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    Abstract  

  The prevalence    of breast cancer within industrialized populations and the 
accessibility of tissue for research have meant that genomic, transcriptomic, 
and proteomic studies have often focused on breast cancer. This has led to 
major advances in the understanding of this disease and to fi ndings that have 
been translated to many other types of cancer. Like other common cancers, 
breast cancer shows a lipogenic phenotype, meaning that signifi cant quantities 
of lipids are synthesized and stored within breast cancer cells. As the impor-
tance of this lipogenic phenotype is becoming better appreciated, studies are 
beginning to focus upon how lipogenesis is regulated in breast cancer and the 
critical genes and pathways involved. Lipidomic studies have also begun to 
characterize lipid profi les in breast cancer cells and tissues and to study the 
biological consequences of these altered profi les. This chapter will provide an 
overview of lipid biology in human breast cancer, focusing upon our current 
understanding of breast cancer lipogenesis, how this contributes to tumor for-
mation and progression, what is understood of its molecular basis, and how 
the techniques of lipidomics are beginning to be applied to this disease.  
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        Introduction 

 Breast cancer is the most common cancer affect-
ing women and a major cause of death from can-
cer. It is thus both an important clinical problem 
and a tractable disease to explore. Primary tumors 
are almost always surgically excised, leading to 
availability of primary material for study in differ-
ent tissue forms. Furthermore, many breast cancer 
cell lines have been derived, are readily cultured 
in vitro, and have been characterized in extensive 
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molecular detail [ 1 ,  2 ]. The combined availabil-
ity of both primary tissue and cell lines has meant 
that breast cancer researchers have acted as “early 
adopters” of profi ling technologies, and breast 
cancer has often served as a test case for new 
technology implementation. Some of the earliest 
gene expression profi ling studies were conducted 
in breast cancer [ 3 ,  4 ], which then paved the way 
for analyses of less common cancer types.    More 
recently, next-generation sequencing analyses of 
very large breast cancer cohorts [ 5 ,  6 ] have per-
mitted a level of molecular characterization of the 
breast cancer genome that would have been diffi -
cult to foresee even 10 years ago. The signifi cance 
of these approaches, both to our understanding of 
breast cancer as a disease and to our ability to 
interrogate and understand other cancer types and 
biological systems, cannot be overstated. 

 Like other common cancers, breast cancer 
shows a lipogenic phenotype, meaning that sig-
nifi cant quantities of lipids are synthesized and 
stored within breast cancer cells. Lipids are of 
unique importance to mammary gland biology, 
as lipids are a major and important constituent 
of milk and drive the rapid postnatal growth 
and development of mammalian infants. As the 
signifi cance of the lipogenic phenotype within 
cancer cells is becoming more broadly appreci-
ated, studies are increasingly focusing upon how 

lipogenesis is regulated in breast cancer and the 
critical genes and pathways involved. Lipidomic 
studies have also begun to characterize lipid pro-
fi les in breast cancer cells and tissues and to study 
the biological consequences of these altered 
 profi les. The present chapter will  therefore pro-
vide an overview of lipid biology in human breast 
cancer, focusing upon our current understanding 
of breast cancer lipogenesis, how this contributes 
to tumor formation and progression and what is 
understood of its molecular basis. We will also 
describe dietary infl uences on the risk of devel-
oping breast cancer, and overweight and obesity 
as causes of breast cancer, before discussing lipi-
domics methods and how these are beginning to 
be applied to the study of breast cancer.  

    Lipid Requirements 
of Mammalian Cells  

 Actively proliferating cells must generate biomass 
in order to build new cells and hence require a vari-
ety of lipids to build new membranes, lipid cofac-
tors, and lipid-modifi ed proteins [ 7 ,  8 ]. Examples 
of the structures of some of the major classes of bio-
logical lipids are shown in Fig.  11.1 . Lipids build 
the extensive networks of intracellular and peri-
cellular membranes that defi ne and partition cel-
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  Fig. 11.1    Lipid structure 
representations. Examples 
of structures from the major 
classes of biological lipids 
(cholesterol, free fatty acid, 
triglyceride, phospholipid) 
are shown       
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lular organelles and their functions. In mammalian 
cells, most membrane lipids consist of glycerol-
phospholipids (PLs), such as phosphatidylcholine, 
phosphatidylserine,  phosphatidylinositol, phos-
phatidylethanolamine, sterols (mainly choles-
terol), and sphingolipids (mainly sphingomyelin) 
[ 9 ]. Fatty acids in general, and the 16-carbon satu-
rated fatty acid palmitate in particular, can also be 
used for other functions. For example, palmitate 
and other fatty acids are added by enzymatic pro-
cesses to increase the hydrophobic nature of pro-
teins to facilitate membrane-associated signalling 
[ 10 ,  11 ]. Among the proteins that are modifi ed by 
palmitate are Ras, Wnt, hedgehog, and small pro-
tein GTPases [ 10 ,  11 ], each of which is implicated 
in a variety of cancers.

   Living cells acquire fatty acids for their meta-
bolic demands from two major sources, exoge-
nous dietary and de novo endogenous synthesis 
(Fig.  11.2 ). Proliferative embryonic cells actively 
use de novo synthesized fatty acids, whereas 
most adult normal cells (with the exception of the 
liver and lactating mammary gland) preferen-
tially use exogenous fatty acids. Fatty acids are 
present in the diet as triglycerides, and following 

dietary intake, these are packaged in the  intestinal 
epithelium into chylomicrons (Fig.  11.3 ). These 
chylomicrons are then secreted into the lym-
phatic system and enter the circulation via the 
thoracic duct. Lipolysis of these particles, ini-
tially in tissues such as the heart and lungs by the 
enzyme lipoprotein lipase (LPL), produces free 
fatty acids (FFA) that quickly associate with 
serum albumin. Remnant particles return to the 
liver where their triglycerides are assembled with 
apolipoprotein B 100 (apoB) for secretion as very 
low-density lipoprotein (VLDL) particles. In the 
circulation, lipolysis of VLDL produces LDL, 
which in turn is taken up by peripheral tissues, 
whereas FFA uptake is mediated by fatty acid 
translocase/CD36 (Figs.  11.2  and  11.3 ).

