothelial	 cells,	 the	 cell	 cycles	 was	 arrested	 by	 TNP470	 treatment	 via	 hMetAP2	

inhibition.	 hMetAP2	 resulted	 in	 abundant	 new	 proteins	 	 with	 un-cleaved	 initiator	
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methionine.	 This	 created	 a	 stress	 stimulus	 for	 endothelial	 cells	 to	 activate	 the	 p53	

pathway.	Activation	of	this	pathway	resulted	in	cell	cycle	arrest	at	the	G1	phase,	hence	

stopping	 cells	 from	 entry	 into	 S-phase.	 Cell	 cycle	 arrest	 ultimately	 results	 in	

angiogenesis	inhibition	(240).	

IV.4 Reported	hMetAP2	inhibitors	

So	 far	members	of	 the	 fumagillin	 family	 are	 the	most	potent	angiogenesis	 inhibitors	

(215).	 They	 are	 isolated	 from	 a	 fungus	 called	 Aspergillus	 fumigatus	 (241).	 They	

inhibited	the	cell	cycle	in	vascular	endothelial	cells	(241).	TNP470	mentioned	earlier,	is	

a	member	of	this	family	(241).	It	is	50	times	more	potent	and	less	toxic	than	its	parent	

compound,	 fumagillin	 (241).	 Ovalicin,	 another	 hMetAP2	 inhibitor	 (242),	 is	 isolated	

from	 Pseudorotium	 ovalis	 (242).	 It	 shows	 multiple	 similarities	 to	 fumagillin	 (242).	

Figure	IV-2	shows	the	structures	of	fumagillin,	its	derivative	TNP470	and	Ovalicin.	

Among	 all	 the	 inhibitors	 mentioned	 above	 TNP470	 was	 the	 only	 candidate	 that	

reached	 clinical	 trials	 (215).	 From	 X-ray	 crystallographic	 data	 it	 was	 shown	 that,	 in	

endothelial	 cells,	 TNP470	 irreversibly	 interacted	 with	 hMetAP2	 (Figure	 IV-3).	 From	

crystallographic	data,	 it	was	seen	 that	 the	C3	epoxide	 ring	group	on	 fumagillin	binds	

covalently	to	His231	amino	acid	of	hMetAP2	(243).	Therefore,	this	residue	is	important	

in	 fumagillin-mediated	 inhibition	 of	 hMetAP2.	 The	 importance	 of	 this	 was	 further	

demonstrated	when	this	residue	was	replaced	by	Asn.	Upon	replacement,	it	was	found	

that	fumagillin	could	no	longer	bind	to	hMetAP2	(244).	Kalebic	et	al.	(1996)	conducted	

animal	 trials	on	TNP470	 (245).	They	 found	that	 the	 tumour	size	was	 reduced	by	half	

upon	 TNP470	 treatment	 (245).	 Recently	 Shaunna	 al.,	 (2016)	 also	 confirmed	 its	

anticancer	effect	in	chicken	embryo	and	zebra	fish	models	(246).		
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It	was	the	combination	of	promising	results	including	in	vitro	studies	(enzymatic	assay,	

migration	assays,	and	cell	cycle	arrest	assays)	coupled	with	X-ray	crystallographic	data	

and	 mouse	 models	 that	 pushed	 TNP470	 towards	 clinical	 trials	 (239,	 247-249).		

However,	 because	 of	 toxicity,	 impairment	 in	 wound	 healing,	 neural	 toxicity	 and	

adverse	side	effects	on	female	reproductive	organs,	these	trials	were	abandoned	(215,	

250).	

	

	

Figure	IV-2	Structures	of	fumagillin,	Ovalicin	and	TNP470.	This	figure	diagrammatically	

illustrates	the	chemical	structures	of	fumagillin,	Ovalicin,	and	TNP470	(232).	TNP470	is	

a	derivative	of	 fumagillin	and	both	are	 isolated	from	a	fungus,	Aspergillus	 fumigatus,	
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and	 ovalicin	 is	 isolated	 from	 Pseudorotium	 ovalis.	 ChemDraw	 software	 was	 used	 to	

draw	the	chemical	structure.	

	

Figure	IV-3	Crystal	structure	of	hMetAP2.	This	figure	represents	the	crystal	structure	of	

hMetAP2	in	complex	with	inhibitor	TNP470	(PDB.	1B6A)	(243).	
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CHAPTER	V Developing	structure-	disrupting	peptide	against	

hMetAP2
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V.1 RESEARCH	PROBLEMS	TO	BE	ADDRESSED	IN	THIS	WORK	

Methionine	aminopeptidases	(MetAPs)	remove	N-terminal	methionine	(the	amino	acid	

encoded	by	the	start	codon)	from	nascent	proteins	to	ensure	appropriate	first	amino	

acid	residues	in	proteins	that	are	essential	for	subcellular	localization,	protein	stability,	

and	 function	 (251).	 Humans	 have	 two	 forms	 of	 hMetAPs:	 hMetAP1	 and	 hMetAP2	

(252).	Unlike	hMetAP1,	hMetAP2	has	a	unique	N-terminal	region	that	protects	the	α	

subunit	 of	 eukaryotic	 initiation	 factor	 2	 (EIF2)	 from	 inhibitory	 phosphorylation	 and	

thus	plays	an	essential	role	 in	regulating	protein	synthesis	(253,	254).	Phenotypically,	

hMetAP2	has	been	associated	with	the	proliferation	of	endothelial	cells,	implicated	in	

angiogenesis	(255)	and	overexpressed	in	many	cancer	cells	(256).	

The	most	well-known	and	potent	hMetAP2	 inhibitors	belong	to	the	Fumagillin	 family	

isolated	 from	 Aspergillus	 fumigatus	 (257).	 TNP470,	 an	 analogue	 of	 fumagillin,	

selectively	inhibits	hMetAP2	but	not	hMetAP1	or	hMetAP1D	(256).	TNP470	is	a	broad-

spectrum	anticancer	agent	(258).		The	inhibitor	was	found	to	significantly	increase	life	

span	for	some	patients	and	achieve	complete	cancer	regression	for	others	(259-262).	

Unfortunately,	 unexpected	 neural	 toxicity	 halted	 its	 further	 advancement	 in	 clinical	

trials	 (256).	 Nevertheless,	 this	 demonstrates	 hMetAP2	 as	 an	 effective	 cancer	 drug	

target.	

Relative	 to	 small	molecule	 drugs	 such	 as	 TNP470,	 peptide-based	drugs	 can	be	more	

specific	and	have	fewer	side	effects	(263).	 	Moreover,	peptide	inhibitors	can	serve	as	

the	 precursors	 for	 chemical	 modifications	 and	 small-molecule	 peptidomimetics	 that	

have	 the	 combined	 advantages	 of	 a	 small	 molecule	 (high	 stability/low	 cost)	 and	

biological	(high	specificity/low	toxicity)	drugs	(264).	Clinically,	at	least	14	peptide	drugs	

(hormone	 agonist/antagonist)	 have	 been	 utilized	 in	 cancer	 treatment	 (96).	 	 One	
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category	of	peptide	inhibitors	are	self-derived	peptides	whose	sequences	are	obtained	

from	 a	 segment	 of	 their	 intended	 protein	 target.	 They	 have	 been	 used	 to	 inhibit	

protein-protein	 interactions	 (265,	266)	and	disrupt	protein	conformations	 (267,	268).	

Enfuvirtide;	 a	 37-residue	 peptide	 derived	 from	 glycoprotein	 41	 of	 the	 human	

immunodeficiency	virus	(HIV),	is	an	example	of	such	drugs	(269).	Recently,	the	binding	

site	of	hMetAP2	to	the	metastasis-associated	Mts1	(S100A4)	protein	(270)	was	used	to	

derive	a	60-residue	peptide	 that	blocks	 the	S100A4-hMetAP2	 interaction	 resulting	 in	

the	reduction	of	vascularity	and		in	tumour	regression		(271).		

V.2 OUR	APPROACH	TO	SOLVE	THE	ABOVE	MENTIONED	PROBLEMS	

This	work	was	inspired	by	our	previous	work	on	self-derived	peptides	from	Escherichia	

coli	and	Neisseria	gonorrhoeae	MetAPs	(272).		These	peptides	inhibit	the	functions	of	

their	respective	MetAPs	in	vitro.	Unlike	typical	inhibitors	that	inhibit	through	blocking	

functional	 sites,	 these	 self-derived	 peptides	 partially	 denature	 the	 structures	 of	

MetAPs	and	destroy	the	foundation	of	their	enzymatic	activities.	This,	in	turn,	leads	to	

a	 new	 type	 of	 antibiotics	 that	 are	 species-specific	 without	 the	 development	 of	

resistance	 (272).	 Here	 I	 describe	 how	 a	 self-derived	 peptide	 (HP3)	 is	 located	 for	

targeting	 hMetAP2.	 Using	 our	 in-house	 computational	 tool,	 we	 first	 identified	 the	

peptide	segment	 in	hMetAP2	that	could	serve	as	self-inhibitory	peptides.	Then,	 their	

inhibitory	 effects	 on	 hMetAP2	 in	 MCF7	 cell	 extracts	 were	 tested.	 Afterwards,	 their	

specificity	 towards	 hMetAP2	 are	 investigated	 by	 using	 several	 techniques	 including	

siRNA	 silencing.	 The	 direct	 effect	 of	 our	 peptides	 on	 hMetAP2	 in	 MCF7	 cells	 was	

obtained	 by	 using	 western	 blotting.	 The	 investigation	 of	 the	 mechanism	 of	 our	

peptides	 for	 inhibiting	hMetAP2	was	 followed	by	 cellular	 level	 analysis	 that	 includes	

the	effects	of	our	peptides	on	cellular	growth,	cell	cycle,	and	cellular	migration.		
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V.3 HYPOTHESIS	

Our	designed	self-inhibitory	peptide	(HP3)	would	specifically	target	hMetAP2	hence	

resulting	in	cell	cycle	arrest.	This	would	in-turn	lead	to	cancer	cell	growth	inhibition.	

