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ABSTRACT	

	

	 Breast	cancer	has	been	studied	for	a	long	period	of	time	and	from	a	variety	of	

perspectives	in	order	to	understand	its	pathogeny.	The	pathogeny	of	breast	cancer	can	be	

classified	into	two	groups:	hereditary	and	spontaneous.	Although	cancer	in	general	is	

considered	a	genetic	disease,	spontaneous	factors	are	responsible	for	most	of	the	pathogeny	

of	breast	cancer.	In	other	words,	breast	cancer	is	more	likely	to	be	caused	and	deteriorated	by	

the	dysfunction	of	a	physical	molecule	than	be	caused	by	germline	mutation	directly.	

Interestingly,	cholesterol,	as	one	of	those	molecules,	has	been	discovered	to	correlate	with	

breast	cancer	risk.	However,	the	mechanisms	of	how	cholesterol	helps	breast	cancer	

progression	are	not	thoroughly	understood.	As	a	result,	this	study	aims	to	study	known	and	

discover	potential	new	mechanisms	regarding	to	the	correlation	of	cholesterol	and	breast	

cancer	progression	using	literature	review	and	literature-based	discovery.	The	known	

mechanisms	are	further	classified	into	four	groups:	cholesterol	membrane	content,	transport	

of	cholesterol,	cholesterol	metabolites,	and	other.	The	potential	mechanisms,	which	are	

intended	to	provide	potential	new	treatments,	have	been	identified	and	checked	for	feasibility	

by	an	expert.
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CHAPTER	1:	INTRODUCTION	

	

	 In	the	world	of	biology,	everything	can	be	treated	together	as	a	whole,	or	as	a	

network.	A	well-known	biological	network	is	the	phylogenetic	tree	that	describes	

the	evolutionary	relationship	among	living	species.	We	can	observe	the	three	life	

domains	(Bacteria,	Archaea,	and	Eukarya),	which	are	completely	different	in	their	

physical	and	genetic	characteristics	but	have	a	common	ancestor.	Interestingly,	in	

the	biological	world	it	is	common	to	discover	relationships	between	two	well-

established	things	that	appear	unrelated.	One	such	discovery	is	the	connection	

between	cholesterol	and	breast	cancer.	

	 Breast	cancer	has	been	studied	for	a	long	time,	and	from	a	variety	of	

perspectives	and	contexts	in	order	to	identify	its	pathogeny	and	potential	

treatments.	Naturally,	it	has	been	connected	with	a	large	collection	of	terms	in	the	

literature.	These	terms	can	be	divided	into	two	categories	of	hereditary	and	

spontaneous.	The	hereditary	category	refers	to	mutation	in	genes	such	as	oncogenes	

and	tumor	suppressor	genes.	Either	the	expression	of	oncogene(s)	or	the	silence	of	

tumor	suppressor	gene(s)	would	directly	cause	breast	tumor	formation.	In	contrast,	

the	spontaneous	category	refers	to	protein	expression.	Dysfunctional	behavior	of	

cancer-related	proteins	can	lead	to	breast	cancer	or	prevent	it	from	getting	better.	

Specifically,	one	way	to	trigger	dysfunctional	protein	behaviors	is	through	abnormal	

levels	of	other	molecules,	such	as	cholesterol.	In	addition,	the	signaling	cascades	that	

follow	the	activation	of	proteins	will	also	be	disturbed,	facilitate	breast	cancer	

progression	and	failing	to	suppress	it.	
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	 Cholesterol	is	a	substance	required	for	our	body	metabolism,	which	is	the	

process	of	converting	food	to	energy	and	producing	supplemental	molecules	for	

physical	health.	Excessive	cholesterol	can	react	with	other	substances	in	the	blood	

vessels	to	form	plaque,	and	plaque	accumulation	can	block	blood	flow	in	the	vessels.	

As	a	result,	a	high	level	of	serum/plasma	cholesterol	is	closely	related	to	heart	

disease	since	the	heart	acts	as	the	center	of	our	circulation	system.	Interestingly,	

excess	cholesterol	can	be	transported	to	other	organs	for	causing	diseases.		

It	is	known	that	cholesterol	links	to	breast	cancer,	but	the	actual	mechanisms	

by	which	is	not	fully	understood.	By	combining	how	breast	cancer	forms	

molecularly	and	how	cholesterol	might	transport	to	the	breast,	one	might	help	

explain	how	this	happens.	This	thesis	will	use	the	literature-based	discovery	

techniques	to	identify	the	molecular	mechanisms	by	which	cholesterol	affects	breast	

cancer	progression.		
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CHAPTER	2:	BACKGROUND	

	

The	pathogeny1	of	cancer	can	be	divided	into	two	categories:	hereditary	and	

spontaneous	factors.	Specifically,	hereditary	factors	refer	to	the	hereditary	gene	

mutations	(abnormal	DNA	sequence	in	the	germline)	that	directly	cause	cancer,	

while	spontaneous	factors	refer	to	the	gene	mutations	in	somatic	cells	(abnormal	

DNA	sequence	because	of	environmental	causes)	that	cause	and	promote	cancer.	

Although	cancer	has	been	identified	as	a	genetic	disease,	hereditary	factors	are	

responsible	for	a	small	proportion	(5-10%)	of	cancer	cases	[1].	In	other	words,	

spontaneous	factors	overwhelmingly	dominate	the	pathogeny	of	cancer.	As	a	result,	

understanding	the	underlying	mechanism	between	the	spontaneous	factors	and	

cancer	becomes	distinctly	important.		

2.1. Breast	Cancer	

Breast	cancer	is	the	top	diagnosed	cancer	type	among	women	and	is	also	the	

second	leading	cancer-related	cause	of	death	in	women	[1].	One	in	eight	women	will	

be	diagnosed	with	breast	cancer	during	her	lifetime	[1].	Specifically,	the	CDC2	

declared	that	242,476	women	were	diagnosed	with	breast	cancer	in	2015	in	the	

United	States,	and	41,523	of	them	died	from	breast	cancer	[2].	

	 Breast	cancer	is	a	complex	disease	represents	for	its	different	classifications	

and	origins.	Breast	cancer	can	be	classified	depend	on	tumor	grade	(differentiation	

of	tumor	cells),	tumor	genetics,	and	tumor	biomarkers	[3].	Nowadays,	research	

																																																								

1	The	origin	and	development	of	disease	

2	Centers	for	Disease	Control	and	Prevention	
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tends	to	focus	on	tumor	biomarkers	because	it	is	one	of	the	ways	for	designing	

treatments	for	specific	type	of	breast	cancer	(targeted	therapy).		

From	the	perspective	of	tumor	biomarkers,	the	major	three	classes	of	breast	

cancer	are	triple-negative	breast	cancer	(TNBC),	human	epidermal	growth	factor	

receptor-2	overexpressing	(HER2+)	breast	cancer,	and	hormone	receptor	positive	

breast	cancer	(estrogen	receptor	(ER)	and	progesterone	receptor	(PR)	positive)	[3-

5].	These	three	classes	of	breast	cancer	have	different	characteristics,	which	can	be	

detected	by	different	routine	markers	[5],	and	should	be	treated	differently.	In	

addition,	breast	cancer	can	also	be	divided	into	five	intrinsic	molecular-based	

subclasses:	basal-like	(BL),	normal-like,	luminal	A,	luminal	B,	and	HER2-enriched	[5].	

In	addition,	a	specific	type	of	enzyme	protein,	called	protein	kinases,	have	

been	proven	to	play	an	important	role	in	tumorigenesis	and	breast	cancer	

progression	[4].	In	short,	protein	kinases	activate	a	protein	via	phosphorylation	

(transferring	!-phosphate	from	an	ATP	molecule	to	a	targeted	protein).	The	

activated	protein	will	be	able	to	start	its	downstream	cascade(s)	that	include	

proliferation,	apoptosis,	survival,	metabolism,	and	migration	[4].	However,	

uncontrolled	kinase	activities,	that	may	lead	to	abnormal	cell	proliferation,	

differentiation,	and	anti-apoptosis,	are	a	result	of	spontaneous	gene	mutation	and	

are	commonly	observed	in	breast	cancer	[4].		

2.1.1. Triple-negative	breast	cancer	(TNBC)	

TNBC	stands	for	the	tumor	type	that	has	no	expression	of	ER,	PR,	or	HER2	[5].	

Although	this	type	of	breast	cancer	only	accounts	for	15-20%	of	all	types,	it	has	

much	higher	recurrence	and	mortality	rates	than	the	other	two	major	types	[5].	In	
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addition,	TNBC	tumors	generally	of	larger	size,	higher	grade3,	and	more	aggressive	

progression	[6].		

Molecularly,	most	of	TNBC	is	defined	as	the	BL	subclass.	In	addition,	TNBC	

tumors	exhibit	dysregulation	of	the	following	protein	kinase	expressions	and	their	

downstream	signaling	pathways,	which	have	been	identified	as	potential	therapy	

targets	[4-6]:	

• PI3K	

• PTEN		

• MAPK		

• AURK		

• Akt		

• Sphingosine	

• Cell	Cycle	proteins/Mitotic	Kinases	

• CHK1	and	Wee1	

Recent	treatments	

The	standard	treatment	for	TNBC	is	chemotherapy	since	there	is	no	option	of	

approved	targeted	therapy	unlike	for	the	other	two	types.	The	treatment	for	TNBC	is	

more	complicated	because	this	type	of	breast	cancer	does	not	express	either	ER,	

HER2,	or	PR	on	its	tumor,	the	presence	of	any	of	which	would	allow	for	targeted	

therapy	[3].	Fortunately,	various	pathways	in	TNBC	cells	have	been	elucidated	that	

represent	potential	therapeutic	targets.	These	include	such	as	vascular	endothelial	

																																																								

3	Breast	cancer	can	be	graded	depending	on	how	the	tumor	cells	differentiated:	

grade	1	(well	differentiated),	grade	2	(moderately	differentiated),	and	grade	3	

(poorly	differentiated/dedifferentiation)	
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growth	factor	(VEGF),	poly(ADP-ribose)	polymerase	(PARP),	epidermal	growth	

factor	receptor	(EGFR),	and	androgen	receptor	[3].	In	addition,	microRNAs	(miRs)	

and	long	noncoding	RNAs	(lncRNAs),	the	PI3K-Akt	signaling	pathway,	proteases,	

phosphatases,	and	protein	tyrosine	kinases	are	potential	targets	for	therapy	[3-5].	

2.1.2. Human	epidermal	growth	factor	receptor-2	overexpressing	(HER2+)	

breast	cancer	

HER2,	Human	epidermal	growth	factor	receptor-2,	is	a	membrane	tyrosine	

kinase,	which	can	be	overexpressed,	and	an	oncogene,	which	can	amplify	to	cause	

breast	cancer	[7].	HER2+	phenotype	can	be	observed	in	about	20-30%	of	BC	

patients	[4].	HER2+	tumor	cells	have	stronger	proliferative	and	anti-apoptosis	

abilities	that	drive	tumor	growth	and	progression	[7].	Like	other	types	of	breast	

cancer,	HER2+	tumors	abnormally	express	particular	proteins	and	relative	signaling	

pathways,	as	listed	below	[4]:	

• PI3K/Akt/mTOR		

• PDK1	

• MAPK	

• PTEN	

• Akt	(ER-negative	HER2-positive)	

• mTOR		

Recent	treatments	

The	breast	cancer	cells	that	have	over-expressed	HER2	on	their	cell	membranes	can	

be	treated	with	Transtuzumab	[3,	4].	Specifically,	Transtuzumab	works	to	bind	to	

the	extracellular	domain	of	HER2	and	blocks	HER2’s	activity	[4].	In	addition,	



	

	

	

7	

Lapatinib,	Neratinib,	Gefitinib,	and	Afatinib	were	also	approved	for	increasing	

survival	rate	among	breast	cancer	patients	[4,	8].	