    In tissues capable of de novo lipogenesis, FFA 
are also synthesized from the precursor acetyl- 
CoA by multiple enzymes including acetyl-CoA 
carboxylase (ACACA) and fatty acid synthase 
(FASN) (Fig.  11.2 ). Cholesterol can also be syn-
thesized from acetyl-CoA, as well as taken up 
through the LDL receptor (LDL-R). FFA are 
used either for energy production via β-oxidation 
or for the synthesis of complex lipids such as 
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  Fig. 11.2    Summary of cellular lipogenesis using endog-
enous and exogenous substrates. Free fatty acid ( FFA ) is 
obtained from two pathways, de novo synthesis and FFA 
uptake. Fatty acid is synthesized from acetyl-CoA by mul-
tiple enzymes including acetyl-CoA carboxylase 
( ACACA ) and fatty acid synthase ( FASN ). FFA uptake is 
mediated by fatty acid translocase/CD36. FFA is used for 
either energy production via β-oxidation or complex lipid 
synthesis such as monoglyceride ( MG ), diglyceride ( DG ), 
and phospholipids ( PL ), primarily phosphatidylcholine 
( PC ) and phosphatidylethanolamine ( PE ). To avoid lipo-

toxicity, excess FFA must be converted to triglyceride 
( TG ), which is then incorporated into lipid droplets. 
Cholesterol ( Chol ) is derived from both acetyl-CoA and 
uptake through the LDL receptor ( LDL-R ). Cholesterol 
forms part of the plasma membrane, but excess choles-
terol needs to be esterifi ed into cholesterol ester ( CE ), 
which is then incorporated into lipid droplets (shaded cir-
cles). When cells require energy generation from reserved 
lipid stores, these can be released through lipolysis. This 
process is regulated by adipose triglyceride lipase ( ATGL ) 
and the PAT protein perilipin ( PLIN )       
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monoglycerides, diglycerides, and phospholipids 
(Fig.  11.2 ). As FFA are toxic to cells, excess FFA 
must be converted to triglyceride, which is then 
incorporated into lipid storage organelles, known 
as lipid droplets (Fig.  11.2 ). Similarly, excess 
cholesterol must be esterifi ed into  cholesterol 
ester (CE), which is also incorporated into lipid 
droplets. Lipid droplets commonly consist of a 
core of neutral lipids surrounded by phospholipid 
monolayer and associated proteins and vary 
greatly in size [ 8 ,  12 ]. Small lipid droplets repre-
sent reservoirs that can be rapidly accessed. 
Conversely, it is more effi cient to store lipid in 
large versus small lipid droplets, and hence, adi-
pose cells contain a single unilocular lipid drop-
let for maximum storage effi ciency [ 12 ]. When 
cells require energy generation from reserved 
lipid stores, these can be released through lipoly-
sis. This process is regulated by adipose triglyc-
eride lipase (ATGL) and the PAT protein perilipin 
(PLIN) (Fig.  11.2 ). 

    Lipids in Normal Breast Biology 

 Mammalian infants are typically born after long 
gestation periods, yet remain highly reliant on 
their mothers after birth. As lipids represent the 
most dense source of energy, lipids in milk are 
vital to drive rapid neonatal growth and are par-
ticularly required for postnatal brain develop-
ment. Milk lipid composition is the most variable 
attribute of milk and is affected by animal genet-
ics, physiology, and the environment [ 13 ]. Lipid- 
rich milk therefore promotes neonate growth, 
progressively reducing neonate dependency and 
promoting survival. Breast-feeding human 
infants is known to avert serious health problems 
in neonates, children, and adults, leading to huge 
savings in medical costs [ 14 ]. The regulation of 
milk fat composition in ruminants is also of major 
economic signifi cance, both in terms of livestock 
breeding and in improving the quality of milk 
available to consumers [ 13 ]. 
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  Fig. 11.3    Uptake of dietary lipids. Following dietary 
intake, lipids are packaged in the intestinal epithelium 
into chylomicrons ( CM ), which enter the circulation. 
Lipoprotein lipase ( LPL ) converts CM into chylomicron 
remnants ( CMr ), releasing free fatty acid ( FFA ). CMr are 
cleared by the liver where their triglycerides are assem-
bled with apolipoprotein B 100 ( apoB ) by microsomal 
triglyceride transfer protein ( MTP ) for secretion as very 
low-density lipoproteins ( VLDL ) particles. In the circu-
lation, lipolysis of VLDL by LPL produces FFA and 

low-density lipoproteins ( LDL ), which in turn are taken 
up by peripheral tissues via fatty acid translocase/CD36 
and the LDL receptor ( LDL-R ), respectively. LDL is rich 
in FFA and cholesterol ( Chol ); hence, an uptake by 
LDL-R increases both cellular FFA and cholesterol. 
Additionally, FFA can be obtained from lipolysis of adi-
pocyte lipid stores, facilitated by adipose triglyceride 
lipase ( ATGL ), which are then mobilized to target cells 
for uptake by CD36       
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 The mammary gland largely develops postna-
tally, undergoing proliferation under the infl u-
ence of ovarian hormones during puberty, but 
then remaining largely quiescent until pregnancy. 
During this time, the epithelial ductal tree 
expands into the mammary fat pad and undergoes 
further branching. Alveolae develop and begin to 
produce milk during the late stage of pregnancy. 
Lipids are both taken up from the circulation and 
synthesized within breast epithelial cells, 
 packaged into lipid droplets, and then released 
into the alveolar lumen as bilayer membrane-
coated structures called milk fat globules [ 15 ]. 
Despite the medical and economic importance of 
milk in human and other species, milk composi-
tion and its regulation remain incompletely 
understood [ 14 ].   

    Lipids in Breast Cancer 

 As breast epithelial cells take up, synthesize, and 
secrete lipids during late pregnancy and lacta-
tion, it is not surprising that breast cancer is one 
of many cancers characterized by a lipogenic 
phenotype. Similar to embryonic cells, the breast 
and other types of cancer cells endogenously 
synthesize 95 % of fatty acids, despite the abun-
dance of extracellular fatty acids available to 
them [ 16 – 18 ]. Cancer cells are highly dependent 
on de novo lipogenesis for their proliferation, and 
the lipogenic pathway is activated at a relatively 
early stage in various types of tumors [ 19 ]. The 
majority of newly synthesized fatty acids in can-
cer cells are converted predominantly to phos-
pholipids and then incorporated into membrane 
lipids by proliferating cancer cells. It has been 
recently suggested that activation of de novo 
lipid synthesis in cancer cells leads to increased 
incorporation of saturated fatty acids into cell 
membranes, which in turn protects cells from 
both endogenous and exogenous damage [ 20 ]. 
Altered membrane properties occurring in 
response to de novo lipogenesis may also infl u-
ence the uptake and activity of chemotherapeutic 
drugs in cancer cells [ 20 ]. 