Furthermore,	because	hMetAP2	is	associated	with	angiogenesis,	the		inhibition	of	

hMetAP2	should	lead	to	inhibit	the	angiogenesis	process	in	cancer.	
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V.4 MATERIALS	AND	METHODS	

V.4.1 Cell	lines		

The	breast	cancer	cells	MCF7	and	SKBR3	are	kindly	gifted	by	Prof.	Jiri	Neuzil.	The	colon	

cancer	 cell	 lines	 SW480,	 SW48	 and	 the	 non-neoplastic	 colon	 epithelial	 cell	 line	 FHC	

were	obtained	 from	ATCC.	 	MCF7	and	SKBR3	were	maintained	 in	DMEM	(Dulbecco's	

Modified	 Eagle's	 medium)	 supplemented	 with	 10%	 FBS.	 SW480	 and	 SW48	 were	

maintained	 in	 Roswell	 Park	 Memorial	 Institute	(RPMI)-1640	 medium	 also	

supplemented	with	10%	fetal	bovine	serum	(FBS).		FHC	cells	were	cultured	in	DMEM:	

F-12	 medium	 supplemented	 with	 10	 ng/ml	 cholera	 toxin,	 0.005mg/ml	 insulin,	

100ng/ml	hydrocortisone,	0.005	mg/ml	transferrin	and	10%	FBS.		

V.4.2 Peptides	

HP3	 (PKYDTLLKAVKDATNTGIKC)	 and	 its	 randomly	 shuffled	 control,	 sHP3	

(TGIKCKDATNLLKAVPKYDT)	 along	 with	 their	 cell-penetration	 versions	

(KFF)3KGSGPKYDTLLKAVKDATNTGIKC,	KFF-HP3)	were	synthesized	by	Genscript	with	N-

terminal	 acetylation	 and	 C-terminal	 amidation.	 Purities	 of	 the	 synthesized	 peptide	

were	found	to	be	greater	than	95%	by	HPLC.	Molecular	weights	were	also	verified	by	

mass	spectrometry.		

V.4.3 Enzymatic	activity	assay		

MCF7	cells	were	grown	to	90%	confluence.	After	trypsinization	they	were	washed	with	

pre-warmed	phosphate	buffered	saline	(PBS)	buffer,	lysed	by	cell	lysis	buffer	(10%	SB3-

14	 and	 1%	 C7BzO	 in	 PBS)	 and	 suspended	 for	 1	 hour	 at	 4	 oC.	 Cell	 debris	 was	 then	

removed	by	13000	rpm	centrifugation	at	4oC	for	30	minutes.	The	total	protein	content	

of	the	resulting	cell	extract	was	determined	by	Nanodrop	at	wavelength	280nm.	The	

linear	 regression	between	 the	 total	MetAP	activity	 and	 the	 concentration	of	 the	 cell	
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extract	was	used	to	determine	the	minimum	effective	concentration	of	MCF7	cell	total	

protein	content	for	MetAP	activity.	The	protein	concentration	of	the	MCF7	cell	extract	

was	kept	constant	at	0.02	mg/ml.	Cell	extracts	were	pre-incubated	with	peptides	and	

controls	 dissolved	 in	water	 at	 variant	 concentrations	 at	 4°C	 for	 4	hours.	Afterwards,	

the	enzymatic	activity	was	measured	by	the	catalyzed	hydrolysis	rate	of	the	100	mM	

fluorogenic	substrate	methionyl	aminomethylcoumarin	(Met-AMC,	Enzo	Life	Sciences)	

at	 37°C,	 using	 Tecan	 Infinite	 200	 Pro	Multimode	Microplate	 Reader	 (Excitation:	 380	

nm,	 Emission:	 460	 nm)	 (273).	 Inhibitory	 effects	 of	 peptides	 and	 controls	 were	

calculated	by	the	change	in	reaction	rate.	

V.4.4 siRNA	treated	cell	extract	for	enzymatic	activity	assay		

FAM-labelled	 universal	 control	 siRNA	 (SIC007)	 and	 siRNA	 targeting	 human	 MetAP1	

(GAAGUCAUUUGCCAUGGAA[dt][dt]),	MetAP1D	 (CUAUGUGACGACAGGCAUU[dT][dT]	 )	

and	 MetAP2	 (GCCAAUAAGGCUU	 UCCAAGA[dt][dt])	 were	 purchased	 from	 Sigma-

Aldrich.	MCF7	cells	were	cultured	in	6	well	plates	to	70%	confluence.	siRNA	with	a	final	

concentration	 of	 100	 nM	 was	 transfected	 with	 Lipofectamine	 2000	 using	 the	

manufacturer’s	 standard	 protocol.	 Treated	MCF7	 cells	 were	 allowed	 to	 grow	 for	 72	

hours	at	37	°C	and	then	lysed	by	1X	cell	lysis	buffer.	The	enzymatic	activity	assay	was	

performed	using	the	procedure	mentioned	above.	T-test	was	performed	to	determine	

if	the	differences	between	the	test	and	its	control	were	significant.		

V.4.5 Peptide	delivery	by	Lipofectamine	LTX		

Cells	 were	 grown	 to	 required	 confluence	 in	 the	 completed	 DMEM	 media	 before	

transfection.	 For	 every	well,	 the	 required	 concentration	 of	 a	 peptide	was	 diluted	 in	

pre-warmed	Opti-Mem	reduced	serum	medium.	0.25,	4,	and	6	μL	of	Lipofectamine	LTX	

were	 respectively	 used	 for	 each	 well	 of	 96,	 12,	 and	 6	 well	 plates.	 The	 peptide-
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Lipofectamine	 LTX	mixture	was	 incubated	 for	 25	minutes	 at	 the	 room	 temperature.	

Cells	were	washed	with	pre-warmed	PBS	before	the	mixture	was	added	to	the	cells	for	

transfection.	The	plates	with	the	transfection	mixture	were	incubated	at	37	°C	in	a	CO2	

incubator	for	the	required	period.	

V.4.6 Western	blotting	for	examining	the	interaction	between	HP3	and	hMetAP2	

inside	MCF7	cells	

We	 followed	 the	 protocol	 of	 Zhan	 et	 al.	 with	 the	modification	 fitted	 to	MCF7	 cells	

(272).	 Specifically,	 MCF7	 cells	 were	 treated	 with	 Lipofectamine-transfected	 HP3	 (lt-

HP3),	 washed	 with	 HBSS	 three	 times,	 and	 then	 lysed	 using	 RIPA	 buffer	 and	 French	

press	method.	 In	 a	 denatured	 condition,	 the	 protein	 content	 of	 the	 cell	 extract	was	

denatured	using	the	reducing	agent	DDT	and	heating	at	95	°C	for	5	minutes.	While	in	a	

semi-native	condition,	the	protein-denaturation	step	was	skipped.	Standard	PAGE	and	

western	 blotting	 were	 performed	 using	 anti-hMetAP2	 and	 anti-GADPH	 antibodies	

purchased	from	Cell	Signaling	(Danvers,	MA,	USA).	

V.4.7 	Growth	inhibition	assay			

MCF7	cells	were	adapted	to	grow	in	0.5%	FBS	ultra-	culture	media	(Lonza).	The	growth	

media	 of	 MCF7	 cells	 was	 changed	 to	 10%	 FBS	 ultra-	 culture	 media	 and	 gradually	

reduced	to	0.5%	FBS.	These	adopted	MCF7	cells	were	seeded	(10,000	cells/well)	in	96	

well	plates	in	0.5%	FBS	ultra-	culture	media.	After	24	hours	of	cell	growth,	these	cells	

were	washed	3X	with	pre-warmed	PBS	and	the	peptide	delivered	with	Lipofectamine	

LTX	 using	 the	 protocol	 described	 above.	 After	 incubating	 the	 cells	 with	 peptide-

Lipofectamine	LTX	mixture	for	6	hours,	cells	were	washed	with	DPBS	and	0.5%	DMEM	

ultra-culture	media	was	 introduced.	At	24	hours,	 cell	 viability	was	checked	using	 the	

method	described	by	Riss	et-al	 2016	 (274).	 For	 colon	cancer	cells,	 the	process	 is	 the	
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same,	 but	 we	 checked	 the	 viability	 at	 different	 time	 points	 at	 6,	 12,	 and	 24	 hours.	

