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been supervised by Dr Josep Guma Padré and Dra Sandra Guaita Esteruelas.

Cancer is a complex disease with multiple risk variables that might
accelerate its progression and development. Obesity is a disease rising the
highest values of prevalence in the modern society. Strong association
between cancer and obesity besides some cancers are embedded in
adipose tissue, allows us to think that adipose tissue might have a role in
cancer progression. Moreover, tumor microenvironment contains high
number of infiltrated macrophages. Consequently, crosstalk between
different elements of the tumor microenvironment might enhance tumor

progression and development.

This thesis analyzes the crosstalk mechanisms between tumor cells and

tumor microenvironment modification.

The disruption of normal cell metabolism, as a new cancer hallmark, leads
to the acquisition of new competent mechanisms in the energy obtainment,

thus enhancing the survival and proliferation of tumor cells.
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Analyzing the metabolism behavior of the different BC molecular subtypes
we try to understand their tumorigenicity, hence, to understand the

possible effects of their altered metabolism in BC patient prognosis.

Furthermore, this thesis wants to assess new possible biomarkers for early
breast cancer identification, hence improving the diagnosis and prognosis

of this disease.

This thesis is based on 4 scientific publications, preceded by an introduction
contextualizing the pathology and the important role of the tumor
microenvironment; finally, being concluded with the discussion of our

results and future perspectives in this field research.
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2.1.Breast cancer overview

The World Health Organization (WHO) defines cancer as a disease originated by
uncontrolled growth of abnormal cells. According to 2018 population data, 18.1
million new cancer cases and 9.5 million related-deaths were recorded [1].
However, the global number of cases is increasing continuously, and would rise

to 24 million new cases per year in 2035 [2].

Breast cancer (BC) is the most common cancer among women in developed

countries and the second leading cause of all cancer-related deaths [3].

2.2.Epidemiology

According to the American Cancer Society, one out of eight women in the United
States will develop BC in their lifetime. In fact, the incidence of BC is rising up
with an accumulative incidence of 3.1% per year [4]. Actually, BC incidence

would reach approximately 3.2 million of new cases per year by 2050 [5].

However, incidence varies depending on different worldwide factors, including
country development or ethnicity. In fact, in developed countries, the incidence
of BC is higher than in underdeveloped countries. Actually, Europe and
America’s incidence and mortality were significantly higher than in Asia and
Africa [1]. Accordingly, while 92 per 10.000 cases of BC are recorded in North
America, only 27 per 10,000 cases are identified in middle-Africa and eastern

Asia [6][7](Figure 1).
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Figure 1. Epidemiology of Breast cancer. Bar chart of region-specific incidence and mortality age-standardized

for cancers of female breast in 2018 [1].

However, the mammography accessibility is higher in high-income countries,
thus might influence the number of BC diagnosticated cases in each region.

Analyzing the death rate in middle- and low-income regions, a higher death rate
is observed compared to high income regions. One of the main factors in BC
outcome is early diagnosis, being crucial for a good prognosis. In richest regions,
an early diagnosis is frequently possible, while in low-income regions BC is often
diagnosticated at late stages, being a decisive factor in the rate death in both
regions [8]. Moreover, accessibility to a better treatment influences the death
rate and in middle and low regions the availability of access to treatment is

limited, and death rate remains high.
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BC prevalence and mortality also vary depending on the ethnicity. According to
cancer statistics from 2013 to 2017, BC prevalence is higher in white and black
women compared to the Asian or Hispanic population [9]. However, developing
Asian countries have a higher BC incidence in young women compared to
western developed countries [10]. Actually, not only BC incidence is associated
with ethnicity, but race. In fact, in non-Hispanic black women, the incidence of
Triple Negative Breast Cancer (TNBC) is higher compared to white women or
those of other races. In the same way, metastatic BCs and undifferentiated
grade tumors have a higher prevalence in this ethnicity [11][12]. However, some
variations in prevalence and incidence of BC could be explained by genetic

predisposition or by the individual’s lifestyle.

2.3.Breast anatomy

Breast is mainly composed of mammary glands surrounded by the connective
stromal tissue (Figure 2). Mammary gland is a modified apocryphal gland made
up of 15-20 mammary lobules. These lobules have a particular structure
consisting of different cells (epithelial and myoepithelial).

Mammary glands are surrounded by a stromal connective tissue that forms the
supporting structure. This tissue is composed of fibrous stroma and a fatty
component. The main function of the fibrous stroma is to attach and secure the
breast to the dermis and to separate the secretory lobules of the breast. On the
other hand, fat component plays an important role in energy storage as well as
breast development and the maturation.