2.1.3. Hormone-receptor-positive	breast	cancer:	Luminal-A	and	Luminal-B	

HR-positive	breast	cancer	accounts	for	about	75%	of	breast	cancer,	and	it	has	two	

subtypes:	luminal-A	and	luminal	B.	Both	luminal-A	and	luminal-B	subtypes	express	

estrogen	receptors	(ER)	and	progesterone	receptors	(PR)	on	their	tumor	cells	[4,	5].	

Below	is	the	list	of	protein	expressions	and	signaling	pathways	that	when	reaching	a	

dysfunctional	level	can	cause	HR-positive	breast	cancer	[4]:	

• PI3K/Akt/mTOR		

• PDK1	

• MAPK	

• Cell	cycle/mitotic	process	(AURK,	CDK,	PLK1)	

Recent	treatments	

Hormone-receptor-positive	breast	cancer	can	be	treated	using	endocrine	therapy,	

which	involves	the	usage	of	selective	estrogen	receptor	modulators	(SERMs),	

aromatase	inhibitors	(AIs),	and	selective	estrogen	receptor	downregulators	(SERDs)	

[3].	Specifically,	SERMs	include	Tamoxifen	while	AIs	include	Anastrozole,	Letrozole,	

and	Exemestane	[4].	
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Table	1	Summary	of	three	types	of	breast	cancer	and	the	signaling	pathways	involved	and	current	
approved	therapy	for	each	of	them	

Breast	Cancer	

Type	

Signaling	Pathways	 Therapy	

TNBC	

PI3K	

PTEN		

MAPK		

AURK		

Akt		

Sphingosine	

Cell	Cycle	proteins/Mitotic	

Kinases	

CHK1	and	Wee1	

Surgery	

Radiation	

Chemotherapy	

(PARP	inhibitor	for	

BRCA1/2	mutation)	

HER2+	

PI3K/Akt/mTOR	

PDK1	

MAPK	

PTEN	

Akt		

mTOR		

Targeted	therapy	against	

HER2	

Hormone-

receptor-positive	

ER	alpha	

PI3K/Akt/mTOR	

PDK1	

MAPK	

Cell	Cycle	proteins/Mitotic	

Kinases	(AURK,	CDK,	PLK1)	

	

Targeted	Therapy	against	

ER	or	synthesis	of	

estrogens	
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2.2. Cholesterol	

2.2.1. Cholesterol	in	healthy	cells		

Cholesterol	is	an	essential	component	of	plasma	membranes	[9].	In	addition,	

it	also	acts	as	a	precursor	for	steroid	hormone	synthesis	and	bile	acid	[9].	

Cholesterol	can	be	either	synthesized	endogenously	or	ingested	via	the	diet	[9].	The	

level	of	cholesterol	must	be	regulated	under	a	homeostatic	condition	to	maintain	

body	health	[9].	This	healthy	condition	involves	a	balance	among	the	amount	of	

cellular	synthesized	cholesterol,	dietary	cholesterol,	and	removal	of	cholesterol	

from	tissues	[9,	10].		

Cholesterol	synthesis	and	intake	

Cholesterol	is	synthesized	via	the	mevalonate	pathway,	which	is	a	series	of	

enzymatic	reactions	regulated	by	a	rate-limiting	step	that	involves	the	conversion	of	

hydroxylmethyl	glutaryl-coenzyme	A	(HMG-CoA)	to	mevalonate	by	the	enzyme	

HMG-CoA	reductase	(HMGCR)[9].	HMGCR	is	the	target	of	the	cholesterol	lowering	

medication	statins,	which	are	widely	used	to	prevent	cardiovascular	disease	[9].	

Cholesterol	is	an	insoluble	molecule	so	it	requires	active	transport	with	the	

help	of	an	endogenous	transporter	named	lipoproteins	[9].	Lipoproteins	are	the	

cholesterol	regulators	that	maintain	the	homeostatic	balance	by	removing	excess	

cholesterol	and	facilitating	intake	of	dietary	cholesterol	[9].	The	two	specific	

lipoproteins,	HDL4	and	LDL5,	are	analyzed	in	clinical	research	[9].	Specifically,	HDL	

facilitates	cholesterol	removal	while	LDL	facilitates	cholesterol	uptake	[10].	

Regulation	of	cholesterol	
																																																								

4	High-density	lipoprotein	

5	Low-density	lipoprotein	
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	 As	mentioned	above,	maintaining	a	correct	level	of	cholesterol	in	the	body	is	

necessary	for	being	healthy.	Liver	X	Receptor	(LXR)	is	one	of	the	caretakers	[10].	

LXR	is	a	transcription	factor	expressed	in	diverse	cell	types,	such	as	the	intestine,	

liver,	macrophage	and	adipocyte	[11].	Normal	LXR	will	be	sensitive	to	the	increasing	

amount	of	cholesterol,	and	trigger	corresponding	mechanisms	to	eliminate	excess	

cholesterol	[10].	However,	cholesterol	itself	does	not	have	affinity	for	LXR,	but	its	

derivatives	produced	in	the	procedure	of	cholesterol	synthesis	do	[10].	Specifically,	

monooxygenated	cholesterol	derivatives,	or	oxysterols,	are	the	ligands	for	LXR	[10].	

The	activated	LXR	may	cause	cell	cycle	arrest	at	G0/G1	due	to	the	overexpression	of	

p21	and	p27,	which	are	the	inhibitors	of	CDK	(Cyclin-dependent	kinase)	[11].	In	

general,	once	binding	to	a	ligand,	the	activated	LXR	will	lead	to	three	outcomes:	1)	

removal	of	excess	cholesterol	through	RCT	(Reverse	cholesterol	transport),	2)	

inhibition	of	cholesterol	absorption,	and	3)	inhibition	of	cholesterol	synthesis	[10].		

I. Removal	of	excess	cholesterol	

There	is	evidence	to	show	that	RCT	could	be	stimulated	by	the	LXR	[10].	RCT	

refers	to	the	transportation	of	cholesterol	from	peripheral	tissues	to	the	liver,	

followed	by	cholesterol	excretion	(in	an	unchanged	form	or	after	

transformation	to	bile	acids)	with	the	bile	[10].	In	the	process	of	RCT,	LXR	

firstly	upregulates	the	expression	of	two	transporters,	ABCA1	(ATP-binding	

cassette	transporters	A1)	and	ABCG1	(ATP-binding	cassette	transporters	G1),	

that	both	play	significant	roles	in	removing	excess	cholesterol	from	plasma	

membranes	to	extracellular	acceptors	[10].	Specifically,	these	two	

transporters	appear	abundantly	in	several	cell	types,	such	as	macrophages,	
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hepatocytes,	enterocytes,	and	so	on	[10].	The	difference	between	the	two	

transporters	is	that	ABCA1	is	a	full	transporter,	which	means	it	acts	as	a	

molecule,	while	ABCG1	is	a	half-transporter,	which	acts	as	a	homodimer	[10].	

As	mentioned	above,	many	studies	indicate	that	LXR	agonists	promote	the	

expression	of	ABCA1	and	ABCG1,	which	promotes	the	efflux	of	cholesterol	

from	cells	[10].	In	other	words,	increasing	oxysterol	formation	caused	by	

incremental	endogeneous	cholesterol,	activates	LXR	and	promotes	

cholesterol	efflux	with	the	help	of	ABCA1	and	ABCG1,	thus	affording	a	

negative	regulatory	feedback	mechanism	to	maintain	cholesterol	at	an	

equilibrium	level.		

II. Inhibition	of	cholesterol	absorption	

A	large	amount	of	dietary	cholesterol	absorption	takes	place	at	the	epithelia	

of	the	human	small	intestine	[12].	Specifically,	enterocytes	are	the	epithelial	

cells	found	in	the	human	small	intestine.	The	NPC1L1	(Niemann-Pick	C1-like	

1	protein)	expressed	on	the	apical	membrane	of	enterocytes	plays	an	

important	role	in	the	process	of	cholesterol	absorption	[10].	However,	LXR	

agonists	would	decrease	the	expression	of	NPC1L1,	and	finally	lead	to	

reduced	cholesterol	absorption	[10].		

In	addition,	LXR	agonists	also	perform	the	inhibition	of	cholesterol	

absorption	with	the	help	of	ACBA-1.	In	addition	to	the	mechanism	mentioned	

in	I	for	cholesterol	removal,	ACBA-1	can	also	be	used	for	intestinal	plasma	

HDL	formation,	which	can	be	used	for	cholesterol	removal	[10].		

III. Inhibition	of	cholesterol	synthesis	
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In	the	process	of	cholesterol	synthesis,	SREBP-2	(Sterol	regulatory	element-

binding-protein-2)	plays	an	important	role	in	stimulating	the	key	enzymes	

involved	in	the	process	[10,	13].	SREBP-2	is	a	transcription	factor	that	

resides	in	the	endoplasmic	reticulum	in	an	inactive	state	after	synthesis	[10,	

13].	When	the	level	of	cholesterol	decreases,	SREBP-2	will	be	cleaved	by	

proteolysis	[13].	The	activated	SREBP-2	will	move	into	the	nucleus	and	

stimulate	the	expression	of	target	gene(s)	[10].	Therefore,	the	expression	of	

genes	responsible	for	cholesterol	intake	(LDL)	and	synthesis	(HMGCR)	will	

be	upregulated	[13].	There	are	three	isoforms	of	SREBP	identified:	SREBP1-a,	

SREBP1-c,	and	SREBP-2	[10].	The	same	gene	encodes	the	first	two,	while	a	

separate	gene	encodes	the	third	[10].	Among	the	three	isoforms,	SREBP1-a	is	

a	key	regulator	for	cholesterol	and	fatty	acid	synthesis,	SREBP1-c	regulates	

for	lipogenesis,	and	SREBP-2	regulates	for	both	enzymes	involved	in	

cholesterol	synthesis	and	LDL	receptors	[10,	14].	

2.2.2. Cholesterol	in	cancer	cells	

Carcinogenesis	is	the	process	by	which	normal	healthy	cells	are	transformed	

into	cancer	cells.	This	process	involves	a	combination	of	changes	at	the	cellular,	

genetic	and	epigenetic	levels	that	lead	to	a	reprogramming	of	a	normal	cell	to	

undergo	abnormal	cell	division,	which	ultimately	forms	a	malignant	tumor	(except	

Leukemia).	Increased	tumor	cell	metabolism	is	required	for	tumor	formation,	

proliferation,	and	metastasis[9].	There	is	evidence	to	demonstrate	that	deregulation	

of	cholesterol	metabolism	inevitably	leads	to	tumor	growth	[9,	15].	In	order	to	keep	

growing,	tumor	cells	then	cause	further	deregulation	in	two	ways:	promote	lipid	
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biosynthesis	and/or	uptake	cholesterol	from	the	blood	[15].	Indeed,	abnormal	level	

of	HDL	and	LDL	was	detected	in	breast	cancer	patients	[16].		

Lipid	rafts	--	Inhibit	apoptosis	but	promote	tumor	growth	and	metastasis	

Cancer	cells	can	also	increase	the	probability	of	survival	via	inhibition	of	

their	own	apoptosis	pathways.	Apoptosis	is	a	programmed	cell	death,	which	is	an	

energy-dependent	signaling	cascade	[9].	Specifically,	two	major	categories	of	

apoptosis	could	occur	in	the	human	body:	extrinsic	and	intrinsic.	Evidence	shows	

that	both	of	these	pathways	are	closely	related	to	lipid	rafts	since	they	regulate	the	

pathways	through	modulating	the	cholesterol	content	of	membrane	regions	[9,	17].	