Moreover,	for	these	cell	lines,	RPMI	was	used	as	growth	media.	

V.4.8 Effect	on	MCF7	cell	cycle	using	cell	sorting	by	flow	cytometry		

This	 assay	 follows	 the	 protocol	 of	 Chun	 et	 al.	 (275)	with	 some	modification.	 Firstly,	

cells	were	arrested	at	G1/S	 checkpoint	by	growing	 them	 in	 serum-free	media	 for	24	

hours.	 HP3	 was	 delivered	 using	 lipfectamine	 LTX,	 followed	 by	 8-hour	 incubation.	

Afterwards,	cells	were	grown	for	24	hours	in	complete	media.	Cells	were	stained	with	

10	mM	Hoechst	 33342	 nuclear	 stain	 and	 then	 sorted	 using	 flow	 cytometry.	 Flow	 Jo	

was	used	to	determine	percentage	of	cells	in	each	phase	of	the	cell	cycle.	TNP470	was	

used	as	a	control	in	these	experiments.		

V.4.9 Scratch/Cell	migration	assay		

Scratch	 assay	was	 performed	 as	 described	 previously	with	 some	modification	 (276).		

MCF7	cells	were	grown	 to	80%	confluence	 in	6-well	plate	 in	10%	FBS	DMEM	media.		

Then,	 a	 scratch	 was	 made	 in	 each	 well	 by	 using	 200	 μL	 pipette	 tip	 and	 cells	 were	

washed	3	times	with	pre-warmed	PBS.	Immediately,	the	Time=0,	wells	were	fixed	with	

pre-warmed	0.4%	paraformaldehyde	in	PBS.	In	the	remaining	wells,	Lipofectamine	LTX	

delivery	was	performed	as	described	above.	After	incubating	with	lt-HP3	or	1t-sHP3	for	

8	hours,	the	cells	were	washed	3	times	with	pre-warmed	PBS.	1	mL	of	complete	DMEM	

media	(10	%	FBS)	was	then	added	into	each	well	and	the	plate	was	incubated	at	37	°C	

for	 24	 hours.	 Next,	 pre-warmed	 0.4%	 paraformaldehyde	 in	 PBS	was	 used	 to	 fix	 the	

cells.	 Images	 from	each	well	were	 taken	using	an	Olympus	 ix53	microscope.	 Image	 J	

was	employed	 to	quantify	 the	wound-healing	 rate	 in	each	well.	TNP470	and	0.1%	of	

Triton	 X-100	were	 used	 as	 controls.	 In	 the	 case	 of	 SW48,	 or	 SW480	 cells,	 the	 same	

protocol	was	utilized	except	in	RPMI	medium	with	KFF-HP3.	



	

	 95	

V.4.10 Cell	invasion	assays			

The	 Boyden	 chamber	 transwell	 migration	 assay	 was	 performed	 to	 investigate	 the	

effect	 of	 peptide	 treatment	 on	 in	 vitro	 cell	 penetration/invasion	 to	 a	 barrier	 using	

CultureCoat	 96-well	 basement	 membrane	 extract	 (BME)-coated	 cell	 invasion	 assay	

(Trevigen	 Inc.,	Gaithersburg,	MD,	USA)	 kit	 as	 previously	 published(277).	 Briefly,	 cells	

were	cultured	to	80%	confluence	and	then	passaged	to	a	serum-free	medium	for	24	

hours.	 	 These	 serum-starved	 cells	 were	 collected	 and	 50	 μL	 (1×106/ml)	 of	 cell	

suspension	was	added	to	each	well	of	96	well	 top	chambers.	 	KFF-HP3	and	KFF-sHP3	

were	then	added	to	the	top	chamber	of	the	cells.		Complete	media	was	added	to	the	

bottom	chamber	of	the	assay	kit	and	then	incubated	at	37°C	in	5%	CO2	incubator	for	

24	hours.		After	incubation,	100	μL	cell	dissociation	solution/Calcein	AM	was	added	to	

the	bottom	chamber.	 	Calcein	AM	was	 internalized	to	the	cells.	 Intracellular	esterase	

cleaved	it	to	produce	Calcein	(a	bright	fluorophore).	Finally,	fluorescence	was	used	to	

quantitate	 the	number	of	 invasive	 cells	 in	 each	 group	with	POLARstar	Omega	multi-

mode	microplate	reader	(BM	GLABTECH,	Mornington,	VIC,	Australia).	

V.4.11 Data	analysis	

Prism	was	used	 to	generate	all	 the	 figures	used	 in	 this	manuscript.	Moreover,	T-test	

(unpaired)	was	used	to	determine	the	P	values	listed	in	the	graphs	

V.5 RESULTS		

V.5.1 Identification	of	self-inhibitory	peptides	

As	with	our	previous	studies	(272),	we	computationally	examined	all	helical	regions	in	

hMetAP2	 (PDB	 ID:	2ga2)	based	on	 the	 interaction	energy	 score	between	a	helix	and	

the	rest	of	the	protein.	The	interaction	energy	is	calculated	by	using	a	statistical	energy	

function	 based	 on	 the	 distance-scaled	 finite	 ideal	 gas	 reference	 state	 (DFIRE)(278,	
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279).	 The	 result	 suggests	 that	 H1	 and	 H3	 segments	 of	 hMetAP2	 have	 the	 top	 two	

strongest	 interaction	 energies.	 Figure	 V-1	 illustrates	 the	 positions	 of	 H1	 and	 H3	 in	

hMetAP2,	which	 is	 the	opposite	 side	of	 its	 catalytic	 functional	pocket	highlighted	by	

the	location	of	its	inhibitory	ligand	and	metal	ion	locations.	As	H1	(residues	163	to	185)	

is	a	part	of	the	60	amino-acid	peptide	(residues	170	to	229)	investigated	for	S1000A4-

hMetAP2	interaction	(271),	I	will	focus	on	the	peptide	segment	derived	from	H3	only	

(HP3).		

	

	

Figure	V-1	Structure	of	hMetAP2	along	with	our	designed	inhibitors.	H1	and	H3	helical	

segments	 are	 highlighted	 in	 green	 and	 yellow,	 respectively.	 Metal	 and	 ligand	 are	

shown	in	orange.	

V.5.2 Inhibition	of	total	MetAP	activity	of	the	cell	extract	

I	 incubated	our	peptides	with	 the	 cell	 extract	of	 a	breast	 carcinoma	cell	 line	 (MCF7)	

and	measured	the	effect	of	the	enzymatic	activity	in	the	presence	of	peptides.		Results	

shown	 in	 Figure	 V-2	 indicate	 that	 HP3	 and	 TNP470	 (positive	 control)	 inhibit	 the	

enzymatic	activity	with	50%	 inhibition	at	1.41	µM	for	TNP470	and	5.02	µM	for	HP3,	
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while	 sHP3	 (a	 randomly	 shuffled	 sequence	 as	 the	 negative	 control)	 does	 not	 inhibit	

enzymatic	activity.	

	

	

Figure	V-2	The	total	MetAP	activity	of	0.02mg/ml	breast	carcinoma	(MCF7)	cell	extract	

is	 inhibited	by	HP3	and	TNP470	(positive	control)	but	not	by	the	shuffled	HP3	(sHP3,	

negative	control).	P	values	of	≤0.0001,	≤0.001,	≤0.01	and	≤0.05	represents	****,	***,	

**,	*	respectively.	

V.5.3 Specific	inhibition	of	hMetAP2	in	cell	extracts	by	HP3		

The	hMetAP	activity	in	cell	extracts	shown	in	Figure	V-2	is	contributed	by	all	hMetAPs	

(hMetAP1,	 its	 paralog	 hMetAP1D,	 and	 hMetAP2).	 To	 confirm	 specific	 targeting	 of	

hMetAP2	 by	 HP3,	 I	 employed	 three	 siRNAs	 to	 specifically	 knockdown	 hMetAP1,	

hMetAP1D	and	hMetAP2,	 respectively,	 in	MCF7	 cells.	Figure	 V-3	 (A)	 represents	 our	

findings.	Uptake	of	siRNA	by	MCF7	cells	is	compared	against	a	control	siRNA	(labelled	

with	a	fluorophore)	in	Figure	V-4	A	and	B.	The	result	confirms	knockdown	of	hMetAP2	

by	western	blot	in	MCF7	cells.	
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The	siRNA-treated	MCF7	cell	extracts	were	 then	 tested	 for	 the	 total	hMetAP	activity	

with	or	without	HP3.	Figure	 V-3	 (A)	shows	that	the	total	hMetAP	activity	 is	reduced	

after	siRNA	targeted	either	MetAP1,	MetAP1D	or	MetAP2	(open	bars).	A	student	T-test	

results	showed	a	significant	reduction	in	the	total	hMetAP	activity	when	compared	to	

the	 control	 siRNA	 cell	 extracts	 and	 MetAP1	 and	 MetAP1+	 MetAP1D-knockdowned	

MCF7	 cell	 extracts	 in	 the	 presence	 of	 HP3	 (Figure	 V-3	 (A),	 filled	 bars).	 MetAP1D-

knockdowned	 MCF7	 cell	 extract	 also	 showed	 activity	 reduction	 but	 not	 statistically	

significant.	 The	 activity	 reduction	 before	 and	 after	 HP3	 exposure	 has	 the	 largest	

reduction	 with	 the	 most	 statistical	 significance	 for	 MetAP1+1D	 silenced	 MCF7	 cell	

extracts.	More	importantly,	no	reduction	of	the	total	MetAP	activity	was	observed	for	

MetAP2-knockdowned	MCF7	 cell	 extracts	 incubated	with	HP3.	 This	 suggests	 specific	

inhibition	of	hMetAP2	by	HP3.	