Outside of the breast tissue is found the pectoral fascia, consisting of a thin sheet
of connective tissue which acts as an attachment point for the suspensory

ligaments.
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Figure 2. Breast anatomy. An annotated illustration of a sagittal cross-section of breast anatomy. The tissues
shown are 1. Mammary lobules 2. Fibroblast stroma 3. Fatty tissue. 4. Pectoral fascia. Source: Adapted from

Patrick J. Lynch (Medical Illlustrator)

2.4.Breast cancer classification

Breast cancer is a heterogeneous disease, but traditionally was treated as a
homogeneous disease. As a result, only a percentage of BC patients responded
to treatments. For this reason, a better molecular stratification was studied for
a correct diagnosis and treatment. Then, BCs were classified according to the
presence or absence of hormone receptors (HR) and human epidermal growth
factor receptor 2 (HER2). Accordingly, tumors that expressed estrogen receptor
(ER) and/or progesterone receptor (PR) were classified as hormone receptor-
positive, and those expressing high levels of HER2 as HER2 positive; meanwhile,
tumors that do not express ER, PR or HER2 were catalogued as TNBC. After that,
an improved method for BC molecular stratification was reported, involving four
different subtypes: luminal A (estrogen and/or progesterone receptor positive),

luminal B (estrogen and/or progesterone receptor positive and HER2 positive),
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HER2 (human epidermal receptor 2 positive or enriched) and triple-negative
(negative for these receptors) [11]. This stratification method was based on 50-
gene expression signature (PAM50). Advances in gene characterization and
molecular expression has led to the identification of a fifth molecular sub-type,
the basal-like BC. However, in this thesis for simplicity, Perou classification will

be referred, since it is the most widely used.

2.5.Inherited breast cancer

Although most BCs are not linked to an inherited factor (90-95% of BC are non-
inherited), 5-10% of remaining cases can be explained by inherited genetic
factors [13]. Actually, mutations in different genes are required for disease
initiation and progression. There are specific predisposed genes that are

mutated in different syndromes:

BRAC1/2: Two of the most important tumor suppressor genes are BC associated
genes 1 and 2 (BRAC1/2). BRAC1 and BRAC2 are located on the chromosome
17921 and 13q12, respectively, and they are two important anti-oncogenes that
encode for two suppressor proteins involved in DNA repair. Once a harmful
mutation in these genes occurs, there is an increased possibility to develop
cancer, especially for breast and ovarian cancer. According to several studies,
presence of a BRAC1/2 harmful allele increases drastically the risk to develop
breast and/or ovarian cancer. In fact, while in a general population about 13%
of women will develop BC during their lifespan, the incidence increases
drastically with initial inherited mutation of BRAC1 or BRAC2, suggesting that 55-
72% of women who inherit a mutation in BRAC1 and 45-60% of those women
who inherit a harmful BRAC2 will develop BC in their lifetime [14][15][16]. Thus,

BRAC1 and BRAC2 are two of the most commonly cancer mutated genes,
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although other newly emerging genes are also appearing to explain BC

hereditary [17].

TP53: Tumor suppressor gene TP53 encodes for an essential protein involved in
DNA repair and in harmful stimuli response. TP53 is associated with a high
spectrum of tumors, comprising sarcomas, adrenocortical carcinomas, brain
cancers and very early onset BC [18][19][20]. Mutations in this this gene
contribute to early onset BC compared to the general population [21]. As P53
protein is required for DNA repair, a chemotherapy approach is not considered
for these patients due to the possibility of enhancing secondary tumor

development [22].

PTEN: Phosphatase and Tensin Homologue (PTEN) gene is located in the
chromosome 10. It encodes for a dual phosphatase with both protein and lipid
phosphatase activities. PTEN acts as a tumor suppressor gene by negatively
regulating a major cell growth and survival signaling pathway, the Akt cascade
[23][24]. Germline mutation in PTEN leads to Cowden syndrome, characterized
by a high risk of suffering benign and malignant tumors of thyroid, breast and
endometrium [25][26]. BC research data confirm that individuals that suffer this
syndrome have an increased BC risk and that over 90% of individuals with this

syndrome will display some forms of clinical manifestations by their 20s [27].

STK11: The Serine/Threonine kinase gene (STK11/LKB1) is a tumor suppressor
gene which mediates apoptosis and cell cycle regulation. Germline mutation
that causes Peutz-Jeghers syndrome, characterized by mucocutaneous
pigmentation and hamartomatous polyposis [28]. Mutations in this gene are
also associated with higher BC risk, as well as other type of cancers such as

pancreatic, ovarian, cervix, and lung cancer. In addition, mutations in
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STK11/LKB1 increase drastically the possibility of suffering any other type of
cancer by up to 85% [29].