    Early Studies Demonstrating 
a Lipogenic Phenotype in Breast 
Cancer 

 Efforts to study biochemical alteration of breast 
cancer were initiated over 40 years ago. In 1966, 
Rees et al. investigated the lipid composition of 
mammary glands and mammary carcinomas from 
rats in various hormonal states using thin- layer 
chromatography (TLC) and gas–liquid chroma-
tography [ 21 ]. Although they could identify tri-
glyceride and phospholipid profi les in the tissues 
investigated, quantifi cation of lipid species was 
limited to percentages of total lipids [ 21 ]. The 
limitations of TLC also challenged Hilf et al. in 
1970 when comparing lipids in human breast can-
cer and normal breast tissue [ 22 ]. Although they 
were able to identify differences in cholesterol, 
FFA, triglycerides, and cholesterol esters in infi l-
trating ductal carcinomas compared to normal 
breast tissue, it was unclear which species of lip-
ids were uniquely altered [ 22 ]. Nevertheless, they 
found that cholesterol, FFA, and cholesterol 
esters were increased in breast cancer, while tri-
glyceride levels were decreased [ 22 ]. Sakai et al. 
reported similar fi ndings, with additional data on 
the fatty acid composition of phospholipids and 
triglycerides [ 23 ]. The fatty acid compositions of 
phospholipids were signifi cantly different 
between human breast cancer and noncancerous 
excised breast tissues [ 23 ]. Specifi cally, the 
 proportion of monounsaturated (oleate 18:1) and 
polyunsaturated (docohexanoate 22:6n-3) fatty 
acids in the major phospholipids was signifi cantly 
higher in cancer compared to noncancerous 
 tissues [ 23 ].  

    Molecular Basis of Lipogenesis 
in Breast Cancer Cells 

 Lipids can either be obtained through the diet or 
synthesized within cells (Fig.  11.2 ). The pro-
cesses of lipid uptake, synthesis, and subsequent 
metabolism are regulated by numerous transport-
ers and enzymes (Fig.  11.2 ), the discussion of 
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most of which is beyond the scope of this review. 
Since the expression of a vast number of proteins 
is deregulated in cancer cells through genetic, 
transcriptional, and posttranscriptional mecha-
nisms, it would not be unexpected if some regula-
tors of lipid uptake, synthesis, and metabolism 
would be thus affected, if only by chance. 
However, if these deregulated processes provide 
an advantage to the cancer cell, they will be 
selected for within the highly competitive envi-
ronment of cancer tissue. It is now recognized 
that metabolic deregulation is a hallmark of can-
cer [ 24 ] and that changes in the expression and 
function of key lipogenic enzymes is actively 
selected for during tumorigenesis. 

 In cancer cells, increased glucose uptake 
results in increased conversion of pyruvate to 
acetyl-CoA in the mitochondria. Acetyl-CoA 
is then incorporated into the tricarboxylic acid 
cycle, which produces citrate in the presence of 
ATP. Accumulated citrate is exported to the cyto-
plasm where it is converted by ATP-citrate lyase 
(ACLY) to generate cytosolic acetyl-CoA, the 
precursor for FFA synthesis (Fig.  11.2 ). Acetyl-
CoA is then carboxylated by acetyl-CoA car-
boxylase (ACACA) to synthesize malonyl- CoA, 
which is then converted to palmitate by fatty acid 
synthase (FASN) [ 19 ]. The unbiased analysis 
of large numbers of genes and proteins through 
genomics or proteomics approaches, respectively, 
has made it increasingly apparent that ACACA, 
ACLY, and FASN play key roles in tumor pro-
gression (Fig.  11.2 ). Of these three proteins, the 
expression of FASN and its role in mediating 
tumor growth has been most heavily investigated, 
as will be discussed in the following section. 

    Fatty Acid Synthase (FASN) 
 Increased FASN expression, relative to normal 
tissue, has been documented in tumors of the 
prostate, breast, colon, ovary, endometrium, 
bladder, and lung [ 25 ]. Additionally, FASN over-
expression has been noted in melanoma, retino-
blastoma, and soft tissue sarcoma [ 25 – 27 ]. FASN 
overexpression is primarily regulated at the 
 transcriptional level in tumors following onco-
gene  activation, tumor suppressor loss, or growth 
factor stimulation [ 28 ]. FASN levels can also be 

modulated by posttranslational modifi cation and 
gene duplication [ 29 ,  30 ]. The expression levels 
of FASN are highest in metastatic tumors, corre-
late with decreased survival, and are predictive of 
poor outcome and disease recurrence in several 
tumor types [ 31 – 34 ]. These data suggest that 
FASN not only provides a metabolic advantage 
that may drive tumor cell survival and prolifera-
tion but may also promote a more aggressive 
tumor phenotype. 

 In normal physiology, fatty acid synthesis is 
crucial for development, as mice with the homo-
zygous deletion of  Fasn  display an embryonic 
lethal phenotype [ 35 ]. On the other hand, with 
the exception of the liver, adipose tissue, and lac-
tating mammary gland, FASN is expressed at low 
or undetectable levels in most normal adult tis-
sues [ 25 ]. Therefore, unlike in cancer cells, fatty 
acid synthesis does not seem to be required for 
normal adult tissue maintenance. Accordingly, 
mice harboring liver-specifi c deletions of  Fasn  
display normal liver function and no obvious 
phenotype, as long as they are maintained on a 
normal diet [ 36 ]. 

 Coincident with the differences in FASN 
expression between normal and tumor tissues, 
there also seem to be mechanistic differences in 
how fatty acids are used in normal and tumor 
cells. In the liver and adipose tissue, fatty acids 
are synthesized in response to excess caloric 
intake. These fatty acids primarily partition 
toward triglyceride synthesis for fat storage. In 
contrast, tumor FASN-derived fatty acids prefer-
entially partition into phospholipids that segre-
gate into the plasma membrane or lipid rafts [ 37 ]. 
Additionally, it has been hypothesized that FASN 
also contributes to the redox status of tumor cells 
through oxidation of NADPH during the fatty 
acid synthesis cycle [ 38 ]. When all factors are 
taken into account, it is likely that FASN and 
fatty acid synthesis provide substrates to affect 
multiple cellular functions which support a pro-
liferative phenotype.  

     ERBB2 Signalling and Lipogenesis 
 ERBB2 (HER2/neu) is a member of the epider-
mal growth factor receptor (EGFR) family of 
receptor tyrosine kinases that regulates biological 
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functions ranging from cellular proliferation to 
transformation, differentiation, motility, and 
apoptosis. ERBB2 expression levels must be 
tightly controlled to ensure normal cellular func-
tion [ 39 ]. In vitro and in vivo studies clearly dem-
onstrate that deregulated ERBB2 expression and 
activity play a pivotal role in oncogenic transfor-
mation, tumorigenesis, and metastasis [ 40 – 44 ]. 
In breast cancer, amplifi cation of the  ERBB2  
gene is associated with poor prognosis, shorter 
relapse time, and low survival rate [ 40 – 44 ]. 