To	 further	 confirm	hMetAP2-specific	 targeting,	 I	 investigated	 the	 effect	 of	HP3	 on	 a	

different	breast	cancer	line,	SKBR3	(Figure	V-3	(B)).	Following	the	selective	inhibition	

of	 hMetAP2	 by	 20	  µM	 TNP470,	 the	 total	MetAP	 activity	 of	 SKBR3	 cell	 extract	 was	

independent	of	the	HP3	concentration	(280).	This	indicates	that	HP3	targets	the	same	

hMetAP	as	TNP470,	i.e.,	hMetAP2.		
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Figure	 V-3	 (a).	 Effect	of	HP3	on	 the	 total	MetAP	activity	of	 siRNA-treated	MCF7	 cell	

extracts.	 Lack	 of	 effect	 on	 hMetAP2-knockdowned	 MCF7	 cells	 indicates	 specific	

targeting	 of	 hMetAP2	by	HP3.	 (b).	 Effect	 of	HP3	on	 the	 total	MetAP	 activity	 of	 0.02	

mg/ml	 SKBR3	 cell	 extract	 and	 0.02	 mg/ml	 SKBR3	 cell	 extract	 treated	 with	 20	  µM	

TNP470.	Lack	of	an	effect	on	TNP470-treated	cell	extract	indicates	specific	targeting	of	

hMetAP2	by	HP3.	The	total	MetAP2	inhibition	determination	is	the	same	as	in	Figure	

1B.	 P	 values	 of	 ≤0.0001,	 ≤0.001,	 ≤0.01	 and	 ≤0.05	 represents	 ****,	 ***,	 **,	 *	

respectively.	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		

  

b)	a)	
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Bright	Field		 FITC	 FITC+	Bright	field	

	

	

	 	

	

	

Figure	V-4	(a)	Illustration	of	uptake	of	universal	siRNA	labelled	by	FAM	in	MCF7	cells.	

(b)	 Western	 blotting	 results	 for	 MCF7	 cell	 extracts	 that	 were	 silenced	 by	 siRNA	

targeting	MetAP2	with	the	housekeeping	gene	GADPH	as	a	control.	

V.5.4 Cell	permeation	of	HP3	by	cell-penetration	peptide	and	liposomal	delivery	

To	further	investigate	the	effect	of	HP3	beyond	a	cell	extract,	HP3	has	to	be	delivered	

inside	 the	cell	where	hMetAP2	 is	 located.	Two	methods	were	employed	to	 take	HP3	

inside	the	cell.	One	 is	to	 link	with	a	cell-penetration	peptide	(KFF)3K	[known	to	enter	

mammalian	cells	without	cytotoxicity	 (281)]	and	a	flexible	 linker	Gly-Ser-Gly	 (GSG)	to	

the	N-terminus	of	HP3	 (named	KFF-HP3	 for	 simplicity).	Another	 strategy	 is	 liposomal	

delivery	 by	 Lipofectamine	 LTX	 (labelled	 as	 lt-HP3	 and	 lt-sHP3	 for	 simplicity,	 see	

Methods).	

a)	

b)	
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To	confirm	the	entrance	of	HP3	inside	the	cell	by	liposome-assisted	delivery,	I	labelled	

HP3	with	FITC.	Figure	V-5	shows	the	positions	of	the	nucleus	inside	the	cells	(in	blue)	

along	 with	 the	 locations	 of	 HP3	 (green	 fluorescence).	 HP3	 is	 located	 around	 the	

nucleus,	suggesting	the	successful	cell	permeation	of	HP3	by	Lipofectamine	LTX.		

Bright	Field	 Hoechst	33342	 FITC	 Hoechst	33342	+	FITC	

+	Bright	field	

	

	

	 	 	

Figure	 V-5	 Entry	of	 FITC-labelled	HP3	 into	MCF7	cells	by	 Lipofectamine	 LTX	delivery.	

Cell	nuclei	 (Hoechst	33342	nuclear	stain	 in	blue)	and	FITC-labelled	HP3	(in	green)	are	

present	within	 the	 cell	 boundary	 as	 indicated	 by	 the	 Bright	 Field.	 This	 suggests	 that	

Lipofectamine	 LTX	 was	 successful	 in	 delivering	 FITC-labelled	 HP3	 across	 MCF7	 cell	

membrane.	MCF7	cells	were	incubated	with	Lipofectamine-LTX-delivered	FITC-HP3	for	

4	hours.	

	 	 	

V.5.5 Intracellular	inhibition	of	hMetAP2	by	HP3	was	mediated	by	altering	

hMetAP2	states	inside	the	cell	

To	further	demonstrate	the	direct	intracellular	interaction	of	HP3	with	hMetAP2,	HP3	

was	first	delivered	into	MCF7	cells	by	Lipofectamine	LTX.	Then,	the	treated	cells	were	

washed	several	times	to	remove	peptides	remaining	outside	of	the	cells.	Afterwards,	

the	 cells	 were	 lysed,	 and	 the	 whole-cell	 lysates	 were	 subjected	 to	 pulsed-field	 gel	

electrophoresis	(PAGE)	under	either	denaturing	or	semi-native	conditions,	followed	by	
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western	blotting	with	an	anti-hMetAP2	antibody.	Under	the	denaturing	condition,	only	

one	fully-denatured	hMetAP2	band	was	observed	both	when	cells	were	treated	with	

and	 without	 HP3	 (Figure	 V-6).	 	 However,	 under	 the	 semi-native	 condition,	 an	

additional	hMetAP2	band	was	observed.	This	band	 is	considered	as	a	native	state	of	

hMetAP2.	 Moreover,	 the	 intensity	 of	 this	 band	 was	 significantly	 reduced	 by	 HP3	

treatment.	This	indicates	that	HP3	interacts	directly	with	hMetAP2	inside	the	cell	and	

changes	one	of	 the	 intracellular	 states	of	hMetAP2,	 similar	 to	 a	 self-derived	peptide	

from	Escherichia	coli	MetAP	(272).	

	

Figure	 V-6	 Intracellular	 inhibition	 of	 hMetAP2	 by	 HP3	 was	 mediated	 by	 altering	

hMetAP2	states	inside	the	cell.	SDS-PAGE	under	either	denatured	(+)	or	semi-native	(-)	

condition	 for	 lysates	 of	 cells	 with	 (+)	 or	 without	 (-)	 lt-HP3,	 followed	 by	 Western	

blotting	with	an	anti-hMetAP2	antibody.	The	reduced	native-state	band	from	column	1	

to	column	3	suggested	that	HP3	altered	conformational	states	of	hMetAP2	inside	the	

cell.	GADPH,	a	housekeeping	protein,	was	used	as	a	control	in	these	experiments.	
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V.5.6 HP3	inhibits	cancer	cell	growth	

Intracellular	inhibition	of	hMetAP2	reduces	the	proliferation	of	some	cancer	cell	 lines	

(258).	 Figure	 V-7	 plots	 the	 percent	 of	 the	 MCF7	 cell	 growth	 as	 a	 function	 of	

concentrations	 of	 HP3	 and	 sHP3	 (negative	 control)	 delivered	 by	 Lipofectamine	 LTX	

along	with	the	positive	control	TNP470.	For	HP3	and	TNP470,	50%	inhibition	was	found	

at	8.79	and	3.76	μM,	respectively,	whereas	sHP3	is	unable	to	inhibit	the	cell	growth	of	

MCF7.		

	

Figure	 V-7	 HP3	 inhibitory	 effects	 on	 cancer	 cell	 growth.	 Effects	 of	 liposomal	

transfected	HP3	 (lt-HP3),	 lt-sHP3	 (negative	control)	and	TNP470	 (positive	control)	on	

MCF7	cell	growth.		MCF7	cells	(adapted	to	0.5%	fetal	bovine	serum	[FBS]	ultra-	culture	

media)	were	exposed	to	test	compounds	and	controls	for	6	hours	and	then	grown	for	

24	hours.	 lt-sHP3	did	not	effect	 the	growth	of	MCF7	cells.	 lt-HP3	and	TNP470	 inhibit	

MCF7	 cell	 growth	 with	 50%	 inhibition	 at	 8.79	 and	 3.76	 μM,	 respectively.	 Statistical	
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significance	of	each	data	point	for	 lt-HP3	and	TNP470,	compared	with	the	one	for	 lt-

sHP3	at	the	same	concentration,	is	illustrated	here.	