CDH1: The E-cadherin gene (CDH1) encodes for an adhesion molecule that plays
an important role in stablishing junctions between epithelial cells. Several
studies have demonstrated a strong association between germinal mutations in
CDH1 and hereditary diffuse gastric carcinoma [30]. Indeed, the cumulative risk
of CDH1 mutations with gastric cancer is approximately 67% in males and 83%
in females [31].Therefore, patients with CDH1 mutated also displayed a high
predisposition to lobular BC and colorectal cancer [31][32][33]. Women with
CDH1 mutations also face a 40-45% higher risk along their lifespan of developing
lobular BC [30].

Nevertheless, hereditary BC accounts for only about 5-10% of all BCs. Most cases
occur in a spontaneously. In fact, about 90-95% of BC cases do not occur because
of an inherit profile mutation [13]. In fact, different risk factors can influence the

incidence of BC.

2.6.Risk factors

Age is one of the most important risk factors in cancer. The probability of
developing BC, as well as many other cancer types is higher at late ages. In fact,
the probability of developing invasive BC increases from 2% in female before the
49 years old to 3.5% and 7% in women at the age of 60s and 70s, respectively
[34]. Interestingly, during premenopausal stage, BC risk increases exponentially
with the age, while it progresses slowly during post-menopausal period [35].
Breast is an estrogen and progesterone sensitive organ, and the dysregulation

of these hormones can influence breast normal behavior. In fact, hormone
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replacement therapy in post-menopausal women can also increase the BC risk

[36][37].

Moreover, different reproductive characteristics can affect the BC incidence in
women. Actually, low parity, late first menarche, or a delay in menopause,

among others, are some risk factors that increase BC risk [13][38][39][40].

Albeit these factors can modulate the incidence of BC, one of the main risk
factors that has an important role in BC development and progression is the
population lifestyle. In fact, some studies suggest that a good lifestyle with a high
percentage of physical activity and an equilibrated diet might reduce most

cancer risk, including BC.

Nowadays, modern lifestyle includes high alcohol consumption and high fat
diets as well as increased smoking habit. These factors are highly implicated in
cancer incidence and progression. Alcohol consumption has been linked to
higher estrogen related hormones levels and the activation of different estrogen
receptor pathways [41][42]. Besides, strong associations between alcohol intake
and BC cells invasiveness have been described by increasing the secretion of
matrix metalloproteases (MMP) 2 and 9 [43], as well as by activating the
canonical proliferative and invasive pathways in cancer stem cells [44].

Although there are controversial results about smoking habit and BC,
accumulative studies suggest that smoking, especially at early ages, increases BC
incidence in women [45]. Therefore, a positive correlation has linked BC to
cigarettes and alcohol consumption [46]. These data, combined with studies
correlating smoking habits and almost all type of cancers confirm these habits

as risk factors.
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Nevertheless, one of the most important modifiable risk factors is diet. Western
countries lifestyle has generated diets based on a high percentage of fat,
especially saturated fatty acids [47]. As a matter of fact, obesity is closely related

to an increased risk of many type of cancers, including BC [48].

2.7.0besity and breast cancer

Obesity is a chronic disease affecting high percentage of the population. This
condition is characterized by weight gain and is associated with an increase in

adipose cells in number and size.

Overweight and obesity are the fifth leading cause of death worldwide. Actually,
approximately 3.4 million deaths are directly or indirectly associated with
obesity [49][50]. However, obesity is also related to an increase of
comorbidities. In fact, numerous studies have related obesity to different

diseases, including diabetes mellitus, cardiovascular disease and cancer [51].

Essentially, in 2007, diverse cancer types have been associated with obesity.
[52]. BC incidence is also highly influenced by a high fat diet, being obesity
closely related to this kind of cancer. Controversially, premenopausal obese
women BC risk is notably reduced [53], whereas postmenopausal obese women
have higher BC risk [54]. In addition, obesity is associated with lower risk of ER-
positive BC and higher risk of TNBC in premenopausal women. Though, in
postmenopausal women, obesity is associated with a higher risk of ER-positive
BC, but has not effect on the risk of ER-negative BC [55]. Besides these
controversial data, it is well stablished that obesity increases the risk of death in
both premenopausal and postmenopausal BC patients [56]. In order to

understand how the obesity, hence the adipose tissue can influence tumor cells
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development, we should focus on the behavior of these type of cells, as well as
on the mechanisms that become crucial for their progression. These
mechanisms are functional acquirable capabilities that allow cancer cells to

survive, replicate and disseminate and are named as cancer hallmarks.