There	are	two	types	of	death	receptors	being	expressed	on	cell	membranes:	

FasR	(Fas	receptor)	and	TRAIL	(TNF-related	apoptosis-inducing	ligand	receptor	1	

and	2).	Their	activation	of	corresponding	apoptotic	signaling	depends	on	the	

translocation	ability	of	lipid	rafts	[9].	In	other	words,	by	decreasing	the	amount	of	

membrane	cholesterol,	lipid	rafts	will	also	be	downregulated6,	which	may	negatively	

affect	the	translocation	of	FasR	and	TRAIL	into	lipid	rafts	[9].	As	a	result,	FasR	and	

TRAIL	mediated	apoptosis	will	be	downregulated	[9].	

In	addition,	cancer	cells	can	enhance	their	growth	ability	by	upregulating7	

several	growth	factor	receptors,	such	EGFR	and	HER2	[9].	Evidence	shows	that	

these	two	growth	factor	receptors	are	associated	to	lipid	rafts	and	the	cholesterol	

content	of	the	lipid	rafts	is	closely	related	to	the	signaling	events	of	those	two	

receptors	[9].	In	short,	accumulation	of	cholesterol	content	in	the	lipid	rafts	

																																																								

6	Decreases	the	quantity	of	a	cellular	substance	

7	Increases	the	quantity	of	a	cellular	substance	
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encourages	the	activation	of	the	receptors	and	hence	promotes	cell	growth	and	

development	[9].	

Also,	metastasis	of	cancer	cells	can	be	achieved	by	decreased	cell	adhesion	so	

as	to	facilitate	cell	migration	in	the	blood	vessels	[9].	Specifically,	integrin	and	

glycoproteins,	such	as	CD44,	on	the	cell	surface	are	two	essential	components	for	

cell	adhesion	[9].	CD44	expressed	on	the	cancer	cell	membrane	usually	associates	

with	lipid	rafts	for	function	[9].	Evidence	shows	that	statin	therapy	causes	

disassociation	of	CD44	from	lipid	rafts	so	that	cholesterol	plays	an	important	role	in	

metastasis	[9].	

2.3. Breast	cancer	and	Cholesterol	

Breast	cancer	has	been	studied	by	many	scientists	for	a	long	time	but	certain	

aspects	are	still	not	well	understood.	Interestingly,	research	in	the	correlation	of	

cholesterol	and	breast	cancer	is	relatively	recent	though	increasing.	This	thesis	will	

study	the	connection	between	cholesterol	and	breast	cancer	progression.		

Although	a	connection	between	tumors	and	cholesterol	was	made	a	long	

time	ago,	cholesterol	has	recently	been	reexamined	and	found	to	have	a	significant	

connection	to	breast	cancer.	For	example,	according	to	the	PubMed	search	result	

using	the	minimally	restricted	search	terms	“cholesterol	AND	breast	cancer”8,	there	

were	1996	published	papers	focused	on	both	fields	as	of	November	12,	2018	though	

in	recent	years,	researchers’	interest	in	the	correlation	of	cholesterol	and	breast	

cancer	has	increased.	Specifically,	a	histogram	of	the	PubMed	search	results	

																																																								

8	Search	details:	("cholesterol"[MeSH	Terms]	OR	"cholesterol"[All	Fields])	AND	

("breast	neoplasms"[MeSH	Terms]	OR	("breast"[All	Fields]	AND	"neoplasms"[All	

Fields])	OR	"breast	neoplasms"[All	Fields]	OR	("breast"[All	Fields]	AND	"cancer"[All	

Fields])	OR	"breast	cancer"[All	Fields])	
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indicates	a	rising	trend	in	the	amount	of	papers	related	to	the	correlation	each	year	

(Figure	1).	The	number	of	publications	initially	stayed	flat,	but	a	steady	increasing	

number	of	publications	can	be	observed	around	the	1980s	(Figure	1).	One	

possibility	for	this	steady	increase	could	be	explained	by	the	two	Nobel	Laureates,	

Michael	Brown	and	Joseph	Leonard	Goldstein,	who	won	the	prize	in	Physiology	or	

Medicine	in	1985	because	of	their	study	of	cholesterol	metabolism,	which	opened	

up	new	avenues	for	understanding	cholesterol	in	the	context	of	breast	cancer.	

	
Figure	1	The	amount	of	literature	focused	on	both	cholesterol	and	breast	cancer	published	to	PubMed	
per	year	since	1946.	

The	search	terms	were	next	restricted	to	both	MeSH9	and	title	terms.	The	

result	from	the	medially	restrictive	PubMed	search	term	“("breast	neoplasms"[TI]	

OR	"breast	neoplasms"[MeSH	Terms])	AND	(cholesterol	[TI]	OR	"cholesterol"[MeSH	

Terms])”10	showed	that	there	were	663	search	results	as	of	November	12,	2018	

																																																								

9	Medical	Subject	Headings	

10	Search	details:	("breast	neoplasms"[TI]	OR	"breast	neoplasms"[MeSH	Terms])	

AND	(cholesterol	[TI]	OR	"cholesterol"[MeSH	Terms])	
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(Figure	2).	Like	the	minimally	restricted	term,	the	number	of	publications	stayed	

relatively	flat	in	the	beginning	and	constantly	increased	since	the	mid	1980s.	

	
Figure	2	The	amount	of	paper	focused	on	both	cholesterol	(MeSH	Term	&	Title)	and	breast	neoplasms	
(MeSH	Term	&	Title)	published	to	PubMed	each	year	since	1946	

To	further	understand	what	researchers	already	know	and	what	studies	have	

been	conducted	about	the	topic,	the	search	terms	were	ultimately	maximally	

restricted	to	MeSH	Major	Topics,	which	is	“"breast	neoplasms"[MeSH	Major	Topic]	

AND	cholesterol	[MeSH	Major	Topic],”11	resulting	in	189	search	results	through	

November	12,	2018	(Figure	3).	Unlike	the	previous	results,	the	number	of	

publications	shows	a	fluctuating	pattern	overall.	Specifically,	a	peak	number	of	

publications	occurred	in	the	1990s	followed	by	a	decrease.	Later	on,	another	

tremendous	increase	started	in	the	2000s.	

																																																								

11	Search	details:	"breast	neoplasms"[MeSH	Major	Topic]	AND	"cholesterol"[MeSH	

Major	Topic]	
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Figure	3	The	amount	of	paper	focused	on	both	cholesterol	(Major	MeSH	Term)	and	breast	neoplasms	
(Major	MeSH	Term)	published	to	PubMed	each	year	since	1946	

The	recent	study	of	the	correlation	has	plenty	of	evidence	to	show	that	

cholesterol	is	closely	related	to	breast	cancer,	but	the	majority	of	underlying	

mechanisms	are	still	poorly	understood.	Fortunately,	a	few	mechanisms	have	been	

studied.	For	instance,	cholesterol	may	act	on	breast	cancer	cells	directly	in	two	ways	

to	promote	metastasis	[1].	On	one	hand,	cholesterol	may	impose	restrictions	on	the	

process	of	membrane	synthesis	of	cancer	cells	[1].	In	other	words,	higher	levels	of	

cholesterol	can	help	the	synthesis	of	cancer	cell	membranes,	which	increases	the	

growth	rate	of	tumors	[1].	On	the	other	hand,	an	abnormal	phenomenon	called	a	

“lipid	raft”	may	be	formed	on	cancer	cell	membranes	because	of	cholesterol	[1].	

Specifically,	a	lipid	raft	can	facilitate	the	growth	of	cancer	cells	by	affecting	the	

PI3K/AKT	signaling	occurring	on	the	membrane	[1].	Moreover,	cholesterol	may	

affect	the	metastasis	of	breast	cancer	indirectly	by	acting	on	macrophages	to	create	

an	inflammatory	microenvironment	that	cancer	cells	favor	[1].	This	thesis	aims	to	
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help	the	increase	understanding	of	the	correlation	of	cholesterol	and	breast	cancer	

by	identifying	additional	new	mechanisms	for	researchers	to	study	in	the	future.	 	
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CHAPTER	3:	METHODOLOGY	

	

There	were	three	stages	involved	in	this	thesis	project:	first,	examining	the	

published	papers	on	PubMed	using	minimally,	medially,	and	heavily	restricted	

search	terms;	second,	extracting	the	known	mechanisms	by	which	cholesterol	helps	

the	progression	of	breast	cancer	by	systematically	searching	the	literature	on	

cholesterol	and	breast	cancer	on	PubMed	using	the	heavily	restricted	search	term;	

and	finally,	inferring	new	mechanisms	by	using	“cholesterol”	and	“breast	cancer”	as	

search	terms	to	find	a	list	of	related	new	terms	that	might	highly	correlate	to	breast	

cancer	and	cholesterol	in	Arrowsmith.		

3.1. First	Stage	–	Temporal	characterization	of	PubMed	search	strategies	

Exploring	the	topic	was	the	primary	goal	of	the	first	stage.	As	a	result,	data	

analysis	was	the	main	method	used	during	this	stage.	There	were	three	search	

strategies	used:	first,	the	minimally	restricted	search	term	“cholesterol	AND	breast	

cancer	”	was	used	to	develop	an	overview	of	the	topic.	PubMed	automatically	

translates	keyword	search	terms	into	MeSH	terms	and	Field	terms	either	by	word	or	

by	phrase,	so	when	the	translated	terms	for	cholesterol	and	breast	cancer	were	

combined	using	the	Boolean	operator	(AND),	the	research	results	included	different	

combinations	of	terms,	shown	in	tables	1	and	2.		

	

Table	2	PubMed	translation	of	“cholesterol”	

Cholesterol	[MeSH	Terms]	

Cholesterol	[All	Fields]	



	

	

	

20	

	

Table	3	PubMed	translation	of	“breast	cancer”	

Breast	neoplasms	[MeSH	Terms]	

Breast	[All	Fields]	AND	neoplasms	[All	Fields]	

Breast	neoplasms	[All	Fields]	

Breast	[All	Fields]	AND	cancer	[All	Fields]	

Breast	cancer	[All	Fields]	

	

Second,	the	set	of	literature	was	restricted	using	the	medially	restricted	

search	term	“("breast	neoplasms"[TI]	OR	"breast	neoplasms"[MeSH	Terms])	AND	

(cholesterol	[TI]	OR	"cholesterol"[MeSH	Terms]).”	The	reason	for	this	restriction	

was	that	the	minimally	restricted	search	term	might	have	returned	papers	that	had	

incidental	mentions	of	cholesterol	or	breast	cancer,	but	were	not	specifically	

focused	on	biological	studies	of	their	correlation.	This	restriction	was	accomplished	

in	three	steps:	1)	using	the	formal	MeSH	term	“breast	neoplasms”	for	either	benign	

or	malignant	breast	tumors,	2)	adding	quotation	marks	(“”)	to	a	phrase	to	turn	off	

PubMed’s	Automatic	Term	Mapping	(AMT)	so	that	“breast	neoplasms”	would	be	

searched	together	as	a	phrase	instead	of	as	two	separate	words,	and	3)	combining	

terms	as	follows:	papers	whose	title	included	both	terms,	papers	assigned	to	the	two	

MeSH	terms,	and	papers	with	a	combination	of	each.	These	three	types	of	papers	

were	considered	to	have	main	topics	about	both	cholesterol	and	breast	cancer.	

Overall,	the	medially	restricted	search	term	gave	a	more	precise	search	result.	



	

	

	

21	

Finally,	the	search	term	was	further	refined	to	“"breast	neoplasms"[MeSH	

Major	Topic]	AND	cholesterol	[MeSH	Major	Topic]”	after	exploring	the	search	field	

tags	listed	on	PubMed	Help.	The	tagged	MeSH	term	gave	only	the	search	results	that	

had	both	cholesterol	and	breast	cancer	as	major	topics.	This	search	term	gave	the	

most	precise	result.	