I	further	tested	KFF-HP3	delivered	by	the	cell-penetration	peptide	on	the	cell	growth	of	

colon	 cancer	 cells	 derived	 from	 pathological	 stage	 II	 colon	 cancer	 (SW480)	 and	

pathological	 stage	 III	 colon	cancer	 (SW48).	 	As	Figure	 V-8	 (A)	 shows,	 the	number	of	

viable	 SW480	 and	 SW48	 cancer-cells	 in	 the	 presence	 of	 20	 μM	 KFF-sHP3	 (negative	

control)	have	normal	cell	growth	as	a	function	of	time	whereas	20	μM	KFF-HP3	and	20	

μM	TNP470	significantly	inhibit	the	cell	growth.	Figure	V-8	(B)	further	showed	similar	

effects	 for	 20	 μM	 lt-HP3,	 when	 compared	 to	 20	 μM	 TNP470	 (positive	 control)	 and	

Lipofectamine	 LTX	 only	 (negative	 control).	 More	 importantly,	 20	 μM	 KFF-HP3	 is	

significantly	less	toxic	toward	non-neoplastic	colon	epithelial	cells	(FHC)	in	comparison	

to	that	of	colon	cancer	cells	 (SW480	&	SW48)	 (Figure	 V-8	 (C)),	although	 it	 is	slightly	

more	toxic	than	the	negative	control	KFF-sHP3.		
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Figure	V-8	Effects	of	HP3	and	TNP470	on	colon	cancer	cell	proliferation.	(a)	Treatment	

of	 colon	 cancer	 SW480	 and	 SW48	 cells	 with	 20	 μM	 KFF-HP3	 (delivered	 by	 a	 cell-

penetration	peptide)	reduce	time-dependent	cell	proliferation	relative	to	 its	negative	

control	20	μM	KFF-sHP3.	The	result	of	20	μM	TNP470	is	shown	as	a	positive	control.	(b)	

Similar	results	are	observed	when	HP3	 is	delivered	by	 liposomal	transfection	with	20	

μM	TNP470	as	the	positive	control	and	lipofectamine	only	as	the	negative	control.		(c)	

20	μM	KFF-HP3	were	less	toxic	to	non-neoplastic	colon	epithelial	cells	in	comparison	to	

that	 of	 colon	 cancer	 cells,	 although	 it	 is	 more	 toxic	 than	 20	 μM	 KFF-sHP3.	 All	 the	

experiments	were	performed	in	triplicates	and	results	are	shown	as	mean±SD.	Level	of	

significance	 *p<0.05,	 **p<0.01	 and	 ***p<0.001	 when	 compared	 with	 that	 of	 the	

negative	control	group.		
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V.5.7 HP3	leads	to	cell-cycle	arrest	

Inhibiting	hMetAP2	should	lead	to	cell	cycle	arrest	(232-236).	lt-HP3	effects	on	the	cell	

cycle	 of	 MCF7	 cells	 were	 determined	 by	 analyzing	 the	 cytometry	 data.	 Figure	 V-9	

shows	that	the	peak	for	G2	phase	disappeared	when	the	MCF7	cells	were	exposed	to	

10	μM	HP3	or	0.8	nM	TNP470.	By	comparison,	MCF7	cells	treated	with	Lipofectamine	

LTX	 only	 were	 found	 to	 have	 a	 significant	 24.4%	 of	 cells	 in	 G2	 phase.	 Thus,	 lt-HP3	

inhibits	cell	cycle	similar	to	TNP470.	

	

Figure	 V-9	 Effects	 of	 lt-HP3	 and	 TNP470	 on	 MCF7	 cell	 cycle	 as	 compared	 to	 the	

Lipofectamine	LTX	only	condition.	

V.5.8 HP3	inhibits	cancer	cell	migration	and	invasion	in	a	dose-dependent	manner	

Scratch	wound	healing	 is	a	common	assay	 for	examining	cell	migration.	Figure	 V-10	

compares	 the	 wound	 healing	 capability	 of	 TNP470,	 lt-HP3	 and	 lt-sHP3.	 TNP470	 has	

significant	 inhibitory	 effects	 on	wound	 healing	 at	 a	 concentration	 range	 of	 1.56-100	

μM	 (Figure	 V-10	 (B)).	 It	 inhibits	 cell	migration	more	 than	 50%	with	wound	 healing	

abilities	of	MCF7	cells	at	a	concentration	of	6.25	μM.	lt-HP3	has	significant	inhibition	at	



	

	 107	

a	concentration	range	of	3.13-100	μM	and	achieved	a	50%	reduction	at	around	12.5	

μM	 (Figure	 V-10	 (B)).	 In	 comparison,	 lt-sHP3	 has	 no	 effect.	 Similar	 results	 were	

obtained	when	HP3	was	delivered	by	the	cell-penetration	peptide	(KFF-HP3)	to	SW48	

cells		(Figure	V-11	A	and	B).	Note	that	more	than	100%	wound	healing	in	Figure	V-11	

(B)	 is	 caused	 by	 cell	 death	 from	 high	 concentrations	 of	 TNP470	 that	 led	 to	 smaller,	

detached	cells	and	overestimation	of	the	wound	healing	ability.	

The	 Boyden	 chamber	 transwell	migration	 assay	 examines	 the	migratory	 response	 of	

endothelial	cells	to	angiogenic	 inducers	or	 inhibitors.	 I	 found	that	KFF-HP3	prevented	

barrier	 penetration	 and	 inhibited	 the	 invasion	 and	 migration	 of	 colon	 cancer	 cells	

when	compared	to	that	of	control	cells	(Figure V-12	A	and	B).		The	effect	is	similar	to	

the	positive	control	TNP470.	

	

		

	

	

	

	



	

	 108	

	

Figure	V-10	Effects	of	lt-HP3,	It-sHP3	(negative	control)	and	TNP470	(positive	control)	

on	 MCF7	 wound	 healing.	 Lipofectamine	 LTX	 only	 condition	 was	 used	 as	 negative	

control	while	0.1%	Triton	X-100	was	also	used	as	control.	(a)	MCF7	wound	healing	cell	

images.	 (b)	 Quantification	 of	 inhibitions	 by	 TNP470,	 lt-HP3	 and	 lt-sHP3	 from	 cell	

images.	
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Figure	V-11	Effects	of	KFF-HP3	and	TNP470	on	SW48	wound	healing	rate.	(a)	Wound	

healing	cell	images	at	time=0	(left	panel)	and	after	24	hours	by	1%	DMSO,	control	(cell-

penetration	peptide	(KFF)3K	only),	and	different	concentrations	of	TNP470	or	KFF-HP3.	

(b)	Quantification	of	 inhibitions	by	 TNP470,	 KFF-HP3	and	negative	 controls	 from	 cell	

images.	
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Figure	 V-12	 Effects	 of	 KFF-HP3	 and	 TNP470	on	 cell	 invasion	 and	migration.	 KFF-HP3	

inhibited	 the	 invasion	 of	 SW480	 (a)	 and	 SW48	 (b)	 colon	 cancer	 cells	 in	 BME-coated	

Boyden	 chamber	 assay.	 Inset	 shows	 the	 standard	 curve	 for	 cell	 invasion/migration	

assay.	HP3	prevent	 cells	migration	 in	 a	 dose-depended	manner.	 All	 the	 experiments	

were	performed	in	triplicates	and	results	are	shown	as	mean	±SD	(standard	deviation).		

RFU:	relative	fluorescence	unit.				

V.6 DISCUSSION	

Our	computational	 tool,	DFIRE,	predicted	 two	helical	 regions	 (H1	and	H3)	 that	 could	

have	 the	 potential	 to	 be	 used	 as	 self-derived	 inhibitory	 peptides.	 H1	 is	 a	 part	 of	 a	

peptide	sequence	that	has	been	previously	identified	for	its	interaction	with	hMetAP2	

(271)	and	 thus	partially	validated	our	DFIRE	prediction.	Here,	 I	have	only	 focused	on	

the	 H3-derived	 peptide	 denoted	 as	 HP3.	 HP3,	 as	 with	 HP1,	 has	 a	 high	 interaction	

energy	with	the	rest	of	hMetAP2	structure	and	lies	on	the	opposite	side	of	the	catalytic	

pocket	of	hMetAP2.			

After	commercially	synthesizing	the	HP3,	MCF7	cell	extract	was	used	for	investigating	

its	 inhibitory	effects	of	enzymatic	activity.	Our	results	show	that	HP3	have	an	IC50	of	

5.02	μM.	TNP470,	one	of	the	most	potent	hMetAP2	inhibitor,	displayed	an	IC50	of	1.41	
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μM	in	the	same	experimental	condition.	As	a	control,	we	showed	that	a	randomized	

sequence	with	the	same	amino-acid	composition	as	HP3	(denoted	as	sHP3)	 is	unable	

to	 inhibit	 the	enzymatic	activity	of	MCF7	cell	 extracts.	 	 This	 indicates	 that	 the	effect	

observed	is	a	sequence-specific	effect.		