2.8.Cancer hallmarks

Six biological capabilities have been initially proposed as cancer hallmarks. These
cancer hallmarks include sustained proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis [57](Figure 3). In addition,
new studies have led to the consideration of further new cancer hallmarks such
as avoiding immune destruction, tumor-promoting inflammation, genomic

instability and deregulating cellular energetics [58][59][60](Figure 4).

Sustaining proliferative
signaling

Resisting Evading growth
cell death Suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 3. Classical cancer hallmarks. lllustration of the six original cancer hallmarks: Sustaining proliferative
signaling, Evading growth suppressors, Activating invasion and metastasis, Enabling replicative immortality,

Inducing angiogenesis and Resisting cell death.[61]
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2.8.1. Sustained proliferative signaling

While normal tissue controls the cell number and homeostasis, tumor cells can
chronically proliferate, modifying different mechanisms that control this
homeostasis. In order to modify cell homeostasis, tumor cells uses mechanisms
closely linked to growth signals and their receptors. This process is regulated by
different growth factors that bind to surface receptors, whose tyrosine kinase
domains amplify the signal cascade. Normal tissues control the production and
releasement of growth-promoting signals in order to maintain tissue
architecture and function. In addition, as a regulatory mechanism, cells control
the production and functionality of their growth receptors. Tumor cells become
masters of their fate, and by different mechanisms, they are able to proliferate

uncontrollably.

Over-production of the receptor ligands can generate higher levels of signals
from these receptors and sustain an autocrine-mediated proliferation.
Moreover, tumor cells can also over-produce growth receptors, increasing the
proliferative signals. Once growth factors have been recognized by the
receptors, their stimulation leads to the initiation of downstream signal
cascades that activate different kinases activating transcriptional mechanisms

that increase cell proliferation [62][63][64][65].

Mutations in downstream proteins can also generate the sustained activation of
the proliferative signals. Protein kinases are key molecules whose mutations are
closely associated with overactivation of proliferative signaling pathways. Two
of these signaling proteins are the phosphoinositide 3-kinase (P13-kinase) and its

downstream effector protein Akt (also called PKB/ Protein kinase B). In fact,
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array analyses have detected mutations in the catalytic subunit of distinct Akt

isoforms in different types of cancer [66][67].

Moreover, proteins, such as Ras, Raf or mitogen activated protein (MAP) kinase,
components of the of the classical MAPK signaling pathway, are also mutated in
many cancer types, especially in melanoma. In fact, RAS is mutated to an

oncogenic active form in about 15% of human cancers [68].

A negative feedback loop controls the overactivation of these pathways and
ensures homeostatic regulation of these proliferative signals in normal cells.

Mutations in negative regulation mechanisms can sustain the proliferative
signaling. Phosphatases, including PTEN, are key proteins that negatively
regulate this pathway by the dephosphorylation of different molecules such as
Inositol Phospholipid-3 (PIP3). Loss of function, mutations or gene promoter
suppression of PTEN triggers to an amplification of PI3K signaling, thus

promoting tumor progression [69].

In the same pathway, mTOR also plays an important role in the proliferation
signals by the regulation of PI3K-Akt pathway [70]. Actually, pharmacological
inhibition of MTOR by Rapamycin results in a reduction of cell proliferation, thus

being an effective treatment in certain cancer cases [71].

2.8.2. Evading growth suppressors

Tumor cells have several powerful programs that negatively regulate cell
proliferation via tumor suppressor genes. Two of the most studied tumor
suppressor genes encode for the retinoblastoma-associated (RB) protein and

TP53 protein which negatively regulate cell cycle progression. Tumors with
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mutations in any of these key tumor suppressor genes will show a lack of the
gatekeeper of cell-cycle progression genes, leading to uncontrolled proliferation

[72][73].

In addition, a second mechanism that controls cell proliferation is cell-to-cell
contact. NF2 gene product orchestrates the union of cell-surface adhesion
proteins to transmembrane tyrosine kinase receptors. These adhesions block
the activation of these receptors, thus limiting the efficiency of mitogenic signals

[74](75].

2.8.3. Resisting cell death

Apoptosis is a mechanism that orchestrates programmed cell death, being a
crucial barrier to cancer progression. This process is crucial for the correct
functionality of an individual organism [76]. One of the main roles of cell death
is involved in the eradication of cells with significant damages or out of control,
avoiding the spread of aberrant information to descendant cells. In fact, TP53,
as a DNA damage sensor, regulates the activation of cell apoptosis [77]. Pro and
anti-apoptotic regulators control the apoptosis program in a balanced manner.
The presence of a higher amount of pro-apoptotic regulators induces the
releasement of cytochrome-c from the mitochondria that finally will activate a

caspase complex, hence cell programmed death [78][79].