The	histogram	data	generated	by	PubMed	for	each	of	the	search	terms	

(shown	as	Figure	1,	2,	and	3	in	Chapter	2	Section	2.3)	was	downloaded	for	analysis.	

This	data	was	used	create	an	understanding	of	the	development	of	research	in	the	

field.	

In	addition,	the	titles	of	the	published	papers	(using	the	medially	restricted	

search	term)	were	listed	in	order	to	calculate	the	word	frequency	among	titles	using	

a	shell	script	(Appendix	A).	The	frequency	list	was	used	to	make	sure	the	identified	

new	mechanisms	had	been	“rarely”	(frequency	less	than	5)	or	“never”	mentioned	

(frequency	equals	0).	In	addition,	the	word	frequency	was	visualized	(Appendix	B).	

The	specific	frequency	of	the	identified	terms	will	be	listed	with	the	term	in	the	

section	“Potential	New	Mechanisms.”	

3.2. Second	Stage	–	Literature	review	to	identify	known	mechanisms		

In	the	second	stage	of	the	research	project,	the	heavily	restricted	search	term	

“"breast	neoplasms"[MeSH	Major	Topic]	AND	cholesterol	[MeSH	Major	Topic]”	was	

used	to	identify	the	set	of	papers	which	mainly	covered	both	cholesterol	and	breast	

cancer.	The	papers	were	first	filtered	according	to	the	titles	only.	Since	this	thesis	

focuses	on	the	mechanisms	of	cholesterol	and	breast	cancer,	only	those	papers	

which	examined	these	two	terms	molecularly	were	reviewed.	As	a	result,	the	case-
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control	studies	for	drugs	and	therapies	were	filtered	out.	After	that,	the	remaining	

papers’	abstracts	were	further	reviewed	to	decide	if	the	whole	paper	covered	

mechanisms,	and	if	they	did	not,	they	were	excluded.	Finally,	the	list	of	confirmed-

relevant	papers	was	reviewed	in	chronological	order	(from	oldest	to	most	recent)	to	

thoroughly	understand	the	development	of	this	topic,	and	each	paper	was	read	over	

carefully,	exclusing	the	method	section	in	order	to	find	any	mechanism(s)	

discovered.	In	addition,	a	possible	new	mechanism	might	be	identified	when	the	

existing	mechanism	can	be	further	analyzed	using	known	knowledge.	

3.3. Third	Stage	–	Arrowsmith	analysis	to	identify	potential	new	mechanisms	

Overall,	the	third	stage	of	the	project	used	a	method	called	Literature-Based-

Discovery	(LBD)	to	explore	the	correlation	between	cholesterol	and	breast	cancer	

[18].	Unlike	traditional	research	methods,	such	as	wet	labs	and	clinical	trials,	in	the	

biomedical	domain,	LBD	is	a	relatively	new	way	of	exploring	new	ideas.	Specifically,	

LBD	refers	to	discovering	new	information	from	existing	literature	in	either	a	semi-

automated	or	automated	way	[18].	As	the	scientific	literature	in	specific	fields	

increases	exponentially,	interaction	between/among	fields	might	become	weak,	and	

the	knowledge	in	a	field	might	become	isolated	from	the	broader	world	of	

knowledge	[18].	As	a	result,	LBD	is	a	necessary	tool	for	building	passages	between	

knowledge	islands,	finally	forming	a	network	[18].	A	useful	tool	for	doing	LBD	is	

named	Arrowsmith,	an	LBD	tool	developed	by	Don	R.	Swanson	and	Neil	R.	

Smalheiser	and	their	colleagues	for	facilitating	the	discovery	of	plausible	links	

between	specialties	[18,	19,	69,	70].		
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Arrowsmith	was	used	to	explore	possible	mechanisms	between	cholesterol	

and	breast	cancer	in	this	stage	of	the	project	[20].	Specifically,	the	basic	two-node	

literature	search	was	used	(Figure	4).	The	term	used	for	A-query	was	“cholesterol”	

while	the	term	used	for	C-query	was	“breast	cancer”	(Figure	5	and	Figure	6).	A	job	

ID	could	be	used	to	retrieve	a	saved	search	query12.	For	each	of	the	two	queries	(A	

and	C)	the	most	recent	25000	papers	were	processed	(Figure	6).	This	limited	the	

results	to	papers	published	in	roughly	the	past	two	years.	

	
Figure	4	Homepage	of	Arrowsmith	

	

																																																								

12	Job	ID	702	for	this	thesis	(Note:	Job	ID	will	expire	in	June	2019)	
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Figure	5	Searchpage	of	Arrowsmith	

	

	

	

	

Figure	6	Search	page	of	Arrowsmith	

	

The	resulting	B-list	had	48,899	B-terms,	words	and	phrases	common	to	both	

the	A	and	C	literature,	ranked	by	their	estimated	probability	of	providing	a	useful	

link	(Figure	7)	13.	Specifically,	14,202	out	of	48,899	B-terms	had	a	probability	equal	

to	or	higher	than	0.5,	which	meant	that	Arrowsmith	predicted	them	to	be	relevant	to	

both	cholesterol	and	breast	cancer.	This	list	could	be	automatically	restricted	by	

semantic	categories.	Here,	the	top	20	B-terms	were	manually	reviewed	to	identify	

terms	that	pointed	to	genetic	or	molecular	mechanisms	(shown	in	red	boxes	in	

																																																								

13	For	a	complete	B	list	with	probability	equal	to	or	greater	than	0.5,	see	Appendix	D	
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Figure	7).	This	strategy	focuses	on	the	very	tip	of	the	iceberg,	and	as	will	be	shown	

in	the	following	chapter	provides	a	rich	literature	containing	several	new	ideas.	The	

manual	review	of	the	underlying	literature	was	time-consuming	but	could	also	be	

easily	be	extended	in	the	future	by	looking	further	down	the	list	for	additional	ideas.	

In	addition,	only	the	papers	with	a	title	mentioning	AB	or	BC	terms	simultaneously	

were	reviewed	(Figure	8).	Specifically,	comparing	the	titles	in	the	yellow	boxes	

shown	in	Figure	8,	the	paper	in	the	BC	column	with	the	titles	listed	in	the	upper	

yellow	box	has	a	title	including	both	the	BC	terms	so	was	reviewed,	while	the	paper	

listed	in	the	lower	box	only	had	the	B	terms	and	thus	was	not	reviewed.		

	
Figure	7	The	result	page	of	a	two-node	literature	search	using	“cholesterol”	as	the	A-query	and	“breast	
cancer”	as	the	C-query	



	

	

	

26	

		

	

			

	

Figure	8	The	lists	of	literature	mentions	AB	(A:	cholesterol,	B:	adiponectin)	in	the	left	column,	and	BC	(B:	
adiponectin,	C:	breast	cancer)	in	the	right	column	
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CHAPTER	4:	RESULTS	–	LITERATURE	REVIEW	OF	KNOWN	MECHANISMS	

	

	 Prior	to	the	1980s,	scientists	had	not	done	any	deep	analysis	of	the	

mechanisms	between	the	status	of	cholesterol	and	the	progression	of	breast	cancer.	

Instead,	they	just	started	to	notice	that	breast	cancer	patients	are	likely	to	have	

higher	serum	cholesterol.	In	1981,	the	first	paper	focused	on	the	correlation	of	

cholesterol	and	breast	cancer	was	published.	Tartter	and	his	colleagues	discovered	

that	female	breast	cancer	patients	with	obesity	have	higher	levels	of	serum	

cholesterol	[21].	In	addition,	the	patients	with	these	two	factors	exhibited	poor	

disease-free	survival	[21].	As	a	result,	they	demonstrated	that	the	combination	of	

weight	and	cholesterol	plays	a	significant	role	in	the	development	of	breast	cancer	

[21].	

	 Gruenke	and	his	colleagues	pointed	out	in	1987	that	cholesterol	derivative,	

5,6-EC	(5,	6-cholesterol	epoxides),	is	essential	for	breast	cancer	development	[22].	

Later,	cholesterol	and	breast	cancer	got	increased	attention	and	scientists	started	to	

researches	how	cholesterol	combines	with	other	factor(s)	to	affect	the	growth	of	

breast	cancer,	and	how	cholesterol	itself	could	affect	the	development	of	the	disease.	

For	instance,	plenty	of	researchers	did	case-control	studies	on	lipid	profiles	and	

daily	dietary	intake	of	breast	cancer	patients.	Specifically,	‘serum	cholesterol’,	

‘lipids’,	‘lipoproteins’,	and	‘triglycerides’	are	the	most	common	topics	in	the	period.	

However,	this	was	just	the	first	step	in	general	science	learning	–	observation.		

In	1988,	the	first	rough	speculation	was	proposed	by	Cypriani	and	others	in	

regard	to	how	estradiol	stimulates	cholesterol	synthesis	via	acting	on	the	enzyme-
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inducing	step	–	the	conversion	of	HMG-CoA	(Hydroxylmethyl	glutaryl-coenzyme	A)	

to	mevalonate	by	the	enzyme	HMGCR	(HMG-CoA	reductase)	[23].	Several	years	later,	

Subramaniam	and	others	speculated	that	CMF14-treated	breast	cancer	patients	

showed	decreased	membrane	fluidity	because	of	the	increasing	levels	of	cholesterol	

and	phospholipid	in	erythrocytes	[24].		

Around	the	year	2000,	studies	focusing	on	detailed	mechanisms	between	

cholesterol	and	breast	cancer	started	to	emerge.	PBR	(Peripheral-type	

benzodiazepine	receptor)	is	a	translocator	protein	that	is	composed	of	the	Mr	

34,000	voltage-dependent	anion	channel	protein	and	the	Mr	18,000	receptor	

protein	[25].	PBR	has	been	largely	expressed	in	steroid-producing	tissues,	and	it	is	

primarily	found	on	the	outer	mitochondrial	membrane	[25].	The	main	function	of	

PBR	is	to	regulate	the	transport	of	cholesterol	across	the	outer	mitochondrial	

membrane	[25].	Interestingly,	Hardwick	and	others	demonstrated	in	their	study	

that	PBR	also	plays	an	important	role	in	the	progression	of	breast	cancer	[25].	

Specifically,	PBR	was	found	to	regulate	the	proliferation	of	aggressive	tumor	cells	

via	nuclear	PBR	that	helps	the	transportation	of	cholesterol	into	the	nucleus	[25].	As	

mentioned	before,	SREBP	is	an	essential	regulator	of	cholesterol	synthesis.	When	

the	level	of	cholesterol	is	not	homeostatic,	SREBP	should	be	cleaved	and	move	into	

the	nucleus	to	promote	the	production	of	the	enzymes	involved	in	cholesterol	

synthesis.	In	contrast,	excess	cellular	cholesterol	should	inhibit	SREBP	activity	in	

normal	cells.	Hardwick	et	al.	showed	PBR	activation	reduced	the	amount	of	

cholesterol	on	nuclear	membranes,	which	can	be	interpreted	as	PBR	transporting	

																																																								

14	A	combination	treatment	include	three	drugs:	Cyclophosphamide,	Methotrexate,	

and	Fluorouracil	
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the	cholesterol	to	the	nucleus	[25].	As	a	result,	SREBP	may	be	activated	to	produce	

more	cellular	cholesterol	and	hence	they	proposed	a	possibility	that	a	combination	

of	increasing	cellular	cholesterol	and	nuclear	cholesterol	may	promote	uncontrolled	

breast	cell	proliferation	[25].		

	

Cholesterol	can	also	promote	tumor	formation	via	recruiting	other	molecules.	