 Aberrant expression of  ERBB2  can trigger 
the activation of multiple downstream signal-
ling pathways, including the phosphatidylinosi-
tol 3′-kinase (PI3K)/PTEN/AKT pathway and 
the Ras/Raf/mitogen-activated protein kinase 
(MAPK) pathway. These pathways induce cell 
proliferation and differentiation, decrease apop-
tosis, and/or enhance tumor cell motility and 
angiogenesis. Despite the recognized associa-
tion of ERBB2 and these signalling pathways, 
less has been known about the specifi c effectors 
regulated by ERBB2 that ultimately contribute to 
its oncogenic effects. The use of transcriptomic 
analyses to identify genes that were differentially 
expressed in response to exogenous ERBB2 
expression in breast epithelial cells identifi ed 
increased  FASN  transcript and protein levels 
[ 45 ]. Similarly, in a panel of human breast can-
cer cell lines endogenously expressing different 
levels of ERBB2 and FASN, high levels of both 
FASN protein expression and FASN enzymatic 
activity were found to positively correlate with 
both  ERBB2  amplifi cation and ERBB2 protein 
overexpression [ 46 ]. A proteomic study further 
revealed that proteins involved in glycolysis 
and de novo lipogenesis pathways were highly 
expressed in ERBB2-positive breast carcinomas 
[ 47 ], supporting the notion that ERBB2-driven 
oncogenesis depends upon the lipogenic pheno-
type [ 19 ]. Additionally, mouse NIH-3T3 fi bro-
blasts and human breast epithelial MCF10A cells 
engineered to overexpress ERBB2 exhibited a 
signifi cant upregulation of  FASN  transcript and 
protein levels [ 48 ]. Increased FASN protein lev-
els were also reported to be signifi cantly higher 
in ERBB2-positive invasive breast tumors exam-
ined in tissue microarray format [ 49 ]. 

 Control of endogenous FASN levels occurs 
through modulation of the expression and/or matu-
ration status of the transcription factor sterol regu-
latory element-binding protein-1c (SREBP-1c). In 
ERBB2-overexpressing tumor cells, SREBP-1c 
expression and activation is driven by constitutive 
activation of the P13K/AKT and/or MAPK/
ERK1/2 pathways [ 19 ]. Supporting this notion, 
pharmacological  inhibitors of PI3K and MAPK 
downregulate SREBP-1c and decrease  FASN  tran-
scription, ultimately reducing lipogenesis in 
ERBB2-overexpressing cancer cells [ 50 ]. FASN 
overexpression by ERBB2-mediated oncogenic 
stimuli can also be abrogated by deletion of the 
major SREBP- binding site from the  FASN  pro-
moter [ 51 ]. 

 An alternative mechanism for ERBB2-FASN 
induction has also been proposed by Yoon et al 
[ 52 ]. They reported that the induction of FASN in 
ERBB2-overexpressing breast cancer cells was 
neither accompanied by changes in  FASN  tran-
script levels nor was mediated by the activation 
of SREBP-1c. Rather, the 5′- and 3′-untranslated 
regions of  FASN  mRNAs appeared to be involved 
in selective FASN translational induction that 
was mediated by the mammalian target of 
rapamycin (m-TOR)-regulated signal transduc-
tion. In this translational mechanism of FASN 
regulation, the activation of mTOR signifi cantly 
increased the synthetic rate of FASN, whereas 
ERBB2-induced upregulation of FASN protein 
expression was inhibited by both the PI3K inhibi-
tor LY294002 and the mTOR inhibitor rapamy-
cin [ 52 ]. These observations suggest that 
ERBB2-driven FASN overexpression can be 
regulated at multiple levels.  

    Gene Amplifi cation of Lipogenic Genes 
 Gene amplifi cation is a frequently employed 
mechanism which increases the expres-
sion of targeted genes. Classical cytogenet-
ics approaches fi rst identifi ed genomic regions 
which were subjected to increased copy number, 
and then the advent of comparative genomic 
hybridization (CGH) considerably facilitated 
genomic copy number studies [ 53 ]. Array-based 
CGH and copy number analyses using single-
nucleotide  polymorphism profi ling have largely 
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superseded classical CGH, and next-generation 
sequencing is playing an increasingly signifi cant 
role in identifying, quantifying, and physically 
mapping copy number changes in cancer and 
other cell types [ 54 ,  55 ]. Whereas many genes 
may be affected by copy number changes, only a 
proportion of these are likely to contribute to the 
cancer phenotype and represent gene amplifi ca-
tion targets. 

 Genomic profi ling and other approaches have 
shown that genes encoding key enzymes within 
the lipogenic pathway are increased in copy num-
ber and/or overexpressed in breast cancer. As 
described above, the oncogene  ERBB2  located at 
chromosome 17q (35.1 MB) is amplifi ed in 
approximately 15 % of breast cancer cases [ 56 ] 
and increases lipogenesis within cancer cells, at 
least in part by regulating FASN expression and 
function (see the section “ ERBB2 Signalling and 
Lipogenes ”). 

 It is striking that genes coding for three key 
enzymes of the fatty acid biosynthetic pathway 
also reside on human chromosome 17q, namely, 
 FASN  (77.6 MB),  ACACA  (32.7 MB), and  ACLY  
(37.3 MB) [ 51 ,  57 – 59 ]. A number of these and 
other lipogenic genes cluster at chromosome 
17q12-q21 within 5 MB of each other (Fig.  11.4 ) 
and could be commonly affected by copy number 
increases [ 60 ]. In contrast,  FASN  lies toward the 
telomeric end of chromosome 17q and does not 
form part of the lipogenic gene cluster around 

 ERBB2  (see Fig.  11.4 ). To date, only one study 
has evaluated the correlation of FASN expression 
with gene copy number alterations in cancer cells. 
Using fl uorescence in situ hybridization analysis 
in paraffi n-embedded tissue microarrays, a sig-
nifi cant increase in  FASN  copy number was found 
in a proportion of prostate adenocarcinomas and 
metastases, which was associated with increased 
FASN protein detection [ 30 ]. It is as yet unclear 
whether increased  FASN  copy number plays a 
signifi cant role in driving increased FASN levels 
in breast cancer cells.