To	 illustrate	 HP3	 specifically	 towards	 hMetAP2,	 we	 employed	 siRNA	 to	 reduce	

expression	levels	of	hMetAPs.	hMetAPs	consist	of	three	proteins:	hMetAP1,	hMetAP2	

and	 hMetAP1D.	 Thus,	 these	 three	 proteins	 contribute	 the	 total	 hMetAP	 enzymatic	

activity.	To	confirm	the	specificity	of	HP3	towards	hMetAP2,	I	performed	two	separate	

experiments.	 In	 the	 first	experiment	 I	used	three	siRNAs	to	silence	the	expression	of	

hMetAP1,	2	and	1D,	respectively,	and	then	treated	these	cell	extracts	with	HP3.	These	

siRNA	were	delived	 inside	 the	 cells	 by	 liposomal	delivery	 as	previous	work	 (282).	 To	

test	the	efficiency	of	our	delivery	method	I	purchased	a	universal	siRNA	attached	with	

a	fluorescence	tag.	Figure	V-4	(A)	confirmed	the	success	of	our	liposomal	delivery.		

	

After	 confirming	 the	 down-regulation	 of	 targeted	 hMetAP	 through	western	 blotting	

(Figure	V-4	(B))	these	cell	extracts	are	subjected	to	HP3	treatment.			Figure	V-3	shows	

that	when	hMetAP2	was	silenced	by	siRNA,	HP3	has	no	inhibitory	effects	on	the	total	

MetAP	 enzymatic	 activity.	 By	 comparison,	when	 hMetAP1,	 hMetAP1D	 or	 both	were	

silenced,	HP3	can	inhibit	the	total	hMetAP	enzymatic	activity.	This	strongly	suggested	

that	 HP3	 can	 only	 inhibit	 the	 activity	 of	 hMetAP2	 and	 not	 those	 of	 hMetAP1	 or	

hMetAP1D.	It	is	worth	noting	that	HP3-induced	reduction	of	total	MetAP	activity	is	not	

statistically	significant	upon	the	knockdown	of	hMetAP1D,	due	to	large	error-bars.	To	

further	confirm	the	specificity	of	HP3,	 I	employed	the	well-studied,	hMetAP2-specific	

inhibitor	TNP470	 to	 irreversibly	deactivate	all	hMetAP2	present	 in	 the	cell	 extract.	 If	

HP3	 is	 specific	 to	hMetAP2,	HP3	should	not	 inhibit	 the	 total	hMetAP2	activity	of	 the	
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TNP470-treated	 cell	 extract.	 This	 is	 confirmed	 by	 our	 results	 (Figure	 V-3	 (B)),	

supporting	the	specific	inhibition	of	hMetAP2	by	HP3.		

After	confirming	the	inhibitory	effects	and	specificity	of	HP3	towards	hMetAP2,	it	is	of	

interest	to	know	if	it	works	inside	the	cell.	However,	HP3	by	itself	could	not	cross	the	

cell	membrane	barrier.	 Thus,	 two	 techniques	were	employed	 to	 take	HP3	 inside	 the	

cells.	 The	 first	 technique	 employed	 cell-penetration	 peptides	 for	 delivery.	 This	 was	

done	 by	 attaching	 HP3	 to	 (KFF)3K.	 This	 CPP	 has	 been	 reported	 to	 be	 an	 efficient	

delivery	vehicle	in	mammalian	cells	with	minimal	toxicity	(281).		The	second	technique	

is	 liposomal	delivery	which	has	been	widely	 studied	 for	delivery	of	anti-cancer	drugs	

(283).	The	success	of	liposomal	delivery	is	confirmed	by	attaching	a	fluorescence	group	

to	 HP3	 and	 then	 visualizing	 the	movement	 of	 HP3	 across	 the	 cell	membrane	 under	

fluorescence	 microscope.	 The	 imaging	 results	 (Figure	 V-5)	 confirmed	 liposomal	

delivery	as	a	reliable	mean	of	transporting	HP3	across	the	cell	membrane	barrier.			

To	 investigate	the	effect	of	HP3	 inside	the	cell,	we	employed	western	blotting	under	

denaturing	 and	 semi-denaturing	 conditions.	 This	 experiment	 allowed	 detection	 of	

structural	 changes	 in	 the	 presence	 of	 self-inhibitory	 peptides	 for	 bacterial	 MetAP2	

(272).		

Here,	I	followed	the	same	protocol	to	investigate	if	HP3	can	disrupt	the	structural	state	

of	 hMetAP2	 inside	 the	 living	MCF7	 cells.	 The	 results	 (Figure	 V-6)	 support	 that	 HP3	

altered	the	conformation	state	of	hMetAP2	inside	the	cell.	Because	a	protein	structure	

is	 essential	 for	 enzymatic	 activity,	 HP3	 inhibits	 hMetAP2	 activity	 by	 structure	

disruption.	

	

Inhibition	 of	 hMetAP2	 has	 been	 linked	 with	 mammalian	 and	 mouse	 cell	 growth	

inhibition	 (284).	 The	 effect	 of	 HP3	 on	 different	 cancer	 cell	 lines	was	 examined.	 Our	
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results	 (Figure	 V-8)	 showed	 that	HP3	 inhibited	 the	 cell	 growth	 of	MCF7,	 SW48	 and	

SW480	 cancer	 cell	 lines	 .	 The	 inhibition	 is	 confirmed	 by	 both	 liposomal	 and	 CPP	

delivery	with	appropriate	positive	(TNP470)	and	negative	controls	(sHP3)	(Figure	V-8).	

Interestingly,	liposomal	delivery	yields	slightly	better	results	than	(KFF)3K.	Furthermore	

I	 also	 checked	 the	 effect	 of	 HP3	 on	 normal	 cells	 (FHC).	Our	 results	 (Figure	 V-8	 (C))	

show	that,	in	comparison	to	cancer	cell	lines,	HP3	is	significantly	less	toxic	to	FLC.	This	

is	may	be	due	to	less	expression	of	hMetAP2	in	normal	cells,	compared	to	cancer	cells	

(285).		

Because	 the	 inhibition	 of	 hMetAP2	 will	 lead	 to	 cell	 cycle	 arrest	 (232-236),	 I	 also	

investigated	 cell	 cycle	 effects	 after	 introducing	 HP3	 to	 cells.	 Our	 findings	 confirmed	

arrested	 cell	 cycle	 (Figure	 V-9),	 suggesting	 that	 HP3	 affects	 cancer	 cells	 in	 a	 similar	

manner	to	previously	reported	hMetAP2	inhibitors.		

Another	 effect	 of	 inhibition	 of	 hMetAP2	 is	 inhibition	 of	 the	 cancer	 angiogenesis.	 I	

tested	 HP3	 for	 its	 anti-angiogenic	 properties.	 Wound	 healing	 assays	 have	 been	

traditionally	 used	 for	 this	 purpose	 (286).	 This	 assay	 revealed	 that	 HP3	 displays	

significant	 inhibition	 of	 angiogenesis	 compared	 to	 negative	 control	 (sHP3)	 in	 MCF7	

cells.	Both	 liposomal	and	(KFF)3K	delivery	methods	showed	similar	results.	To	further	

confirm	our	findings,	 I	also	checked	the	effect	of	HP3	on	SW48	cell	 lines	 in	a	Boyden	

chamber	 transwell	 migration	 assay.	 Delivered	 by	 (KFF)3K,	 HP3	 inhibited	 SW48	 cell	

migration,	another	evidence	of	angiogenesis	inhibition	(215).			

The	 above	 results	 showed	 that	 we	 were	 successful	 in	 designing	 a	 self-derived	

inhibitory	 peptide	 (HP3)	 against	 hMetAP2.	 Such	 inhibition	 leads	 to	 cell	 cycle	 arrest,	

inhibition	of	cellular	growth,	and	disruption	of	angiogenesis.		
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CHAPTER	VI DISCUSSION	AND	FUTURE	DIRECTIONS	
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Tumour	 angiogenesis	 is	 a	 key	 factor	 for	 the	 growth,	 development	 and	metastasis	 of	

tumours.	FDA	has	approved	the	use	of	Bevacizumab		Sorafenib,	Sunitinib,	Pazopanib,	

and	 Everolimus.	 However,	 they	 reportedly	 have	 high	 toxicity	 due	 to	 lack	 of	 target	

specificity	 (202-204).	 	 In	 clinics,	 combination	 therapy	of	Bevacizumab	and	 traditional	

chemotherapeutic	 drugs	 shows	 highly	 significant	 improvement	 in	 the	 treatment	 of	

breast,	 renal,	 pancreatic,	 and	 lung	 cancers	 (206).	 Despite	 its	 success	 in	 clinics,	

Bevacizumab	was	responsible	for	hypertension,	poor	wound	healing,	thromboembolic	

events,	proteinuria,	and	haemorrhage	(206).	Therefore,	considering	the	usefulness	of	

anti-angiogenic	drugs	in	cancer	treatments	and	the	side	effects	of	the	existing	drugs	I,	

in	 chapter	V,	of	 this	 thesis	 report	a	novel	anti-angiogenic	drug	 targeting	hMetAP2,	a	

known	anti-angiogenic	drug	target.	

We	 wanted	 to	 develop	 a	 highly	 specific	 hMetAP2	 inhibitor.	 Therefore,	 we	 chose	 a	

peptide-based	 hMetAP2	 inhibitor	 based	 on	 self-derived	 inhibitory	 peptides.	 In	 this	

strategy,	 a	 target	 molecule	 is	 studied	 for	 potential	 structural	 components	 that,	 if	

produced	 independently,	 interact	 with	 the	 native	 structure	 and	 inhibit	 its	 function.	