HDL	is	one	of	the	two	major	cholesterol	carriers	in	the	human	body	[16].	It	has	been	

considered	as	the	“good	cholesterol”	because	of	its	function	is	to	maintain	

homeostasis	via	removing	excess	cholesterol.	In	other	words,	high	plasma	

cholesterol	causes	the	recruitment	of	HDL.	However,	HDL	has	been	found	to	engage	

in	cancer	cell	proliferation	and	migration	in	some	breast	cancer	cell	lines	[15,	16,	

26].	Several	studies	showed	that	hypercholesterolemia-caused	elevated	HDL	

correlated	with	high	breast	cancer	risk	[26].		

In	addition,	plasma	cholesterol	regulates	vascular	leakage	and	angiogenesis15	

with	the	help	of	HDL	and	SR-BI	(Scavenger	receptor	class	B	type	I)	[16].	Specifically,	

SR-BI	is	the	receptor	for	HDL	[26].	After	the	binding	of	HDL	to	SR-BI,	several	

signaling	pathways	may	be	activated	for	tumor	progression:	

• Endothelial	nitric	oxide	synthase	(eNOS)	plays	a	significant	role	during	the	

process	of	endothelial	vascular	leakage	and	angiogenesis.	It	has	been	

demonstrated	that	HDL	can	bind	to	SR-BI	for	facilitating	eNOS	activity	[16].	

																																																								

15		The	induction	of	blood-vessel	growth	
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Increased	vascular	leakage	and	angiogenesis	are	well-known	characteristic	

of	tumor	formation	[16].	

	

• HDL	binding	leads	to	the	activation	of	the	MAPK	and	PI3K/Akt	pathways	[26,	

27].	Initially,	evidence	showed	that	HDL	itself	activates	the	MAPK	signaling	

pathway	via	activating	the	Erk1	and	Erk2	(MAPK)	[26].	The	activated	Erk1/2	

can	then	phosphorylate	downstream	kinases	that	regulate	the	translation	

and/or	the	transcription	factors	of	a	target	gene.	Later	evidence	showed	that	

the	binding	of	HDL	to	SR-BI	causes	the	activation	of	Src,	which	subsequently	

activates	both	the	MAPK	and	PI3K/Akt	pathways	[26,	27].	These	activations	

cause	a	decrease	in	total	cholesterol	flux,	and	ultimately	reduce	the	activation	

of	signal	transduction	[26].	For	instance,	one	study	demonstrated	that	the	

expression	of	ATP-binding	cassette	transporter	A1	(ABCA1)	results	in	the	

reduction	of	mitochondrial	cholesterol	but	increased	cytochrome	c,	a	pro-

apoptotic	protein	[26].	Furthermore,	the	Bad	and/or	GSK-3!	protein	might	

be	inactivated	while	FOXO	might	be	activated,	which	results	in	the	inhibition	

of	apoptosis	and	cell	proliferation.	

	

	 Another	type	of	cholesterol	transporter	is	LDL.	In	contrast	to	HDL,	LDL	is	less	

studied	in	breast	cancer	research	since	multiple	studies	claimed	that	there	was	no	

association	between	LDL	and	breast	cancer.	However,	as	mentioned	before,	tumor	

cells	require	cholesterol	for	their	growth.	As	a	result,	LDL	level	may	go	up	to	uptake	
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cholesterol	from	surroundings	for	the	progression	of	cancer	cells.	One	group	

demonstrated	that	LDL-exposed	cells	gained	characteristics	of	tumor	progression,	

such	as	increased	cell	proliferation	and	migration,	loss	of	adhesion,	and	induced	

EMT	progress,	in	ER	positive	breast	cancer	cell	lines	[15].		Specifically,	they	found	

that	increased	LDL	levels	upregulate	the	activation	of	EGFR	[15].	Meanwhile,	gene	

and	protein	expression	caused	by	Akt	and	ERK	pathways	were	also	elevated	[15].	In	

addition,	according	to	their	results,	the	expression	of	adhesion	molecules,	such	as	

cadherin-related	family	member	3,	Ocludin,	Claudin	7,	and	CD226,	was	decreased	

[15].	Another	group	found	that	higher	LDL-C	levels	correlate	with	larger	tumor	size,	

higher	proliferation	rate	and	differentiation	grade,	and	reduced	disease-free	

survival	[17].	

	

While	studying	the	relationship	between	cholesterol	and	breast	cancer,	

cholesterol	metabolites	were	the	center	of	the	research.	These	metabolites	were:	

22(R)HC	(22(R)-hydroxycholesterol),	25HC	(25-hydroxycholesterol),	27HC	(27-

hydroxycholesterol),	and	5,6-EC.		

	

Metabolite	22(R)-HC	

	22(R)-HC	acts	as	an	agonist	for	LXR	[11].	In	addition,	22(R)-HC	can	be	

synthesized	with	the	help	of	enzyme	CYP11A1	(Cytochrome	P450	Family	11	

Subfamily	A	Member	1)	[28].	One	study	showed	that	the	activation	of	LXR	by	the	
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two	LXR	agonists,	22(R)-HC	and	TO901317,	results	in	the	inhibition	of	proliferation	

and	inducement	of	apoptosis	in	MCF-7	cells	[11].	Specifically,	they	demonstrated	a	

reciprocal	effect	between	the	LXR	agonists	and	the	apoptotic-related	genes,	BAX	

(pro-apoptotic)	and	BCL-2	(anti-apoptotic)	[11].	In	other	words,	22(R)-HC	helps	

LXR	to	regulate	the	expression	of	BAX	and	BCL-2	that	ultimately	leads	to	cell	

apoptosis.	

	

	

Metabolite	25HC	

	 25HC	has	been	shown	to	play	an	important	role	in	tumor	progression	among	

breast	cancer	models	[29].	As	a	derivative	of	cholesterol,	25HC	is	synthesized	via	

either	auto-oxidation	or	enzyme-catalyzed	(25-hydroxylase	or	reactive	oxygen	

species	(ROS))	reaction	of	cholesterol	[28,	29].	Evidence	shows	that	25HC	can	be	

absorbed	by	the	gut	followed	by	transportation	in	the	circulatory	system	until	being	

taken	up	into	tissues	[29].	A	study	demonstrated	that	25HC	is	able	to	1)	activate	

ER!	in	cancer	cells,	2)	down-regulate	the	level	of	ER!	but	up-regulate	the	level	of	

Cyclin	D1,	3)	up-regulate	the	expression	of	estrogen	target	genes	by	recruiting	ER!	

to	the	pS2	promoter,	and	4)	stimulate	the	proliferation	ability	of	breast	cancer	cells	

[29].	
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Metabolite	27HC	

27HC	is	the	oxysterol	metabolite	of	cholesterol	[30].	A	specific	enzyme	

named	CYP27A1	takes	charge	of	the	rate-limiting	step	in	the	metabolite	process	

[30].	Several	studies	have	demonstrated	that	elevated	27HC	and	CYP27A1	have	

been	detected	in	breast	tumor	cells,	which	indicates	that	27HC	and	its	metabolite	

enzyme	are	closely	associated	with	tumor	progression	[31].		

It	has	been	questioned	whether	cholesterol	or	its	metabolite	27HC	is	the	

promoter	for	tumor	growth.	Several	studies	have	indicated	that	27HC	is	the	one	

which	boosts	tumor	growth	via	ER	binding	[30,	31].	Specifically,	ER!	(Alpha	

subtype	of	estrogen	receptor)	was	discovered	to	be	expressed	in	some	breast	cancer,	

and	this	special	type	of	breast	cancer	was	identified	as	ER-positive	breast	cancer	

[30].	With	the	help	of	its	synthesizing	enzyme,	CYP27A1,	27HC	can	act	as	a	partial	

agonist,	or	SERM	(Selective	estrogen	receptor	modulator),	of	ER!	in	ER-positive	

breast	cancer	[1,	13,	30,	31].	In	addition,	the	liver	X	receptor	(LXR)	signaling	can	be	

activated	by	27HC	[13,	30],	and	the	signaling	may	further	lead	to	epithelia-

mesenchymal	transition	(EMT)16	and	metastasis.		

	

	 27HC	has	been	indicated	to	be	able	to	induce	the	EMT	(Epithelial-

mesenchymal	transition)	of	the	breast	cancer	cells	(MCF-7	cells)	[32,	33].	

																																																								

16		A	process	by	which	epithelial	cells	loss	the	characteristics	of	their	normal	state,	

but	convert	to	mesenchymal	cells	that	have	the	properties	of	migration	and	

invasiveness.	



	

	

	

34	

Specifically,	one	study	showed	that	after	exposing	the	breast	cancer	cells	to	27HC	

for	at	least	48	hours,	a	decline	in	the	expression	of	E-cadherin	and	!-catenin	was	

observed	[32].	In	normal	cells,	E-cadherin	molecules	locate	in	the	plasma	membrane	

and	the	ectodomains	of	the	E-cadherin	molecules	from	adjacent	epithelial	cells	are	

dimerized	for	maintaining	the	structure	of	the	epithelial	layer.	In	addition,	the	

cytoplasmic	tail	of	E-cadherins	is	linked	to	the	actin	cytoskeleton	via	!-catenin.	

Importantly,	free	!-catenin	plays	a	key	role	in	the	Wnt	signaling	pathway,	which	

may	ultimately	migrate	into	the	nucleus	and	bind	to	transcription	factors	for	

expression	target	genes.	The	expression	of	genes	leads	to	subsequent	EMT	progress,	

and	hence	causes	tumor	progression.	Another	study	demonstrated	that	27HC-

treated	cancer	cell	lines	increased	the	expression	of	vimentin,	Snail	1	and	FAP!,	

which	are	involved	in	the	EMT	process	[33].		

	

	 27HC	has	been	found	to	stimulate	tumor	growth	in	MCF-7	mice	[34].	

Specifically,	breast	tumors	have	been	detected	to	have	higher	levels	of	27HC	

compared	to	normal	breast	tissue	[31,	34].	It	has	been	demonstrated	that	the	tumor	

27HC	level	is	closely	related	to	27HC’s	metabolizing	enzyme	within	the	tumor,	

CYP7B1	[34].	In	other	words,	diminished	expression	of	CYP7B1	leads	to	elevated	

27HC	followed	by	27HC	binding	(as	a	ligand)	to	the	estrogen	receptor	(ER)	for	

promoting	tumor	growth	[34].	 	
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In	addition,	one	group	found	that	27HC	could	cooperate	with	myeloid	

immune	cells	to	promote	metastasis	[31].	The	!"	T-cell	receptor	(TCR)+	CD3+	T	cell	

and	polymorphonuclear	neutrophil	(PMN)	are	critically	involved	in	the	metastatic	

process	[31].	The	immune	system	has	been	considered	to	closely	relate	to	cancer	

progression,	either	positively	or	negatively	[31].	The	human	immune	system	

contains	three	main	types	of	T	cell	(Helper	T	cell,	Cytotoxic	T	cell,	and	Regulatory	T	

cell),	while	!"-T	cells	are	a	rare	population	of	T	lymphocytes,	which	can	be	activated	

through	ligand	binding	and	trigger	a	corresponding	immune	response	instantly	[31].	

In	other	words,	elevated	27HC	in	breast	tumors	leads	to	increased	levels	of	!"-T	

cells.	In	addition,	it	has	been	discovered	that	activated	!"-T	cells	will	secrete	IL-17	

with	the	help	of	PMN	[31].	The	recruitment	of	PMN	can	be	also	being	achieved	with	

the	help	of	27HC	[31].	Finally,	the	recruitment	and	activation	of	both	!"-T	cells	and	

PMN	leads	to	the	suppression	of	the	anti-cancer	effect	of	CD8+	cytotoxic	T	cells,	

which	ultimately	promotes	cancer	metastasis	[31].	