   Experimental evidence has begun to support 
the concept that increased copy number at the 
 ERBB2  amplicon allows cancer cells to produce 
high levels of intracellular lipid, while con-
comitantly promoting the conversion of FFA 
to triglycerides to avoid lipotoxicity [ 61 ,  62 ]. 
It has been proposed that the co-amplifi cation 
of other lipogenic genes with  ERBB2  further 
increases the reliance of such tumors on lipo-
genesis [ 62 ]. Two genes that have been identi-
fi ed to be important for ERBB2-positive breast 
cancer cell survival, but not that of other breast 
cancer cells or normal mammary epithelial 
cells, are  mediator complex subunit 1  ( MED1 , 
previously known as  peroxisome proliferator-
activated receptor (PPAR) γ-binding protein  or 
 PBP ) and the nuclear receptor  NR1D1  ( nuclear 
 receptor  subfamily 1, group D, member 1 ), 
a PPARγ target protein [ 62 ]. The  MED1  and 

MED1
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  Fig. 11.4    Positions of chromosome 17q genes with 
known roles in lipogenesis (shown using hg 18 chromo-
some 17 coordinates, in MB), with the corresponding 
cytogenetic bands indicated on the lower ideogram. 
Approximate positions of genes are shown using vertical 
arrows:  ACACA , 32.7 MB;  ACLY , 37.3 MB;  MED1  

 (previously known as  PPAR γ-binding protein ), 34.8 MB; 
 STARD3  and  ERBB2 , 35.1 MB;  N1RD1 , 35.5 MB; and 
 FASN , 77.6 MB. All genes except  FASN  map within 
4.6 MB and could be commonly affected by genomic 
events leading to increased copy number in breast and 
other cancers       
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 NR1D1  genes within the  ERBB2  amplicon (see 
Fig.  11.4 ) not only positively affect transcrip-
tional rates of the lipogenic genes  FASN ,  ACLY , 
and  ACACA  but also further regulate lipid stor-
age during adipocyte differentiation [ 63 – 68 ]. 
More recent experimental evidence supports 
the notion that co- amplifi cation of  MED1  and 
 NR1D1  synergistically enhances FFA to tri-
glyceride conversion in ERBB2- positive cells 
in order to avoid lipotoxicity [ 39 ,  62 ]. 

 Lipogenic amplifi cation target genes have also 
been identifi ed at other genomic loci beyond 
chromosome 17q. For example, the “ Spot 14 ” 
( S14  or  THRSP ) gene encodes a nuclear protein 
that is associated with fatty acid synthesis and is 
located at chromosome 11q13 [ 69 ]. High Spot 14 
levels as detected by immunohistochemistry 
were signifi cantly associated with tumor recur-
rence in breast cancer, but were not associated 
with either hormone receptor or ERBB2 status in 
the cohort examined [ 70 ].   

    Overweight and Obesity as Causes 
of Breast Cancer 

 Since the 1980s, the percentages of overweight 
and obese adults and children have risen mark-
edly in the Western world, leading to an impend-
ing global health crisis of unprecedented 
proportion. This has been attributed to a combi-
nation of ready access to calorie-rich foods and 
reduced rates of activity. Overweight and obesity 
also represent a major environmental cause of 
cancer [ 71 ], which may overtake tobacco use as 
the leading such cause of cancer as smoking rates 
decline. The manner in which obesity predis-
poses individuals to cancer is still a subject of 
debate, and the causal role that obesity plays is 
likely to be different in the case of different can-
cer types. It may be diffi cult to separate, for 
example, the effects of obesity from the effects of 
lack of exercise, or from increased or reduced 
intakes of particular dietary components, which 
may have effects beyond contributing to the over-
weight or obese state. 

 Increased circulating levels of estrogen serve to 
drive the proliferation of estrogen receptor- positive 
breast cancers, and to date, the  signifi cance of 

 obesity in relation to breast cancer incidence and 
risk has been proposed to lie primarily in adipose 
tissue representing the major site for estrogen 
synthesis in postmenopausal women [ 72 ]. In this 
tissue, estrogen is synthesized from androgens 
by aromatase, which is a major drug target in 
postmenopausal women with estrogen receptor-
positive disease. Women with large breasts were 
reported to have a higher incidence of breast can-
cer relative to women with average-sized breasts, 
which could refl ect amounts of increased glandular 
tissue from which tumors can derive and/or higher 
local estrogen levels generated from increased adi-
pose tissue [ 73 ]. Obesity is also known to result 
in adipose tissue becoming increasingly dysfunc-
tional, leading to the secretion of a variety of fac-
tors termed adipokines, which may promote tumor 
initiation or progression [ 74 ]. However, it is possi-
ble that a high-fat diet leading to obesity may also 
promote breast cancer through other mechanisms, 
as will be discussed below.  

    Diet and Breast Cancer 

 A large body of evidence substantiates an impor-
tant role for de novo lipogenesis in cancer. Given 
the fact that breast cancer derives from cells with 
the ability to both synthesize lipid and take up 
lipid from the circulation, it is important to con-
sider possibly dietary infl uences on breast cancer 
risk and development. To date, the role of dietary 
saturated fat in contributing to breast cancer risk 
is somewhat controversial. Positive associations 
between saturated fat or animal fat consumption 
and cancer have been reported in cohort studies 
[ 75 ] and in studies investigating cancer incidence 
in 20 countries [ 76 ]. Dietary intake of palmitic 
acid has also been signifi cantly associated with 
increased breast cancer risk [ 77 ]. In general, inac-
curacies in reporting dietary intake and diffi cul-
ties in conducting mechanistic studies on human 
populations have hampered investigations on the 
role of dietary saturated fat in cancer develop-
ment. However, measuring fatty acid composi-
tion of adipose tissue using lipidomics techniques 
may provide a composite measure of dietary fat 
intake over several years, due to the low turnover 
rate of stored lipids within adipose tissue [ 78 ]. 
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    Uptake of Dietary Lipids by Breast 
Cancer Cells: Part of the Picture? 
 While there are diffi culties in conducting epi-
demiological dietary studies, some molecular 
studies have indicated the possible involvement 
of fatty acid uptake (in particular, saturated fatty 
acid uptake) in fuelling cancer cells. Studies 
have shown that LDL receptors are upregulated 
in tumor cells [ 79 ]; therefore, the LDL receptor- 
mediated pathway is a possible route for fatty 
acid delivery to peripheral tissues, especially 
tumor cells. Kuemmerle et al. also reported that 
cancer cells could also uptake released fatty acid 
from the lipolysis process through fatty acid 
translocase CD36 [ 80 ]. Immunohistochemical 
analysis confi rmed the presence of LPL and 
CD36 in breast liposarcoma and prostate cancer 
tissues [ 80 ]. 

 Excessive intake of dietary lipids is a well- 
known cause for obesity, which is in turn a risk 
factor for breast cancer [ 81 ,  82 ]. In the mammary 
gland, a large percentage of the cells are adipo-
cyte or adipocyte precursor cells [ 83 ]. The 
abdominal fatty tissue known as the omentum 
has been described as a preferred metastasis loca-
tion for ovarian cancer. Nieman et al. reported 
that adipocyte-ovarian cancer coculture led to the 
direct transfer of lipids from adipocytes to ovar-
ian cancer cells and promoted in vitro and in vivo 
tumor growth [ 84 ]. Furthermore, coculture 
induced lipolysis in adipocytes and β-oxidation 
in cancer cells, suggesting that lipids stored in 
adipocytes can act as an energy source for the 
cancer cells [ 84 ]. Considering that the breast is 
an organ rich in adipose tissue, the transfer of 
fatty acids between breast cancer cells and breast 
adipocytes could also occur.   