Moreover, FOXO family (FOX03, FOXO1 and FOX04) is a subclass of
transcription factor involved in the homeostasis against oxidative stress,
primarily regulated by Akt. The main role of FOXO proteins is to arrest cell cycle
and proliferation before inducing cell death. FOXO inhibition represses the

expression of Bim, a proapoptotic protein, enhancing cell survival [80][81][82].
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Consequently, alterations in any of the different mechanism elements lead to an
incompetent programmed cell death, hence to the enhancement of tumor cells

resistance.

2.8.4. Enabling replicative immortality

This cancer hallmark is one of the most important and crucial for the generation
of macroscopic tumors. Normal cells have different complex mechanisms that
establish limits in cell proliferation and renewal, avoiding the situation of infinite

replicability.

Telomers are composed by multiple tandems of hexanucleotide repeats,
protecting both ends of the chromosome from telomerase action. Telomers
length indicates how many successive cell duplications can be performed before
telomers are completely shorted, becoming senescent cells [83]. By inhibition of
telomerase as well as blockade of TP53 and RB pathways, tumor cells can avoid

senescence, leading to the replicative immortality [84].

2.8.5. Inducing angiogenesis

As tumor cells are continuously proliferating, there is a high demand of nutrients
and oxygen, being essential creation of new blood vessels for tumor irrigation.
In normal conditions, the generation of new vasculature becomes quiescent in
adulthood. Nevertheless, tumor can generate a pro-angiogenic switch as well as

to maintain new vessels for continuous nutrient delivery [85].
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2.8.6. Activating invasion and metastasis

Tumors progress continuously to higher pathological grade until tumor cells
acquire the capacity to metastasize and invade new niches [86]. However,
malignant cells are located in a complex tissue surrounded by different cells and
extracellular matrix (ECM), hence developing different morphological
modifications as well as ECM alterations are essential steps local and distal
metastasis. In fact, dysregulation of ECM proteins, such as E-Cadherin, N-
Cadherin or Vimentin, can lead to tumor cells attachment loss, increasing their
mobility [87]. Moreover, changes in different enzymes expression, such as
metalloproteases, can cause ECM degradation, increasing the possibility of
invading the surrounding tissues and to arrive to the blood stream or the

lymphatic nodes for dispersion [88].

Invading cancer cells can then enter in circulation by migrating directly through
blood vessel walls (transmigration) [89]. If they survive the shear stress and the
protective immune cells in the bloodstream, they can eventually attach to
endothelial cells (ECs) that line the blood vessels. Circulating tumor cells should
extravasate before proliferating in the stroma. Importantly, only a small
proportion of these cells are able to accomplish all the steps and develop a new
metastatic focus. To success, tumor cells require a high degree of “cell plasticity”
referring to the ability of cells to reversibly change phenotypes. An example is
seen in carcinomas, where epithelial cells acquire mesenchymal characteristics
as well as the ability to migrate and invade adjacent tissues, a process termed

Epithelial-Mesenchymal Transition (EMT) [90].
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2.9.New cancer hallmarks

2.9.1. Genome instability and mutation

Acquisition of all different cancer hallmarks mentioned above requires a specific
succession of alterations in cell genome, leading to an increase in random
mutations that will finally orchestrate different cancer hallmarks. While normal
cells have a very low rate of mutations, cancer cells acquire a high mutation rate,
primarily by an increase in cells susceptibility to mutagenic agents and/or events
[59]. This is due to an alteration in the machinery involved in the genomic
surveillance and maintenance that will lead to accumulation of gene mutations.
It will eventually result in the disruptions of many pathways involved in cell cycle

checkpoints, DNA repair, and survival control, among others.

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Ny Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 4. Emerging cancer hallmarks. lllustration of the new hallmarks of cancer: Deregulating cellular
energetics, Avoiding immune destruction, Tumor-promoting inflammation, and Genome instability and

mutation [61].
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2.9.2. Tumor promoting inflammation

In addition, tumors are highly infiltrated by different immune cells. Usually,
immune system produces a proinflammatory status once pathogens are
recognized, increasing immune cell infiltration. [91] Tumors are recognized by
the immune system, neutralizing these specific “pathogens”. However, recent
studies have also demonstrated that chronic inflammation in specific areas
might have important roles in cancer development and progression [92][93].
Inflammation can induce production and releasement of growth and survival
factors, as well as extracellular enzymes, that are able to modify the ECM,

facilitating tumor cell invasion or EMT [94][95].

Moreover, chronic inflammatory microenvironment elevates the number of
macrophages and other leucocytes, generating high levels of reactive oxygen
and nitrogen species. These molecules are potential mutagenic molecules and

may ultimately produce DNA damage, thus increasing mutagenic ratio [96][16].