	

	

Cholesterol-5,6-epoxides	

According	to	Poirot	and	Silvente-Poirot,	cholesterol	is	a	tetracyclic	lipid,	

which	is	known	to	be	subject	to	oxidation,	the	final	product	of	which	is	mono-	or	

poly-oxygenation	products	are	called	oxysterols	[35].	The	four	oxygen-containing	

functional	groups	are	epoxides,	ketones,	hydroxyls	and	peracides	[35].	Oxysterols	

can	be	produced	via	an	enzymatic	reaction	and	one	product	of	this	reaction	is	5,6-
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cholesterol	epoxides	(5,6-EC)	that	have	been	suspected	for	a	long	time	of	causing	

breast	cancer	[35,	36].	However,	recent	research	demonstrates	it	is	the	process	of	

the	5,6-EC	metabolism	instead	of	the	molecule	itself	that	is	the	carcinogenic	agent	

[35].	Specifically,	the	metabolism	of	5,6-EC	is	deregulated	in	breast	cancer	[35,	36].		

The	mechanism	pathway	of	5,6-EC	involves	two	steps.	Firstly,	5,6-EC	!	and	!	

can	be	hydrolyzed	by	the	cholesterol	epoxide	hydrolase	(ChEH),	which	is	an	

enzymatic	complex	consisting	of	two	cholesterogenic	enzymes	named	DHCR7	and	

D8D7I	[35,	36].	The	product	of	this	hydrolysis	is	cholestane-3!,	5!,	6!-triol	(CT)	[35,	

36].	Secondly,	CT	can	be	transformed	into	6-oxo-cholestan-3!,	5!-diol	(OCDO)	with	

the	help	of	a	cortisol-inactivating	enzyme,	11HSD2	[35,	36].	OCDO	binds	to	the	

glucocorticoid	receptor	(GR)	and	causes	the	translocation	of	GR	from	cytoplasm	to	

the	nucleus,	finally	either	upregulating	the	transcription	of	target	gene	MMP1	or	

downregulating	the	transcription	of	the	SGK1	or	MKP1/DUSP1	genes	[35,	36].	In	

addition,	in	Poirot	and	Silvente-Poirot’s	later	study,	evidence	shows	that	OCDO	can	

also	bind	to	LXR	and	promote	tumor	invasion[36].	However,	how	the	activation	of	

LXR	by	OCDO	results	in	tumor	invasion	is	not	yet	understood.	

	

In	addition,	5,6-EC	can	also	inhibit	tumor	growth	via	reacting	with	histamine	

to	produce	dendrogenin	A,	a	tumor	suppressor	[31].	Specifically,	Dendrogenin	A	is	

another	metabolite	of	cholesterol.	It	has	been	observed	to	inhibit	the	progression	of	

breast	cancer	cells	via	triggering	cell	redifferentiation	[37].			

	



	

	

	

37	

In	mammalian	cells,	free	cholesterol	can	be	esterified	with	the	help	of	ACAT	

(Acyl-CoA:cholesterol	acyl	transferase)	[14].	Specifically,	ACAT	catalyzes	

esterification	via	combining	long-chain	fatty	acyl	coenzyme	A	and	cholesterol	[14].	

The	product	of	esterification	will	be	stored	in	lipid	droplets	(LDs)	as	cholesteryl	

ester	(CE)	[14].	Interestingly,	one	group	of	researchers	found	that	the	accumulation	

of	CE	in	breast	cancer	cells	is	closely	related	to	the	upregulation	of	LDL	cholesterol	

receptors	(LDLR)	and	SR-BI	[14].	They	proposed	that	upregulation	of	ACAT	

promotes	cholesterol	esterification	in	breast	cancer	cells,	and	further	leads	to	

intratumor	CE	accumulation.	CE	accumulation	leads	to	insufficient	cholesterol	levels	

within	the	cell,	and	results	in	the	upregulation	of	both	LDLR	and	SR-BI	causing	more	

cholesterol	uptake	[14].	Finally,	the	combination	of	CE	accumulation	and	increased	

levels	of	cholesterol	promotes	breast	cell	proliferation	[14].		

	

	

Lipid	rafts	

In	addition	to	study	the	specific	cholesterol	molecule,	cholesterol	content	has	

also	been	studied	with	regard	to	breast	cancer	progression.	Specifically,	lipid	rafts	is	

one	of	the	major	topics	related	to	cholesterol	content.	Lipid	rafts,	as	subdomains	of	

the	plasma	membrane,	contain	high	concentrations	of	cholesterol	and	sphingolipids	

[38].	They	play	a	significant	role	for	the	cellular	functions	across	the	membrane,	

which	also	affects	the	protein-protein	interactions.	A	variety	of	signaling	proteins	
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and	receptors,	which	are	held	by	lipid	rafts,	are	essential	for	regulating	the	

pathways	of	proliferation	and	apoptosis	during	tumor	progression	and	metastasis	

[38].	Specifically,	reinforced	proliferation	and	lessened	apoptosis	are	essential	

properties	of	malignant	tumor	cells	[39].	Apoptosis	is	a	complex	cell	program	of	

self-destruction	for	pathological	and	dysfunctional	cells	[39].	Interestingly,	cancer	

cells	have	the	ability	to	resist	apoptosis	[39].	Cholesterol	is	a	compositional	element	

of	cellular	membranes,	which	determines	the	fluidity	and	rigidity	of	membranes,	

and	regulates	the	organization	and	functions	of	lipid	rafts.	Evidence	shows	that	

cholesterol	facilitates	the	growth	of	cancer	cells,	whose	cellular	cholesterol	levels	

are	higher	than	normal	cells	[39].	Evidence	also	shows	that	the	removal	of	

membrane	cholesterol	from	lipid	rafts	may	cause	lipid	raft	disruption,	and	finally	

induce	the	apoptosis	of	breast	cancer	cells.	Specifically,	lipid	raft	disruption	may	

negatively	affect	the	expression	of	proteins	involved	in	proliferation	and	migration.	

• Caveolin-1	(Cav-1)	is	a	palmitoylated	lipid	raft	protein,	which	plays	an	

important	role	in	intracellular	trafficking	of	cellular	molecules,	which	are	

involved	in	signal	conduction	[40].	In	addition,	it	is	also	a	cholesterol-binding	

protein	[41].	Specifically,	depletion	of	plasma	membrane	cholesterol	may	

cause	a	phenomenon	of	increasing	in	membrane	fluidity	while	loosening	the	

membrane	lipid	packing	density,	or	lipid	raft	disruption	[40].	In	addition,	

lipid-raft-disruption-caused	decreases	of	caveolin-1	result	in	the	

accumulation	of	intracellular	cholesterol	and	further	lead	to	deregulation	of	

cells,	causing	tumors	[40,	41].	Also,	the	activities	of	the	P-glycoprotein	and	
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other	growth	factor	receptors	located	in	the	region	of	lipid	rafts	will	also	be	

inhibited	because	of	lipid	raft	disruption	[40,	42].	

On	the	other	hand,	caveolin-1	usually	undergoes	receptor	clustering	with	

integrin,	which	has	an	ECM	ligation,	to	generate	downstream	signaling	

pathways,	such	as	MAPK,	affecting	cell	survival	[43].	Evidence	showed	that	

depletion	of	plasma	membrane	cholesterol	can	decrease	the	association	of	

!1-integrin/caveolin-1	complexes,	and	hence	inhibits	the	MAPK	pathway	

activated	by	IGFBP-3	[43].	Normally,	IGFBG-3	increases	the	association	of	

!1-integrin	and	caveolin-1	occurring	on	the	plasma	membrane,	which	

facilitates	the	activation	of	the	MAPK	pathway	that	causes	apoptosis	[43].	

Although	decreased	cholesterol	levels	do	not	prevent	the	association	of	

IGFBG-3	and	!1-integrin/caveolin-1	individually,	they	reduce	the	association	

of	!1-integrin	and	caveolin-1.	Therefore,	apoptosis	rate	is	reduced	while	

survival	rate	of	tumor	cells	is	increased	[43].	

	

• LRP6	is	a	receptor	involved	in	the	Wnt	pathway,	which	was	observed	being	

overexpressed	in	TNBC	cells	[39].	The	over-expression	of	LRP6	may	boost	

the	!-catenin	dependent	Wnt	signaling	pathway	[39].	In	addition,	the	

activation	of	LRP6	requires	lipid	raft	localization	with	the	help	of	caveolin-1	

[39].	In	other	words,	lipid	raft	disruption	decreases	the	level	of	caveolin-1	

followed	by	decreased	expression	of	LRP6	and	!-catenin,	and	finally	

decreases	the	mRNA	and	protein	levels	of	apoptosis	in	TNBC	cells.	
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Specifically,	Survivin	is	a	protein	inhibitor	of	apoptosis	and	promotes	cell	

proliferation	[39].	Evidence	shows	that	lipid	raft	disruption	downregulates	

the	expression	of	Survivin	by	way	of	suppressing	LRP6	expression	[39].	

	

• Bcl2	is	another	inhibitor	of	apoptosis	and	the	ratio	of	Bcl2	(pro-survival	

protein)/Bax	(pro-apoptosis	protein)	is	an	important	index	for	apoptosis	

[39].	Following	lipid	raft	disruption,	the	concurrent	decreasing	of	the	

expression	of	Bcl2	with	an	increasing	of	BAX	will	finally	cause	the	apoptosis	

of	TNBC	cells	[39].		

	

• Breast	cancer	resistance	protein	(BCRP/ABCG2)	belongs	to	the	transporter	

family	ABC,	which	has	been	mentioned	previously.	BCRP	works	as	an	efflux	

pump	for	the	purpose	of	multidrug	resistance	in	tissues	[39].	In	addition,	

evidence	shows	that	its	efflux	activity	is	closely	related	to	1)	its	

compartmentalization	in	the	plasma	membrane,	and	2)	membrane	

cholesterol	levels	[39].	Specifically,	depletion	of	membrane	cholesterol	and	

methyl-!-cyclodextrin	(M!CD),	which	is	an	agent	for	cholesterol	removal	

from	cell	membranes,	is	followed	by	a	decreased	BCRP	activity	[39,	44].	

However,	researchers	are	uncertain	about	the	specific	mechanism	and	keep	

studying	on	it.	
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• !1	receptors	are	transmembrane	proteins	located	in	plasma	membranes,	

perinuclear	spaces,	and	regions	where	cell	communication	occurs	[38].	These	

proteins	have	similar	structures	as	most	transmembrane	proteins:	NH2	

terminus	and	COOH	terminus	[38].	In	addition,	the	COOH	terminus	has	been	

found	to	be	the	site	for	ligand	binding	(either	drugs	or	molecules	like	

cholesterol)	[38].	Evidence	shows	that	the	level	of	!1	receptors	increases	

when	the	level	of	lipid	rafts	is	elevated	by	cholesterol	repletion	[38].	

However,	researchers	are	not	sure	if	!1	receptors	affect	cholesterol	influx,	

which	further	promote	cancer	cell	proliferation,	and	they	expected	to	find	

out	it	later.		

	

	

STARD3		

STARD3	is	one	of	the	genes	that	has	been	detected	to	be	coamplified	with	

HER2	in	HER2-positive	breast	cancer	[45].	This	gene	encodes	a	specific	membrane	

protein,	named	StARD3	(StAR-related	lipid	transfer	protein	3),	localized	in	the	LE	

(Late	endosomal)	organelles,	and	cholesterol	is	the	ligand	for	its	activation	[45].	