    Therapeutic Targeting of Lipogenesis 
in Breast Cancer 

 A number of approaches have either been tested 
or may be applied to target lipogenesis in breast 
cancer. However, despite overwhelming evidence 

of the importance of lipogenesis in cancer, and in 
breast cancer in particular, progress in targeting 
this pathway has been described as modest at best 
[ 85 ]. Limiting factors have been described as the 
previous lack of crystallographic structures for 
relevant targets that has impeded drug design and 
in establishing structure–antitumor relationships 
[ 85 ]. The most heavily investigated target to date 
is FASN. Numerous FASN inhibitors have been 
reported and tested in the context of breast can-
cer, but their application has been limited in some 
cases by anorexic side effects [ 86 ]. Researchers 
are continuing to develop alternative inhibitors 
without these side effects [ 87 ]. Other key meta-
bolic enzymes that could represent therapeutic 
targets in cancer cells are ACACA and 
ACLY. These targets are of great interest for the 
treatment of diabetes and obesity but have been 
explored to a limited extent in the context of can-
cer [ 85 ]. 

 Due to the health and economic impact of the 
obesity pandemic, novel therapies are being 
aggressively developed against a variety of tar-
gets [ 88 ]. With rapidly improving knowledge of 
the signifi cance of altered lipid synthesis and 
possibly uptake by cancer cells, such agents show 
increasing possibility of being adopted for cancer 
use. Redeploying approved drugs has advantages 
over the development of novel agents, in that 
there are preexisting pharmacokinetic, toxicity, 
and side effects data. For example, agents target-
ing fatty acid-binding proteins are being devel-
oped in the context of insulin resistance and other 
conditions [ 89 ] but could conceptually be applied 
to cancers where fatty acid-binding proteins are 
known to be overexpressed. The PAT protein 
family, which regulates lipid storage in lipid 
droplets, is also viewed as potential drug targets 
in the treatment of obesity [ 88 ] and are expressed 
in some lipogenic cancers [ 90 ]. The eventual tar-
geting of lipid droplet-associated proteins could 
be applied to treat lipogenic cancers character-
ized by increased expression of these targets, 
where the overexpression of lipogenic genes may 
represent predictive biomarkers.   
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    Characterizing Lipogenesis 
in Breast Cancer Cells 

    Lipid Detection Methods 

 Thin-layer chromatography (TLC), gas chroma-
tography (GC), and high-performance liquid 
chromatography (HPLC) have been used in lipid 
research for many years. In 1966, Rees et al. 
studied the infl uence of hormonal status on lipid 
composition of rat mammary carcinomas, mam-
mary glands, and related tissue [ 21 ]. In this study, 
they used TLC and GC to identify the levels of 
glycerolipids, sterols, and phospholipids relative 
to the percentage of total lipids. Following its 
emergence, TLC became widely accepted as a 
conventional analysis method for lipids in the 
1960s [ 91 ,  92 ], with the advantages of being fast, 
simple, and inexpensive. However, the major 
limitation of TLC is its restricted resolution, 
which signifi cantly hinders its application. 

 Since most lipids are not volatile and some 
lipids are easily degraded under high tempera-
ture, GC is not a very widely used method in lipi-
domics, due to the complexity of derivatization 
required before separation [ 93 ]. The derivatiza-
tion may eliminate much structural informa-
tion about lipid molecular species, especially 
polar lipids. Therefore, when using GC to ana-
lyze different categories of lipids, complex 
pre- separation is absolutely necessary [ 94 ]. 
These problems result in the much less frequent 
application of GC than liquid chromatography. 
Nevertheless, GC technology is appropriate for 
the analysis of fatty acids, because the resolution 
capacity of GC is much higher than that of liquid 
chromatography. The separation of cis/trans iso-
mers, which is rarely achieved with other lipid 
detection methods, can be achieved using con-
ventional GC–MS methods. 

 HPLC is the most widely used separation 
technique in lipidomics. In contrast to other sepa-
ration techniques, HPLC has good reproducibil-
ity and high resolution and can separate almost 
all lipid molecular species. HPLC systems are 

relatively isolated from the environment, limiting 
the contact between samples and air and thus 
avoiding self-oxidation and degradation of lipids. 
In recent years, lipid separation by liquid 
 chromatography and detection by mass spec-
trometry has become one of the core techniques 
for the growing fi eld of lipidomics (see the sec-
tion “ Lipidomic Approaches ”). 

 Other methods to detect lipids in biologi-
cal systems include nuclear magnetic reso-
nance (NMR) spectroscopy and biochemical 
approaches. NMR spectroscopy is an excellent 
tool to study molecular structures of purifi ed lip-
ids ( 1 H-NMR and  13 C-NMR) and for investigating 
the structure and dynamics of lipid membranes 
( 1 H,  2 H, and  31 P high-resolution and solid-state 
NMR) [ 95 ]. For the analysis of phospholipid 
mixtures,  31 P-NMR is by far the most appropriate 
approach. The linear response and relatively high 
speed of  31 P-NMR allow for accurate and selec-
tive analysis with high sample throughput [ 96 ]. 
One disadvantage is that NMR techniques have 
only moderate sensitivity compared with mass 
spectrometry. Many lipids can also be detected 
using biochemical approaches (e.g., optical/
colorimetric assays). This type of measurement 
is highly quantitative, but often experimentally 
challenging in that optimization of conditions 
can require signifi cant effort.  

     Lipidomic Approaches 

 The term “lipidome” describes the complete lipid 
profi le within a cell, tissue, or organism and is a 
subset of the “metabolome,” which also includes 
the three other major classes of biological mole-
cules, namely amino acids, sugars, and nucleic 
acids [ 97 ]. Efforts to characterize lipids in cells 
are relatively recent and have been driven by 
some spectacular advances in mass spectrometry 
instrumentation and applications. The dramatic 
increase in lipidomic research over the past 
decade has been triggered by impressive develop-
ments in analytical technologies, initiated by the 
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application of electrospray ionization mass spec-
trometry (ESI-MS) to the characterization of 
membrane phospholipids [ 98 – 101 ]. Technical 
developments include very high sensitivity and 
specifi city mass and chromatographic resolutions 
and the increased availability of authentic syn-
thetic lipid standards. These, coupled with 
impressive developments in data and bioinfor-
matics analysis, have facilitated the detailed 
molecular analysis of a wide diversity of lipids, 
ranging from phospholipids and triglycerides to 
sterols and glycolipids. 