2.9.3. Avoiding immune response

Although proinflammatory status is crucial for cancer progression, inflammatory
cell infiltration contributes either positively or negatively to tumor progression.
As mentioned above, chronic inflammation might help in tumor progression.
However, a lack of immune response against tumor cells will clearly allow
malignant cells to proliferate and progress without any immune barrier [97]. In
fact, an immunosuppressive state increases drastically the chance of developing
cancer [98][99]. Experiments performed in immunodeficient mice have

demonstrated that both innate and adaptative response contribute to tumor
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elimination, thus, immune response deficiency significantly increases cancer

development susceptibility [100][101].

However, a competitive and functional immune system does not guaranty the
tumor eradication. In fact, tumor cells are able to evade immune system by
disabling the different machinery that recognizes and destroys them. For
example, tumor cells can avoid immune system recognition through cell surface
modifications. In fact, loss of tumor antigens as well as the ability to modify
MHC-1 antigen presentation are two of the main mechanisms used by tumor
cells in the immune system evasion [102]. Therefore, “immunoediting” plays a
decisive function in cancer progression. Tumor cells can modify the behavior of
immune system for their own benefit. Actually, tumor cells can promote
immunosuppressive  status  development by the production of
immunosuppressor molecules that inhibit T cells function and viability
[103][104]. Moreover, these molecules recruit immune cells whose function is

to create an immunosuppressive status in the tissue [105][106].

2.9.4. Deregulated cellular energetics

Approximately ten decades ago, Otto Warburg observed an altered metabolism
in tumor cells with enhanced glycolytic pathway compared to normal cells,
which is now known as Warburg effect [107]. In fact, tumor cells are highly
glucose dependent [108]. Anaerobic glycolysis provides cancer cells the energy
to proliferate, as well as molecules for cellular building blocks synthesis. The
reprogramming of metabolism in tumor cells will produce a considerable
deregulation in certain metabolites classified as oncometabolites, which are
crucial for cancer diagnosis [109]. Reprogramming energy metabolism improves

cellular competence, giving tumor cells a selective advantage. On the other
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hand, high energy demands also require an overactivated machinery to fuel
tumor. However, as an energy production mechanism, glycolysis is less efficient
in ATP production than mitochondrial oxidative phosphorylation. Tumor cells
will produce glycolytic intermediates that will benefit in the assembly of the
macromolecules and organelles that are required in cell division and
proliferation [110]. Lipids are the principal cell membrane component. Thus,
tumor cells produce high amount of lipids for cell membranes synthesis, as well
as for metabolic reactions and signaling [111]. As tumor cells are embedded
within a complex stroma, deregulation of cancer lipid, aminoacid and nucleotide

metabolic programs might be mediated by the tumor microenvironment.

2.10. Tumor microenvironment

Tumors have been recently recognized as high complex organs, with numerous
interactions between tumor cells and their surrounding microenvironment.
Actually, tumor microenvironment can play a key role in cancer initiation and
progression. There is a continuous exchange of information between different
elements of the tumor microenvironment, through hormones, cytokines and
growth factors, that are constantly released and uptaken by the cancer as well
as stromal cells [112].

Breast is composed of diverse cell types, including endothelial cells, fibroblasts,
immune cells and adipocytes. In normal physiological conditions, crosstalk
between all these cells in the mammary microenvironment is responsible of the

correct functionality and development of mammary gland (Figure 5).

The stroma maintains epithelial polarity and controls abnormal proliferation and
neoplastic formation [113]. Myoepithelial cells are a clear example of how the

normal stroma controls this process, acting as gatekeepers of tumor formation
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by producing a basement membrane that acts as a barrier around luminal
epithelial cells. In fact, their loss promotes conversion of ductal carcinoma in situ
into an invasive carcinoma [114][115].

Each cell type that conforms the tumor microenvironment has a crucial role in
tissue homeostasis, hence crosstalk between tumor cells and different tumor
microenvironment components might induce tumor progression and

development.
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Figure 5. Tumor microenvironment. Schematic representation of tumor microenvironment, where different
cell types coexist with tumor cells. Tumor microenvironment is compound by a complex heterogenicity of
adipocytes, fibroblasts, and immune system cells whose crosstalk prepare an excellent niche for cancer

progression. Adapted from Bio Render.

2.10.1. Fibroblasts

Fibroblasts are one of the most abundant cells in the organism and are located
in the stroma of breast tissue. Bidirectional communication between these cell
type and tumor cells has been described. In fact, tumor cells can modify
fibroblast transcriptome, causing their transformation into cancer associated

fibroblasts (CAFs) [116]. Moreover, progressive conversion of resident normal
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fibroblasts into CAFs during tumor development has been observed in vivo [117],
where an activation of transforming growth factor B (TGF-B) and stromal cell
derived factor 1 (SDF-1) pathways are notably present. These pathways
activation is strongly associated with fibroblast differentiation to CAFs, and their

inhibition significantly reduces this transformation.