Specifically,	StARD3	has	two	domains,	N-terminal	and	C-terminal	[45].	The	N-

terminal	helps	StARD3	stay	in	the	LE	membrane	while	the	C-terminal	(START	

domain)	projects	toward	the	cytoplasm	with	a	cholesterol-binding	pocket	[45].	One	

group	of	researchers	found	that	overexpression	of	StARD3	correlates	with	the	

increased	expression	of	HMGCR	mRNA	which	results	in	increased	cholesterol	
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metabolism	for	cell	survival	and	proliferation	[45].	In	addition,	overexpression	of	

StARD3	in	combination	with	higher	membrane	cholesterol	levels	that	leads	to	the	

upregulate	of	an	oncogene	(the	SRC	family	kinase),	causing	breast	cancer	

progression	[45].	This	ultimately	causes	the	loss	of	cell	adhesive	properties,	which	is	

one	of	the	characteristics	of	invasive	cancer	cells	[45].	
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CHAPTER	5:	RESULTS	–	POTENTIAL	NEW	MECHANISMS	

	

	 In	addition	to	summarizing	and	classifying	existing	mechanisms	about	the	

correlation	of	cholesterol	and	breast	cancer,	it	is	also	essential	for	this	study	to	

discover	new	potential	mechanisms,	or	hypotheses,	that	could	be	tested	in	labs	later,	

and	finally	contribute	to	the	design	of	potential	treatment(s)	for	breast	cancer.	

Below	is	the	set	of	potential	mechanisms	identified	by	the	Arrowsmith	analysis	in	

stage	3,	with	the	frequency	of	each	term	is	listed	in	the	bracket.	

	

VEGF	(1)	

Dietary	cholesterol	promotes	hypertrophic	adipocytes	(fat	cells	that	have	

been	increased	in	size)	in	obese	adipose	tissue,	which	may	cause	the	tissue	grow	to	

a	size	that	approaches	or	exceeding	the	maximum	oxygen	diffusion	distance	[27].	

The	enlarged	tissue	gives	rise	to	a	hypoxic	state	(low	oxygen)	that	encourages	the	

activation	of	transcription	factor-1	hypoxia-inducible	(HIF-1)	[27].	The	HIF-1	can	

then	drive	the	expression	of	physically	significant	genes,	resulting	in	products	such	

as	vascular	endothelia	growth	factor	(VEGF).	VEGF	then	activates	the	tyrosine	

kinase	receptors,	VEGF-1	and	VEGF-2,	displayed	on	endothelial	cells	for	vascular	

formation	(angiogenesis).	Angiogenesis	facilitates	the	growth	of	the	primary	tumor	

and	also	helps	the	metastatic	process	of	tumor	cells.	
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Mediator	of	inflammation	(1)	

	 Other	than	being	the	ligand	for	LXR,	oxysterols	are	also	able	to	be	deposited	

in	blood	vessels,	leading	to	an	inflammatory	response	[9].	During	the	process	of	

inflammation,	TGF-!1	and	TGF-!	will	be	released	to	stimulate	the	proliferation	of	

the	epithelial	cells	nearby.	In	addition,	these	factors	will	induce	the	epithelial	cells	

undergo	an	epithelial-mesenchymal	transition	(EMT).	The	mesenchymal	cells	have	

the	ability	of	invasiveness	that	may	finally	cause	the	formation	of	tumor.	

	

Adiponectin	(2)	

Adiponectin	is	a	fat-derived	hormone	that	is	involved	in	regulating	the	

breakdown	of	fatty	acids	as	well	as	glucose	levels	[46].	Recently,	a	group	of	

researchers	performed	a	series	of	case-control	studies	to	learn	if	a	correlation	

between	serum	adiponectin	and	breast	cancer	exists	[47].	They	found	that	

decreased	serum	adiponectin	is	inversely	related	to	breast	cancer	risk	[47].	In	

addition,	another	group	of	researchers	discovered	that	low	serum	adipenectin	levels	

are	associated	with	low	expression	of	HDL-related	gene	variant,	APOA5	rs662799	

CC	[48].	Also,	another	group	demonstrated	that	a	high-cholesterol	diet	caused	

increases	in	the	expression	of	adiponectin	genes	[49].	As	a	result,	it	is	possible	that	

low	HDL	levels	are	required	to	inhibit	cholesterol	efflux	for	tumor	formation.	The	

decreased	expression	of	HDL-related	genes	downregulates	serum	adipenectin	

levels,	and	causes	other	unknown	molecule	changes,	which	finally	leads	to	tumor	

formation.	
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COX-2	(0)	

APOA1	is	the	gene	responsible	for	the	formation	of	protein	apolipoprotein	A-

I	(apoA-I).	This	protein	combines	with	free	cholesterol	and	phospholipids	to	

generate	HDL.	One	group	of	researchers	found	that	overexpression	of	apoA-I	

suppressed	the	expression	of	COX-2	[50].	In	addition,	another	group	indicated	that	

increased	expression	of	COX-2	and	EP4	(a	prostaglandin	E2	receptor)	activities	

correlates	with	overexpression	of	the	oncogenic	microRNA,	miR655,	in	breast	

cancer	cell	lines	[51].	Interestingly,	they	noted	that	in	another	study	the	miR655	

expression	functions	as	an	EMT	suppressor	in	TNBC	and	they	considered	the	

contrary	results	as	“context-dependent”	functions	of	microRNA	[51].	As	a	result,	it	is	

possible	that	when	HDL	level	decreases,	facilitating	tumor	progression,	COX-2	

expression	increases.	Combining	the	activation	of	EP4	with	upregulated	expression	

of	miR655	ultimately	leads	to	two	possible	outcomes	1)	tumor	progression	

facilitated	via	a	less	studied	mechanism,	or	2)	tumor	progression	inhibited	via	EMT	

suppression.	
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Toll-like	Receptor	(0)	

Toll-like	receptors	4,	7	and	9	are	the	receptors	that	have	gotten	the	most	

attention	breast	cancer	researchers.	Several	papers	have	been	published	to	study	

the	relationships	[52-56].	Recently,	a	paper	described	how	the	correlation	between	

Toll-like	receptor	2	(TLR2)	and	cholesterol	efflux	might	open	up	a	new	prospect	for	

breast	cancer	study	[57].	Specifically,	they	used	macrophage	cell	line,	RAW264.7,	

and	initially	treated	with	oxidized	LDL	to	form	foam	cells,	followed	by	the	treatment	

of	TLR2	[57].	They	discovered	that	TLR2	functions	as	a	suppressor	of	cholesterol	

efflux	through	upregulating	the	expression	of	NF-!B	[57].	As	breast	tumor	

progression	is	closely	related	to	the	tumor	microenvironment	(TME),	which	

includes	the	immune	system,	and	macrophages	are	one	of	the	significant	molecules	

involved	in	our	immune	system	[58],	it	is	possible	to	propose	that	LDL	storage	in	

macrophages	may	result	in	the	upregulation	of	TLR2	followed	by	the	inhibition	of	

cholesterol	efflux,	which	is	good	for	tumor	progression.	

	

	

Store-operated	Ca2+	channel	(0)	

Within	the	region	of	lipid	rafts,	a	specific	ion	channel	named	store-operated	

Ca2+	channel	(SOC)	may	function	as	the	catalyst	for	breast	cancer	metastasis.	Under	

extracellular	stimuli,	SOC	facilitates	Ca2+	influx	and	the	intracellular	Ca2+	can	

cooperate	with	its	sensor	(e.g.	calmodulin,	STIM1)	to	activate	downstream	signaling	

[59,	60].	Specifically,	SOC	is	composed	of	the	molecule	unit	Orai	1,	and	several	
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studies	demonstrated	that	overexpression	of	STIM	and/or	Orai	is	closely	related	to	

cancer	metastasis	[60,	61].	In	addition,	there	is	evidence	to	show	that	upregulated	

levels	of	SOC	play	a	significant	role	in	the	EMT	program,	which	is	mediated	by	TGF!,	

using	the	MCF7	cell	line	[60].	As	a	result,	it	is	possible	that	increased	cholesterol	

levels	facilitate	the	formation	of	lipid	rafts,	which	promotes	the	accumulation	of	

SOC.	SOC	then	exhibits	its	EMT-promoting	function,	which	facilitates	the	process	of	

metastasis.		

	

	

Osteolytic	metastasis	(2)	

A	recent	study	focused	on	the	nutrient	factor	contents	in	breast	cancer	

patients	[62].	The	result	shows	that	with	an	increasing	amount	of	vitamin	D,	the	

cholesterol	content	will	also	increase	[62].	In	contrast,	the	amount	of	27-

hydroxycholesterol	(27HC)	will	be	decreased	[63].	Specifically,	the	metabolite	of	

vitamin	D,	1,	25-dihydroxyvitamin	D	(1,	25(OH)2D),	is	likely	to	inhibit	the	

expression	of	CYP27A1,	which	is	the	enzyme	involved	in	27HC	synthesis	[63].	In	

other	words,	lower	levels	of	vitamin	D	correlates	with	higher	level	of	27HC.	

Interestingly,	27HC	has	been	demonstrated	to	be	a	partial	agonist	in	osteoblasts	

cells	[31].	By	combining	learned	knowledge	from	studies	of	cancer	with	what	has	

been	discovered	about	the	SOC,	vitamin	D	could	be	hypothesized	to	promote	breast	

cancer	metastasis	with	the	help	of	SOC.	Specifically,	the	combination	of	1)	decreased	

vitamin	D	facilitating	the	formation	of	27HC,	and	2)	upregulated	SOC	facilitating	Ca2+	
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influx	may	result	in	the	activation	of	osteoblasts.	Activated	osteoblasts	will	release	

the	molecule	RANKL,	which	is	the	ligand	of	the	RANK	receptor	exhibited	on	

osteoclast	precursors	[64].	Later,	the	osteoclast	precursors	develop	into	mature	

functional	osteoclasts	to	further	incite	osteolysis,	which	ultimately	causes	bone	

demineralization	and	boosts	breast	cancer	metastasis	[64].	
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WNT	signaling	pathway	(0)	

Cholesterol	can	also	promote	breast	cancer	development	through	the	Wnt	

signaling	pathway.	Wnt	is	a	protein	involved	in	the	mechanisms	for	cell	proliferation	

[65].		Specifically,	the	Wnt	protein	binds	to	its	Frizzled	receptor	and	Frizzled’s	co-

receptor	LRP	to	suppress	the	activation	of	GSK-3!	from	phosphorylation	with	the	

help	of	Dishevelled.	In	the	absence	of	Wnt,	activated	GSK-3!	facilitates	the	

degradation	of	!-catenin,	which	further	prevents	!-catenin’s	transportation	to	the	

nucleus	for	genes	expression,	including	the	genes	involved	in	cell	proliferation	[65].	

Evidence	shows	that	the	Wnt	signaling	pathway	positively	affects	lipid	storage	[65].	