 Lipidomic analysis by ESI-MS can be cat-
egorized in two broad groups, either coupled 
to liquid chromatography (LC-MS) or shotgun 
lipidomics (Fig.  11.5 ), in which the specifi city 
of analysis of different lipid classes in a directly 
infused sample is provided by diagnostic tandem 
MS/MS scans. Shotgun lipidomics is an excel-
lent technique for identifying the major pools 
of phospholipids. Using this method, lipid class 
(head group) identifi cation is accomplished using 
precursor ion scans (PIS) and neutral loss scans 
(NLS) in positive-ion modes and/or negative-
ion modes. PIS and NLS are full scan methods 
mainly offered by triple quadrupole or quadro-
pole time of fl ight (Q-TOF) MS devices [ 102 ]. 
The fatty acid content of individual lipids is then 

identifi ed by PIS analysis in negative-ion mode. 
For example, phosphatidylinositol species PI 
38:4 (PI 18:0/20:4) would be identifi ed by a pre-
cursor ion scan of 241  m/z  in negative-ion mode 
and associated fatty acid side chains would be 
identifi ed as 283  m/z  (C18:0) and 303  m/z  (C20:4) 
[ 103 ]. Overall, shotgun lipidomics analyses are 
prone to ion suppression of detection of minor 
components by molecules that become prefer-
entially ionized but are rapid and accurate for 
quantifi cation using a limited number of internal 
standards.

   For the analysis of lipid classes using LC-MS, 
ion suppression is less of an issue and this 
approach enables resolution of isobaric molecu-
lar species of identical molecular mass, but dif-
ferent molecular structures. LC-MS in lipidomics 
is characterized by an additional layer of separa-
tion preceding  m/z  analysis. A chromatographic 
separation step substantially increases the num-
ber of detectable lipids due to reduced suppres-
sion effects in the ion source [ 104 ,  105 ]. In this 
manner, the identifi cation of very low abundance 
lipids is possible without any manual interven-
tion in the analysis process [ 106 ]. Normal phase 
and reversed phase, as two different modes of 
HPLC, have both been used for different pur-
poses in lipidomics analysis. The normal-phase 

Cells/tissues

Lipid extract

Mass spectrometry Mass spectrometry

Data analysisData analysis

Shotgun
•  Rapid & accurate quantification

•  Minimal internal standards required
•  Not ideal for low abundance lipids

•  Extra time needed for
chromatographic separation

•  Ideal for identification of very
low abundance lipids

LC/MS

Reverse/normal
phase HPLC

Direct infusion

  Fig. 11.5    Lipidomic 
analysis by ESI-MS can 
either be coupled to liquid 
chromatography ( LC-MS ) or 
performed as shotgun 
lipidomics. The advantages 
and disadvantages of both 
methods are shown       
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method is used to separate different classes of 
lipids based on polar head groups and the reverse- 
phase method is often used to separate different 
molecular species in one class based on their dif-
ferent fatty acyl chains [ 93 ]. In addition to  m/z  
values, LC-MS also offers retention time values 
for identifi cation purposes. LC-MS is, however, 
more time-consuming, and as different periods of 
gradient liquid chromatography elution will have 
different ionization capacity, multiple standards 
are required for accurate quantifi cation. 

 Similar to other “omics” technologies, lipido-
mics generates large sets of data. The diversity 
of lipid chemical structures presents a challenge 
both from experimental and informatics stand-
points. So far, although there is a general consen-
sus in the lipidomics community to adopt the lipid 
classifi cation introduced by Lipid Maps [ 97 ], 
there is no similar consistency for data analysis 
programs to interrogate lipidomics mass spec-
trometry results. The need for a robust, scalable 
bioinformatics infrastructure is high at a number 
of different levels: (a) establishment of a globally 
accepted classifi cation system; (b) creation of 
databases of lipid structures, lipid-related genes 
and proteins; (c) effi cient analysis of experimen-
tal data; (d) effi cient management of metadata 
and protocols; (e) integration of experimental 
data and existing knowledge into metabolic and 
signalling pathways; and (f) development of 
informatics software for effi cient searching, dis-
play, and analysis of lipidomics data [ 97 ]. These 
requirements need to be addressed by collab-
orative efforts between researchers working in 
 biology, chemistry, and bioinformatics.  

    Technical Developments 
in Lipidomics Relevant to Breast 
Cancer Research 

 In 2008, Haynes et al. described a method for 
quantitation of subpicomole amounts of long- 
chain and very-long-chain fatty acyl-CoA by 
reverse-phase liquid chromatography combined 
with electrospray ionization tandem mass spec-
trometry in positive-ion mode with odd-chain 
length fatty acyl-CoAs as internal standards 

[ 107 ]. RAW264.7 macrophage cells and human 
breast cancer MCF7 cells were used as examples 
in this optimization, and their analysis revealed 
large differences in fatty acyl amounts and sub-
species distributions [ 107 ]. The amounts of very-
long- chain fatty acyl (>C20) and long-chain fatty 
acyl (<C20) were similar in cancer cells, whereas 
in noncancerous cells, the majority of fatty acyls 
were long chain [ 107 ]. Further lipidomics studies 
in breast cancer cell lines were performed using 
positive and negative modes on electrospray lin-
ear ion trap and electrospray triple quadrupole 
mass spectrometry [ 108 ,  109 ]. These instruments 
combine sensitivity, specifi city, selectivity, and 
speed for accurate analysis of phospholipids 
[ 110 ]. Comparing three different breast cell lines 
(nonmalignant mammary epithelial MCF10A 
cells, nonmetastatic breast cancer T-47D cells, 
and metastatic breast cancer MDA-MB-231 
cells), they reported that phosphatidylcholines 
and phosphatidylinositols were decreased in non-
malignant cells relative to cancer cells [ 109 ]. 
Furthermore, the MDA-MB-231 cell line pos-
sessed the highest levels of phosphatidic acids, 
phosphatidylcholines, and phosphatidylinositols 
[ 109 ]. Advanced mass spectrometry has also 
been applied to characterize lipid profi les directly 
in breast cancer patients, with palmitic acid, stea-
ric acid, linoleic acid, and total fatty acid being 
emphasized as having the greatest potential to act 
as biomarkers of breast cancer [ 111 ].  

    Integration of Lipidomics, Genomics, 
and Proteomics in Breast Cancer 
Research 

 The application of genomics, transcriptomics, 
and proteomics to breast cancer has generated 
huge amounts of information regarding the 
molecular changes that occur in breast cancer 
tissues and cell lines. In comparison to genom-
ics, transcriptomics, and proteomics, lipidomics 
is a relatively new approach [ 99 ]. As such, the 
number of publications including the term “lipi-
domics” (1,475 publications, October, 2012, 
identifi ed using the full-text search function of 
Highwire) is far exceeded by those including the 
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term “genomics” (>154,000) or “proteomics” 
(>66,000) (Fig.  11.6 ). Nonetheless, the over-
all number of publications including both the 
terms “cancer” and “lipidomics” is rising rapidly 
(Fig.  11.7 ).