Moreover, CAFs can modulate the tumor progression in different cancers,
including BC. CAFs release a high number of factors and cytokines that
contribute to tumor progression [118][119][120]. Besides, CAFs assist tumor
cells in the acquisition of drug resistance. For example, CAFs protect MCF-7 cells
against apoptosis induced by different anticancer treatments [121], as wells as
CAFs can confer doxorubicin resistance to TNBC cell line MDA-MB-231[45].
Furthermore, EMT can be induced by the communication between BC cells and
CAFs, leading to a high metastatic tumor behavior and a poor outcome in the
organism [122].

Summarizing, high heterogenicity, plasticity and functionality of CAFs confer a
pro-tumorigenic behavior to tumor cells, hence increasing cancer progression

and development [123].

2.10.2. Immune system

Immune system acts as a natural barrier against foreign pathogens as well as
aberrant cells from the organism. There are diverse immune cells in breast
stroma, including macrophages, dendritic cells, and lymphocytes.
Communication between the immune system and tumor cells is crucial for
cancer development and progression. Through this crosstalk, tumor cells are

able to modify immune system behavior for their own benefit [124], being
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essential the analysis of the different immune system components that are

susceptible to tumor modification.

The first layer of immune system is composed basically of macrophages and
dendritic cells. Macrophages are the most abundant leucocyte population in
breast stroma and are part of the innate immunity system, being the first
defense barrier. Macrophages use to be categorized phenotypically as M1 and
M2 macrophages. M1 phenotype is characterized by the activation of
proinflammatory genes and releasement of a high amount of proinflammatory
cytokines, whereas M2 phenotype is associated with the expression of anti-
inflammatory genes and is involved in wound healing and tissue remodeling
[125]. Various studies have determined that a M1 phenotype acts as an anti-
tumor barrier by enhancing the inflammation in the affected region, that will
lead to detection and elimination of tumor cells, while a M2 phenotype leads to
progression of the tumor by inhibiting the proinflammatory status and immune

response [126].

High levels of infiltrated macrophages are detected in solid tumors, described as
tumor associated macrophages (TAMs) and they have crucial role in cancer
progression. Indeed, TAMs have been closely associated with tumor growth,
angiogenesis, tissue remodeling and suppression of adaptative immunity [127].
[128]. Furthermore, TAMs, can also facilitate tumor cells invasion and migration
into blood stream; hence, TAMs are strongly involved in metastasis
[16][129][130]. Higher number of infiltrated macrophages in tumor
microenvironment have been described, correlating with worst prognosis in BC
patients [127][131].

Moreover, TAMs are consistent of a major of M2 macrophage population,

although they also contain elements of both polarized M1 and M2 subtypes
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[132]. By releasing a diverse spectrum of cytokines, such as IL-10, the
chemokine (C-C motif) ligand CCL2, CCL17, CCL22 and TGF-8, TAMs help tumor
cells survival and dissemination [129] [133] [134].

Although most of studies suggest that an anti-inflammatory status is essential
for cancer development, a pro-inflammatory status has also been shown to be
crucial in cancer development. Thus, inflammatory status might be beneficial
but also harmful for cancer development and progression. Though M1
macrophages are known to be antitumoral, they can also enhance tissue
damage and inflammation, which are associated with tumor progression during

early stages of tumorigenesis [135].

Moreover, this inflammatory status can be controlled by a number of different
secreted cytokines and chemokines, leading to infiltration of diverse immune
cells, such as natural killers, dendritic cells, and lymphocytes [136] [137]. T-
regulatory (T-reg) lymphocytes are one of the components of the inflammatory
regulation system, that modulate the tumor behavior. These cells have a crucial
role in host protection from autoimmune diseases by regulating inflammatory
response. Tumor cells can hijack this function and enhance the role of T-
regulatory (T-reg) lymphocytes. As a consequence, T-reg cells prepare an
immune-suppressive microenvironment that allows tumor cells to avoid

immune response favoring their escape and progression [138][38].

2.10.3. Adipose tissue

Cancer microenvironment, such as ovarian, colon, renal, gastric, and BC, among
others, is commonly surrounded by adipose tissue. Traditionally, adipose tissue
has been considered only as an energy storage tissue. However, numerous

studies have now demonstrated that the adipose tissue is an active endocrine
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organ with diverse functions in the organism. Adipose tissue is responsible of
eating behavior modulation, steroid hormones, cytokines and adipokines
production, and immune system control [139][140]. An imbalance in these
physiological functions can lead to severe consequences in the organism.
Accordingly, some studies have significantly correlated obesity to cancer

progression [141][142].