Using	an	in-house	computational	method,	that	involved	estimation	of	the	interactions	

between	 peptide	 segments	 within	 a	 protein,	 we	 were	 able	 to	 identify	 two	 helical	

regions,	 H1	 and	 H3,	 in	 hMetAP2	 that	 could	 theoretically	 interact	 strongly	 with	

hMetAP2	 (278,	 279).	 Our	 hypothesis	 was	 that	 upon	 binding	 to	 the	 native	 hMetAP2	

these	peptides	would	 lead	 to	 a	 conformational	 change	 in	 hMetAP2	 structure,	which	

would	 make	 it	 functionally	 impaired.	 	 We	 found	 that	 H1	 and	 H3,	 identified	 by	 our	

software	 as	possible	hits.	H1	was	 a	part	 of	 the	 sequence	 (residues	170-229)	 already	

identified	for	its	inhibitory	effects	on	hMetAP2	(271).	This	provided	our	confidence	in	

the	potential	of	using	H3	as	a	possible	peptide	inhibitor	of	hMetAP2	(HP3).	
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To	 test	 the	 inhibitory	 potential	 of	 our	 self-derived	 inhibitory	 peptide,	 HP3,	 I	 firstly	

checked	 its	 effects	 on	 the	 MetAP	 activity	 of	 MCF7	 cell	 extract.	 I	 found	 HP3	 to	

significantly	reduce	the	total	MetAP	enzymatic	activity	of	MCF7	cell	extract	with	an	IC50	

of	5.02	µM	compared	to	1.41	µM	given	by	the	positive	control,	TNP470.	As	we	know,	

the	 total	MetAP	enzymatic	 activity	 in	 the	human	cell	 like	MCF7	 is	 contributed	by	 its	

three	isoforms;	hMetAP1,	1D	and	2	(252).	Thus,	after	confirming	its	inhibitory	potential	

towards	the	MetAP	enzymatic	activity,	I	examined	how	specific	the	HP3	inhibition	was	

towards	hMetAP2.	 I	 used	 the	 siRNA-silencing	 technique	 to	 knockdown	hMetAP1,	1D	

and	2	and	then	treated	the	cell	extract	of	these	selectively	knockdown	MCF7	cells	with	

HP3.	Our	finding	showed	that	when	hMetAP2	was	inhibited,	HP3	showed	no	significant	

effect	on	 the	 total	MetAP	enzymatic	activity.	However,	 in	 the	presence	of	hMetAP2,	

HP3	 reduces	 the	 total	 MetAP	 enzymatic	 activity	 of	 MCF7	 cell	 extract.	 To	 further	

confirm	HP3	specificity,	 I	used	TNP470,	a	known	inhibitor	of	hMetAP2,	to	irreversibly	

inhibit	 hMetAP2	 in	 SKBR3	 cell	 extract	 and	 generate	 a	 cell	 extract	without	 functional	

hMetAP2.	HP3	 effects	 on	 the	 total	MetAP	enzymatic	 activity	 of	 this	 TNP470	 treated	

cell	extract	were	compared	to	the	untreated	cell	extract.	Our	results	showed	that	HP3	

significantly	 reduced	 total	 MetAP	 enzymatic	 activity	 in	 untreated	 cells,	 with	 active	

hMetAP2,	but	not	 in	TNP470	 treated	cell	extract.	These	observations	confirmed	that	

HP3	was	acting	selectively	on	hMetAP2	but	not	on	other	MetAPs.		

Next,	 I	 investigated	 the	effect	of	HP3	on	 tumour	 cell	 growth	and	 it’s	 anti-angiogenic	

effects.	 In	 intact	 cells,	 the	 plasma	membrane	 is	 a	 barrier	 for	 drugs	 to	 pass	 through.	

Thus,	 I	 used	 liposome	delivery	method	 to	deliver	HP3.	 I	 tested	 the	efficiency	of	 this	

delivery	method	by	attaching	our	peptide	with	the	FITC	fluorescence	group	and	using	

fluorescence	 microscopy	 to	 visually	 confirm	 the	 delivery	 of	 H3	 inside	 MCF7	 cell	
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cytoplasm.	An	alternative	approach	for	delivery	was	to	attach	HP3	with	a	well-known	

cell	penetration	peptide	d(KFF)3.	Both	methods	provided	efficient	delivery.		

HP3	 inhibitory	effects	on	 the	growth	of	 cancer	 cells	were	 tested	on	MCF7	 cells.	Our	

results	indicated	that	HP3	successfully	inhibited	MCF7	cell	growth	with	an	IC50	of	8.79	

μM	compared	to	3.76	μM	of	TNP470.		Moreover,	similar	inhibitory	effects	were	seen	

on	 SW48	 and	 SW480	 cell	 lines.	 Liposome	 delivery	method	was	 used	 for	MCF7	 cells	

while	 (KFF)3	delivery	method	was	utilized	 for	 SW48	and	SW480	 cells.	 	Moreover,	 to	

find	direct	evidence	of	HP3	interaction	with	hMetAP2,	I	treated	MCF7	cells	with	HP3,	

using	 liposome	 delivery	 method,	 and	 then	 used	 western	 blotting	 to	 visualize	 the	

effects	 of	 HP3	 on	 hMetAP2.	 Our	 results	 showed	 that	 HP3	 directly	 interacted	 with	

hMetAP2	just	like	our	previous	self-derived	peptide	drug	inhibitor	for	E.	coli	(272).		

Inhibition	of	hMetAP2	has	previously	been	linked	to	cell	cycle	arrest	(232-236).	Here,	I	

also	demonstrated	the	effect	of	HP3	on	MCF7	cell	cycle.	Using	the	liposomal	delivery	

method	I	delivered	HP3	inside	MCF7	cells	and	then	employed	flow	cytometry	analysis	

to	 determine	 its	 effect	 on	 cell	 cycle.	 Our	 results	 indicated	 that	 HP3	 successfully	

inhibited	MCF7	cell	cycle	from	entering	the	G2	phase.		This	result	was	expected,	as	we	

know	that	hMetAP2	is	responsible	for	numerous	functions	inside	a	human	cell.	Other	

than	 promoting	 tumour	 angiogenesis	 hMetAP2	 has	 the	 critical	 function	 in	 removing	

the	 nascent	 methionine	 from	 the	 N-terminal	 of	 the	 newly	 formed	 proteins	 (230).	

When	 there	 is	an	accumulation	of	newly	 formed	proteins	with	 the	attached	 initiator	

amino	acid,	methionine,	this	results	in	the	activation	of	P53	pathway	that	pushes	the	

cells	towards	cell	cycle	arrest	and	ultimately	apoptosis	(240).		

After	successfully	demonstrating	selective	inhibitory	effects	of	HP3	towards	hMetAP2	

and	 confirming	 its	 growth	 inhibitory	potential	 of	MCF7	 cells	 I	 further	performed	cell	

migration	and	invasion	assay	and	confirmed	HP3	as	an	anti-angiogenic	agent.	Thus,	our	
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experimental	 evidence	 indicates	 that	 HP3	 selectively	 inhibits	 hMetAP2,	 causes	 cell	

cycle	arrest	and	produces	anti-angiogenic	effects.			

Our	findings	suggest	that	inhibition	of	hMetAP2	by	HP3	leads	to	the	same	mechanism	

of	actions	proposed	by	Yi	Zhang	et	al.	(200)(237).		hMetAP2	inhibition	by	HP3	leads	to	

the	accumulation	of	nascent	proteins	that	have	un-cleaved	initiator	methionine.	These	

un-cleaved	proteins	are	unstable	and	have	 reduced	half-life.	Cancer	 cells	machinery,	

just	like	endothelial	cells	(237),		characterise	this	situation	suitable	for	the	generation	

of	 stress	 signals	 that	activates	p53	signalling	pathway	and	results	 in	cell	 cycle	arrest.	

This	mechanism	is	also	confirmed	by	Turk	B.	et	al.	(1999)	(239).	At	this	moment,	there	

are	no	approved	drugs	for	hMetAP2	inhibition.	TNP470	is	the	only	small	molecule	drug	

that	went	into	clinical	trials.	As	shown	in	the	result	and	discussion	section	of	chapter	V	

HP3	is	less	active	than	TNP470.	However,	HP3,	being	peptide	based,	could	have	certain	

therapeutic	advantages	over	TNP470.	Further	work	is	needed	to	clearly	identify	these	

therapeutic	advantages	associated	with	HP3.	

Our	 findings	 indicate	 that	 HP3	 could	 be	 developed	 into	 a	 potential	 drug	 candidate.	

However,	there	is	a	need	for	further	developmental	studies.	Peptide	drugs	have	issues	

with	 stability	 in	 the	 blood	 (287).	 Thus,	 more	 stable	 versions	 of	 HP3	 should	 be	

developed	 by	 using	 strategies	 such	 as	 stapled	 peptides	 (288),	 cyclization	 of	 the	

sequence	 (287),	and	 removing	peptidase	cleavage	sites.	Stable	analogues	of	HP3	are	

required	before	animal	model	studies	and	possible	clinical	trials.		