    Many studies have performed genomic and 
transcriptomic analyses of breast cancer, in order 
to identify genes with signifi cant relationships 
between gene copy number and transcript level 
and hence genes which may represent amplifi ca-
tion targets or tumor suppressor genes [ 112 –
 114 ]. Predictions from transcriptomic studies are 
then frequently validated using protein detection 
techniques, to identify genes that are reproduc-
ibly differentially expressed at both the transcript 
and protein levels [ 115 ]. These integrative 
approaches have highlighted ways in which lipid 
metabolism and profi les are altered in tumors. 
For example, associations between gene copy 
number and expression identifi ed both  ACACA  
(chromosome 17, 32.7 MB) and  NR1D1  (chro-
mosome 17, 35.5 MB) (Fig.  11.4 ) as being poten-
tially druggable amplifi cation targets in breast 
cancer [ 116 ]. 

 In contrast, very few studies have attempted 
to integrate lipidomic and other -omic profi les 
in any biological context [ 117 ]. However, the 
ability of lipidomics to illuminate molecular 
mechanisms of disease when combined with 
transcriptomics data has been recently demon-
strated in the context of breast cancer. Lipidomics 
analysis of a large cohort of human breast tissues 
revealed increased incorporation of de novo syn-
thesized fatty acids into membrane phospholipids 
in tumors versus normal breast tissues [ 118 ].  In 
silico  transcriptomics data [ 119 ] were then inter-
rogated to identify candidate proteins possibly 
underpinning these changes. Candidate proteins 
were investigated using immunohistochemistry, 
revealing that breast cancers with high levels of 
de novo synthesized fatty acids also demonstrated 
high FASN and ACACA levels in cancer cells in 
situ [ 118 ]. A similar approach was employed by 
Brockmöller et al. to investigate the expression of 
glycerol-3-phosphate  acyltransferase (GPAM) in 
breast cancer tissue and to describe associations 
between GPAM immunohistochemical staining 
and metabolomic profi les [ 120 ]. 

 While few breast cancer studies have integrated 
lipidomics with other high-throughput appro-
aches, the importance of integrating  lipidomics 
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  Fig. 11.6    Venn diagram showing the numbers of articles 
including the search terms “genomics” ( n  = 154,904), 
“proteomics” ( n  = 66,439), and/or “lipidomics” ( n  = 1,475) 
or any combination thereof. Relatively high proportions 
of lipidomics articles included either “genomics” ( n  = 256, 
17.4 %), “proteomics” ( n  = 336, 22.8 %), or both terms 
( n  = 155, 10.5 %), refl ecting the status of lipidomics being 
a relatively new fi eld, which is open to integration with 
other “omics” disciplines. Article numbers were gener-
ated using the full-text search function of the Highwire 
literature search engine on 12 October 2012. The Venn 
diagram is shown for illustration and is not drawn to scale       
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with other “omics” technologies is clearly under-
stood by the research community. This is indi-
cated by the fact that of all publications including 
the term “lipidomics” ( n  = 1,475), 17 and 23 % 
also mentioned “genomics” or “proteomics,” 
respectively, and 11 % included all three terms 
(Fig.  11.6 ). The slightly higher co-use of the terms 
“lipidomics” and “proteomics” could refl ect the 
fact that proteomics and lipidomics employ simi-
lar platforms, and it has been proposed that many 
proteomics groups could undertake lipidomics 
projects [ 99 ]. Thus, in the short term, we might 
expect more frequent integration of proteomics 
and lipidomics approaches in cancer.   

    Conclusion and Future Perspective 

 Breast cancer is both an important clinical problem 
and a tractable disease to explore. The combined 
availability of both primary tissue and cell lines 
has meant that breast cancer researchers have acted 
as “early adopters” of profi ling technologies, and 
breast cancer has often served as a test case for new 
technology implementation. A number of factors 
are now leading to increased use of lipidomics 
techniques in the study of breast cancer, beyond 
technological developments within the lipidomics 
fi eld itself. It is now clear that obesity is a major 
environmental cause of cancer, which contributes 
both directly and indirectly to breast cancer inci-
dence. The importance of obesity in driving com-
mon cancers is leading to increased recognition of 
the fact that lipid metabolism is also greatly altered 
in cancer relative to normal cells, although whether 
and how these phenomena are linked need further 
investigation. Alterations in cancer lipid metabo-
lism have been shown through direct investigations 
and indirectly through genomics, transcriptomics, 
and proteomics approaches, which highlight alter-
ations in gene copy number, expression, or protein 
levels of key regulators of lipid metabolism. While 
molecular therapies for cancer continue to repre-
sent a major area of drug development, there is 
increased recognition that drugs developed for 
metabolic conditions such as obesity may also be 
applied for cancer therapy [ 85 ]. 

 Lipidomics faces some particular challenges 
not shared by other “omics” fi elds, such as 
genomics, transcriptomics, and proteomics. 
Sequencing the human genome deduced the gene 
set available to build both transcripts and proteins 
and therefore defi ned the theoretical boundaries 
of molecules relevant to these fi elds. In contrast, 
the number of biological lipids has not been 
defi ned and at present, cannot be predicted [ 99 ]. 
The full identifi cation of all lipid species is ren-
dered further challenging as some are likely to be 
present at low abundance [ 99 ], and if these can-
not be predicted, they are less likely to be identi-
fi ed. Furthermore, lipids exert their functions 
through interactions with proteins, RNA, and 
other molecules within cells, and these interac-
tions are only beginning to be analyzed and 
defi ned [ 121 ]. 

 Despite such challenges, the lipidome is likely 
to present a wealth of opportunities in terms of 
cancer diagnosis and treatment. Identifi cation of 
lipid classes and their structures opens new pos-
sibilities for exploration of lipid alterations in 
cancer, providing novel biomarkers and the basis 
to develop novel therapeutics strategies. The 
metabolome has been described as the amplifi ed 
output of a biological system, with small changes 
in individual enzymes potentially leading to 
large outputs that can be robustly quantifi ed 
[ 122 ]. The immense structural diversity of lipids, 
while currently a major challenge, also provides 
opportunities to defi ne highly specifi c biomark-
ers in disease states such as cancer. Just as enzy-
matic regulators of lipid metabolism have been 
proposed as therapeutic targets in breast and 
other cancers, disease-restricted lipids them-
selves may prove to be therapeutic targets, which 
may be less susceptible to the development of 
drug resistance through individual gene muta-
tions. Given the immense biological and clinical 
relevance of lipids to many human diseases, 
ongoing efforts to identify and classify biologi-
cal lipids, and more frequent integration of lipi-
domics with other experimental approaches, we 
may see lipidomics grow to rival other more 
well-established “omics” fi elds within the next 
10 years.     
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