There	is	one	group	of	researchers	have	demonstrated	that	knockout	of	!-catenin	

causes	accumulation	of	cellular	lipids	and	increased	levels	of	cholesterol	in	the	liver	

[66].	Another	group	found	that	Wnt3a	stimulates	the	intake	of	cholesterol	[65].	In	

addition,	there	is	evidence	that	shows	that	the	Wnt	signaling	can	either	1)	stimulate	

the	overexpression	of	EMN	(extracellular	matric	metalloproteinase	inducer),	which	

reduces	the	expression	of	STAT1	(a	gene	responsible	for	making	proteins	that	are	

involved	in	the	immune	system)	[67]	or	2)	maintain	a	mesenchyme	state	(EMT),	

which	is	a	characteristic	of	malignant	breast	cancer	cells.	As	a	result,	it	is	possible	to	

propose	that	as	the	body’s	need	for	cholesterol	increases,	the	expression	of	the	Wnt	

protein	may	go	up,	which	ultimately	prevents	immune	system	function	but	

promotes	the	EMT	program	and	cholesterol	intake	for	breast	cancer	progression.	
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In	short,	this	section	describes	the	8	potential	mechanisms	of	the	correlation	

of	cholesterol	and	breast	cancer	using	Arrowsmith	and	PubMed.	Specifically,	these	

potential	mechanisms	represent	how	different	state	of	cholesterol	can	either	

promote	or	inhibit	breast	cancer	progression	through	diverse	pathways.	In	addition,	

2	potential	mechanism	discovered	using	PubMed	were	VEGF	and	Mediator	of	

inflammation;	the	rest	6	mechanisms	that	were	identified	using	Arrowsmith	were	

adiponection,	COX-2,	Toll-like	receptor	2,	store-opereated	Ca2+	channel,	osteolytic	

metastasis,	and	WNT	signaling	pathway.	
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CHAPTER	6:	DISCUSSION	&	CONCLUSION	

	

	 Cancer	is	known	for	its	complexity	and	lack	of	cures.	Among	diverse	types	of	

cancer,	breast	cancer	is	the	top	diagnosed	cancer	in	women.	Both	hereditary	and	

spontaneous	factors	are	responsible	for	breast	cancer	formation	and	progression.	

Interestingly,	cholesterol,	as	one	of	the	spontaneous	factors,	has	been	identified	as	

playing	a	significant	role	in	breast	cancer	progression.	Although	many	groups	of	

researchers	have	studied	the	biological	mechanisms	of	the	correlation	of	cholesterol	

and	breast	cancer,	there	has	been	no	systematic	study	of	the	existing	mechanisms.	

In	addition,	new	potential	mechanisms	should	be	constantly	hypothesized	in	order	

to	accelerate	the	study	of	breast	cancer.	As	a	result,	this	thesis	studied	the	existing	

literature	about	the	biological	mechanisms	between	cholesterol	and	breast	cancer	

using	PubMed,	and	further	identified	potential	new	mechanisms	between	them	with	

the	help	of	PubMed	and	Arrowsmith.	

	 In	sum,	this	thesis	included	three	sections	for	studying	and	exploring	the	

correlation	of	cholesterol	and	breast	cancer:	1)	understanding	the	big	picture	of	the	

topic	by	gathering	the	statistics	on	the	amount	of	publications	using	three	

incrementally	restricted	search	terms	on	PubMed,	2)	extracting	the	existing	

mechanisms	by	reviewing	the	resulting	literature	on	PubMed	using	the	maximally	

restricted	search	term,	and	3)	discovering	new	feasible	mechanisms	through	

dissecting	existing	mechanisms	on	PubMed	directly	and	with	the	help	of	

Arrowsmith.	
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In	this	thesis,	the	known	mechanisms	for	the	correlation	of	cholesterol	and	

breast	cancer	were	listed	and	further	classified	into	four	groups	depending	on	the	

role	of	cholesterol	involved	in	the	mechanisms	that	facilitate	or	inhibit	breast	cancer	

progression.	The	four	groups	were	cholesterol	membrane	content,	transport	of	

cholesterol,	cholesterol	metabolites,	and	other17.	Specifically,	the	section	on	

cholesterol	membrane	content	explains	how	increasing	or	decreasing	membrane	

cholesterol	content	affects	the	progression	of	breast	cancer;	the	section	on	transport	

of	cholesterol	describes	the	pathways	that	involve	one	of	the	cholesterol	

transporters,	either	HDL	or	LDL,	or	a	receptor	of	cholesterol,	PBR;	the	section	on	

cholesterol	metabolites	lists	the	metabolized	products	of	cholesterol	that	have	been	

mainly	focused	on	for	studying	the	correlation	of	cholesterol	and	breast	cancer;	and	

the	“other”	section	describes	a	transmembrane	protein	which	can	be	activated	by	

cholesterol,	and	trigger	downstream	signaling	for	breast	cancer	progression	

(Appendix	C).	

There	are	eight	potential	mechanisms	identified	in	this	thesis.	Specifically,	

the	eight	terms	refer	to	biological	molecules	that	have	been	discovered	to	highly	

correlate	cholesterol	to	breast	cancer.	Most	of	them	are	involved	in	the	inducement	

of	one	of	the	tumor	formation/metastasis	characteristics,	such	as	the	EMT	process,	

inflammation,	angiogenesis,	and	bone	demineralization.	The	remainder	refer	to	

potential	conditions,	such	as	cholesterol	efflux	and	serum	Adipenectin,	which	may	

relate	to	breast	cancer	risk.		

																																																								

17		For	a	diagram	of	the	relationships	between	these	groups,	see	Appendix	C	
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There	are	three	limitations	of	this	thesis.	First,	only	five	out	of	14,202	B	

terms	on	Arrowsmith	were	identified	as	potential	mechanisms	due	to	time	

limitations.	Specifically,	about	0.4%	B	terms	(disregarding	if	all	the	terms	are	

molecularly	related)	that	were	considered	highly	related	to	both	cholesterol	and	

breast	cancer	were	studied	in	the	thesis	project.	In	other	words,	only	a	minority	of	

potential	mechanisms	are	identified	in	this	thesis,	but	there	should	be	many	more	

mechanisms	can	be	discovered	if	the	B-list	is	studied	completely.	Second,	the	full	

text	of	some	literature	cannot	be	accessed	through	PubMed	so	only	their	abstracts	

were	reviewed.	In	other	words,	it	is	possible	that	not	all	existing	mechanisms	were	

found	and	summarized	into	the	mechanism	model.	This	thesis	is	not	intended	to	be	

a	complete	analysis,	and	the	analysis	of	known	mechanisms	was	a	necessary	pre-

processing	step	for	the	understanding,	and	also	context	of	the	new	ideas	presented.	

Third,	the	method	sections	of	the	published	papers	on	PubMed	were	skipped	when	

reviewing,	on	the	assumption	that	their	data	collection	methods	and	analyses	were	

accurate.	However,	not	all	published	scientific	results	are	completely	authentic,	

especially	given	new	technologies	as	well	as	shifting	paradigms	and	perspectives.	

Because	of	these	three	limitations,	it	is	recommended	to	1)	study	the	rest	of	the	

listed	B	terms	to	propose	more	potential	mechanisms	for	future	wet	lab	studies,	2)	

try	to	contact	the	authors	of	the	restricted	papers	to	access	the	full	text	of	the	

literature,	and	3)	review	the	published	papers	carefully	to	guarantee	their	

authenticity	before	summarizing	their	results.	

Three	things	can	be	considered	for	future	work.	First,	as	mentioned	in	

Chapter	2	section	2.1,	breast	cancer	has	three	major	classes:	HER2	positive,	
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Hormone	receptor	positive,	and	Tripe-negative.	Each	of	them	involves	different	

signaling	pathways	(Table	1)	in	their	formation,	and	scientists	usually	study	

different	types	of	breast	cancer	separately.	As	a	result,	for	further	deep	analysis	of	

the	mechanisms	between	cholesterol	and	breast	cancer,	a	specific	type	of	breast	

cancer	will	be	focused	on.	Second,	cancer	cell	lines	are	also	important	

considerations	for	breast	cancer	studies.	Different	breast	cancer	cell	lines	are	

representative	of	the	heterogeneity	of	breast	cancer.	Studies	of	different	breast	

cancer	classes	have	to	choose	a	specific	cancer	cell	line	as	their	model	because	each	

cell	line	corresponds	to	different	responses	to	treatments.	In	addition,	cancer	cell	

lines	can	be	either	derived	from	human	bodies	or	from	mice	for	different	stages	of	

research.	As	a	result,	it	is	important	to	select	the	right	cell	line	for	future	study	of	a	

specific	breast	cancer	type.	Last	but	not	least,	continued	review	of	newly	published	

papers	on	PubMed	is	also	required	for	future	work.	Knowledge	in	the	scientific	

world	is	always	being	updated,	especially	in	the	biological	domain.	As	a	result,	it	is	

essential	to	keep	an	eye	on	new	discoveries	all	the	time.	One	of	the	purposes	of	this	

thesis	was	to	form	a	network	of	the	mechanisms	between	cholesterol	and	breast	

cancer.	It	is	also	important	to	extend	this	network	as	new	findings	are	made.	As	a	

result,	adding	newly	identified	mechanisms	to	the	existing	mechanism	network	

model	is	necessary	for	future	work.		
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APPENDIX	B:	VISUALIZATION	OF	WORD	FREQUENCY
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APPENDIX	C:	MECHANISM	MODEL	
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APPENDIX	D:	LIST	OF	B-TERMS	(PROBABILITY	≥	0.5)	

1 docetaxel 
2 ritonavir 
3 olanzapine 
4 atorvastatin 
5 adiponectin 
6 irinotecan 
7 diffusion weighted 
8 cox-2 
9 gemcitabine 
10 clopidogrel 
11 toll receptor 
12 zoledronic acid 
13 simvastatin 
14 paclitaxel 
15 rankl 
16 proteasome inhibitor 
17 epirubicin 
18 diffusion weighted 
imaging 
19 jnk 
20 wnt 
21 tlr4 
22 raloxifene 
23 liquid chromatography 
tandem 
24 serum leptin 
25 ionic liquid 
26 pegylated liposomal 
27 fdg pet 

28 pegylated liposomal 
doxorubicin 
29 jak2 
30 walled carbon nanotube 
31 serum adiponectin 
32 wnt beta catenin 
33 estrogen receptor 
modulator 
34 leptin level 
35 gstt1 
36 f fdg pet 
37 women health initiative 
38 lipid nanoparticle 
39 solid lipid nanoparticle 
40 temozolomide 
41 akt 
42 vegf 
43 enhanced magnetic 
44 beta catenin signaling 
45 catenin signaling 
46 mthfr 
47 leptin receptor 
48 weighted imaging 
49 support vector machine 
50 silver nanoparticle 
51 optical coherence 
52 gold nanoparticle 
53 glucagon peptide-1 
54 letrozole 

55 molecular dynamic 
simulation 
56 cyp3a 
57 optical coherence 
tomography 
58 angiopoietin 
59 antiretroviral therapy 
60 superparamagnetic iron 
oxide 
61 neoadjuvant 
62 mtor 
63 beta smad 
64 pregnane x receptor 
65 receptor gene 
polymorphism 
66 artemisinin 
67 carboplatin 
68 vegf c 
69 c677t polymorphism 
70 gene polymorphism risk 
71 single nucleotide 
polymorphism 
72 oxaliplatin 
73 risk stratification 
74 e2f1 
75 polymorphism risk 
76 fdg 
77 stat3 
78 erk1 
79 fdg pet ct 

80 non inferiority 
81 fluorodeoxyglucose 
82 angiopoietin-2 
83 selective estrogen receptor 
84 aptamer 
85 cd147 
86 tgf beta smad 
87 percutaneous coronary 
intervention 
88 vinorelbine 
89 apoptosis autophagy 
90 p38 mapk 
91 diastolic dysfunction 
92 peptide-1 
93 gamma secretase 
94 dual energy 
95 persistent organic 
pollutant 
96 gstm1 
97 cd163 
98 carbon nanotube 
99 fluorodeoxyglucose 
positron emission 
100 g quadruplex 
101 cd133 
102 bariatric surgery 
103 beta catenin 
104 paclitaxel loaded 
105 smad 

106 beta signaling 
107 leptin receptor gene 
108 cognitive decline 
109 hydroxytyrosol 
110 liposomal doxorubicin 
111 caspase-3 
112 ppargamma 
113 ultrasound elastography 
114 racial ethnic disparity 
115 abcg2 
116 motivational 
interviewing 
117 proteomic analysis 
118 oxide nanoparticle 
119 notch signaling 
120 androgen deprivation 
therapy 
121 mthfr gene 
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