Developing	new	drugs	is	more	challenging	than	repurposing	old	drugs.	In	this	thesis,	I	

also	investigated	the	possibility	of	delivery	of	existing	prodrugs	with	cell-type-specific	

cell-penetration	 peptides.	 I	 tested	 this	 idea	 by	 using	 platinum-based	 drugs,	 which	

comprise	 about	 50%	 of	 chemotherapeutic	 drugs	 (186).	 By	 using	 cancer-cell-specific	

delivery,	 I	 hoped	 to	 overcome	 off-target	 effects	 of	 platinum-based	 drugs	 that	 are	
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caused	 by	 indiscriminate	 cytotoxicity.	 The	 side	 effects	 include	 hair	 loss,	 low	 blood	

count,	 and	 organ	 failure	 (188).	 I	 chemically	 synthesized	 a	 cisplatin	 (IV)	 prodrug	

conjugating	with	cell	type-specific	cell	penetration	peptides	CPP30	and	CPP33	that	can	

selectively	enter	MCF7	and	A549	cells,	respectively	(111).	 I	confirmed	the	conjugated	

compounds	CPP30-DSP	and	CPP33-DSP	selectively	inhibited	growth	of	MCF7	and	A549	

cell,	respectively,	at	100	µM	concentration,	but	do	not	have	any	effects	on	other	cell	

lines.	CPP30-DSP	and	CPP33-DSP	have	an	IC50	of	47.6	µM	on	MCF7	cells	and	80.2	µM	

on	A549	cells,	 respectively.	Cisplatin,	although	 it	 is	more	potent,	 inhibits	all	cell	 lines	

indiscriminately,	whereas	 the	 prodrug	 DSP	 itself	 is	 nontoxic.	 I	 further	 demonstrated	

that	CPP30-DSP	and	CPP33-DSP	are	cytotoxic	and	apoptotic	 towards	 their	 respective	

target	cell	 lines.	Furthermore,	high-resolution	confocal	microscopy	showed	the	direct	

effects	of	CPP30-DSP	and	CPP33-DSP	on	its	target	cell	lines	DNA	suggesting	that	the	Pt	

(IV)	prodrugs	convert	into	the	Pt	(II)	form	upon	entering	the	cell.	These	findings	show	

that	 unlike	 TAT-	 oxaliplatin	 (185),	 CPP30-DSP	 and	 CPP33-DSP	 can	 selectively	 target	

specific	cell	lines.		

Moreover,	 CPP30-DSP	 and	 CPP33-DSP	 follow	 a	 mechanism	 similar	 to	 that	 of	 other	

Pt(IV)	 pro-drugs	 (156).	 Figure	 II-5	 diagrammatically	 illustrates	 the	 mechanism	 of	

action	 for	CPP30-DSP	and	CPP33-DSP.	These	compounds	pass	 the	cell	membranes	of	

MCF7	and	A549	cells,	respectively,	by	using	CPPs.	Upon	entry	into	the	cells,	CPPs	are	

cleaved	 off	 by	 the	 proteases	 inside	 the	 cell	 cytoplasm	 to	 form	 DSP.	 Afterwards	

reductive-	elimination	 reactions	occur	and	 the	axial	 ligands	are	 released	 to	 form	 the	

active	cisplatin	 (II)	compound.	 	The	rest	of	the	mechanism	is	similar	to	that	reported	

for	 cisplatin	 (130).	 CPP30-DSP	 and	 CPP33-DSP	 have	 certain	 therapeutic	 advantages	

over	cisplatin	and	other	platinum-based	drugs.	Firstly,	DSP	displays	no	effects	on	any	

cells	at	relatively	high	concentrations.	Thus,	even	if	CPP30-DSP	or	CPP33-DSP	degrades	



	

	 120	

in	intravenous	injections,	the	DSP	formed	would	be	harmless	to	the	body.	Secondly	the	

CPPs	 part	 of	 the	 compound	 eases	 its	 passage	 across	 the	 cell	 membrane	 barrier.	

Thereby	 increasing	 its	efficacy.	Finally,	 the	 specificity	provided	 to	DSP	by	 the	CPPs	 is	

vital	for	reducing	the	potential	side	effects	of	platinum	based	drugs.	These	properties	

give	CPP30-DSP	and	CPP33-DSP	decisive	advantages	over	their	counterparts.		

So	 far,	 I	 have	 established	 the	 specific	 effects	 of	 CPP30-DSP	 and	 CPP33-DSP	 towards	

MCF7	 (breast	 cancer)	 and	A549	 (colon	 cancer),	 respectively.	However,	 there	are	 still	

key	 questions	 that	 need	 to	 be	 addressed	 for	 developing	 them	 into	 successful	 drug	

candidates.		

Firstly,	I	need	to	determine	the	effects	of	CPP30-DSP	and	CPP33-DSP	on	normal	cells.	

One	of	cisplatin	main	side	effects	 is	on	blood	 (132).	Cisplatin	enters	nucleated	blood	

cells	and	reduces	the	blood	counts	in	patients	receiving	chemotherapy.	Thus,	it	would	

be	useful	to	 investigate	the	effects	of	CPP30-DSP	and	CPP33-DSP	on	nucleated	blood	

cells.	Moreover,	 the	effect	of	 these	compounds	on	other	normal	cells	should	also	be	

tested.		

Secondly,	 as	 mentioned	 earlier	 (Figure	 II-3),	 platinum-based	 drugs	 can	 lead	 to	

apoptosis	by	altering	multiple	cellular	organelles	or	pathways	(130).	However	studies	

have	 shown	 that	 platinum	 compounds	 affecting	mitochondria	 alone	 can	 also	 trigger	

apoptosis	(139).	Thus,	accumulation	of	CPP30-DSP	and	CPP33-DSP	inside	mitochondria	

is	a	key	question	that	needs	to	be	answered	in	the	future	work.	Confocal	microscopy	

imaging	 of	 fluorescence	 tagged	 CPP30-DSP	 and	 CPP33-DSP	 would	 provide	 a	 visual	

confirmation	 about	 the	 distribution	 of	 these	 compounds	 in	 cell	 nucleus	 and	

mitochondria.	 	 	 This	 information	would	 provide	 us	with	more	 information	 regarding	

the	mechanism	of	action	inside	cancer	cells.	Furthermore,	such	information	would	also	

be	vital	for	improving	the	potency	and	efficacy	of	these	molecules.		
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Satraplatin,	 a	 Pt	 (IV)	 prodrug	 that	 reached	 clinical	 trials	 showed	 a	 half-life	 of	 6.3	

minutes	 in	 human	whole	 blood	 (289).	 CPP30-DSP	 and	 CPP33-DSP	 are	 peptide-based	

platinum	 (IV)	 prodrugs.	 Thus,	 the	 stability	 of	 these	 compounds	 in	 the	 blood	 is	

important.	ICP-MS	technique	can	be	employed	for	stability	studies.	This	technique	can	

also	 be	 utilised	 to	 investigate	 if	 CPP30-DSP	 and	 CPP33-DSP	 are	 converted	 to	 active	

cisplatin	(II)	forms	inside	the	cell.	Successful	completion	of	these	 in	vitro	experiments	

would	allow	testing	of	these	compounds	in	animal	models.		
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CHAPTER	VII APPENDIX	
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Figure	VII-1	High-resolution	mass	spectrum	of	DHP.	DHP	was	successfully	detected	at	

m/z	[M+H]+)	333.97,	cald	333.97.	

	

Figure	VII-2	High-resolution	mass	spectrum	of	DSP.		DSP	was	successfully	detected	at	

m/z	[M+H]+)	534.98,	cald	534.99.	
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Table	VII-1	Elemental	analysis	data	of	DHP	and	DSP.	FLASH200	CHNS/O	analyser	was	

used	 to	 obtain	 the	 values	 for	 CHNS	 in	 DHP	 and	 DSP.	 Our	 result	 showed	 that	 DSP	

crystals	 have	 1	molecule	 of	DMSO	entrapped	 in	 its	 crystals.	 Theoretical	 values	were	

calculated	using	ChemDraw	software.	

Compounds	 Elements	
Type	of	
value		

H	 N	 C	 S	

DHP	 Theoretical		 2.41	 8.39	 _	 _	
Obtained	 2.38	 8.17	 _	 _	

DSP	+1	
DMSO	

Theoretical		 3.62	 4.57	 19.61	 5.24	
Obtained	 3.71	 4.30	 19.46	 4.16	

	

Figure	 VII-3	HPLC	 chromatogram	of	 the	 crude	 reaction	mixture	 between	CPP30	 and	

DSP.	Mono-	conjugates	were	successfully	detected	using	HPLC	C8	column.	CPP30	only	

was	also	detected	in	the	mixture	while	the	initial	spike	indicates	DMSO	(solvent).	
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Figure	 VII-4	HPLC	 chromatogram	of	 the	 crude	 reaction	mixture	 between	CPP33	 and	

DSP.	Mono-	conjugates	were	successfully	detected	using	HPLC	C8	column.	CPP33	only	

was	 also	 detected	 in	 the	 mixture	 while	 the	 initial	 spike	 indicates	 DMSO	 (solvent).
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