As fat is the major component of breast tissue, the role played by adipocytes
could be an important and decisive factor in BC progression. In fact, peritumoral
adipose tissue, known as visceral tumor-surrounding adipose tissue, plays an
important role in cancer development. Crosstalk between adipocytes and tumor
cells benefit cancer progression. These interactions can alter the phenotype of
peritumoral adipocytes, by modifying their transcriptome, proteome, and
metabolome, culminating in the dedifferentiation of adipocytes into a
fibroblast-phenotypic state, commonly termed as cancer associated adipocytes
(CAAs) [143]. CAAs are characterized by a decrease in adipocyte markers, such
as adiponectin and resistin, as well as by a reduction in transcriptional
regulators, peroxisome proliferator activated receptor Y (PPARY) and co-
activator CCAAT/enhancer binding protein o (C/EBP a), which ultimately
produces a decrease in lipid droplet number and size due to increased lipolysis.
Moreover, CAAs also display an overexpression of proinflammatory cytokines
such as IL-1R, IL-6 or tumor necrosis factor (TNF-o.), MMPs such as MMP-11, and
chemokines such as CCL2, CCL5, cytokines [141]. The increment of MMP-11 and
stromelysin-3 can reduce the pre-adipocytes differentiation into mature
adipocytes and revert mature adipocyte phenotype into a more fibroblast-like
cells [93][92]. In addition, CAAs present alterations in the production and

releasement of certain cytokines compared to normal adipocytes. In fact, high
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levels of Interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP1) and

CC-L5 are significantly upregulated in CAAs [144] (Figure 6).
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Figure 6 Obese adipose tissue generates a pro-inflammatory and angiogenic environment. lllustration where
is described how healthy adipose tissue secretes anti-inflammatory factors such as IL-4, IL-10, IL-13 or TGF-f3
as well as anti-angiogenic factors like adiponectin preventing cancer stem cells (CSCs) progression, whereas
obese adipose tissue secretes pro-inflammatory molecules such as TNF-a, IL-1f3, IL-6, IL-8 or CCL2, as well as
pro-angiogenic factors such as VEGF, Leptin, IL-6, IL-8, CCL2 leading to an increase in CSCs tumorigenicity. TNF,
tumor necrosis factor; IL, interleukin; VEGF, vascular endothelial growth factor; CCL, chemokine (C-C motif)

ligand [55].

IL-6 is a proinflammatory cytokine involved in tumor progression by enhancing
invasion and metastasis via the MAPK pathway [145]. MCP-1 and CCL-5 are

chemoattractant cytokines which stimulate macrophage infiltration into
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adipose tissue and promote a pro-inflammatory status that can lead to the
development and progression of the tumor[144] [18]. Tumor crosstalk with
peritumoral adipocytes can generate alterations in adipokines and cytokines

production, thus enhancing cancer hallmarks [146] [140] (Figure 7).
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Figure 7. Pro-tumoral cancer associated adipocytes (CAAs) secretome. CAAs release different molecules that,
directly or indirectly, affect tumor cells progression. Red and blue rows represent the increment and decrease
of molecules releasement from CAAs compared to normal mature adipocytes. Central panel represents a
variety of immune system cells that are suppressed (blue lines) or activated (red arrows) by the releasement of
certain CAAs molecules. IL, interleukin; TNF, tumor necrosis factor; HGF, hepatocyte growth factor; IGF, insulin
growth factor; TGFB, transforming growth factor 8; VEGF, vascular endothelial growth factor; IGFBP2, IGF
binding protein 2; CCL, chemokine (C-C motif) ligand; FFAs, free fatty acids; BHB, 8-hydroxybutyrate; MMP,
metalloprotease; PAI-1, plasminogen activator inhibitor 1; PLOD2, procollagen-lysine 2-oxoglutarate 5-
dioxygenase 2; M, macrophages; NK, natural killer cells; TAN, tumor associated neutrophils; DC, dendritic cells;

MDSC, myeloid derived suppressor cells; T Reg, regulatory T cells [156].
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CAAs exhibit several metabolic changes as well as an altered releasement
pattern of metabolites such as lactate, pyruvate, free fatty acids, and ketone
bodies to the ECM, fueling the malignant progression of adjacent tumor cells
[147]. Tumor cells can also internalize these lipids into their metabolic pathway
for oxidation and energy production and to activate different oncogenic

signaling pathways [141].

Lipids are the main components of cellular membranes and organelles. These
molecules are crucial for renewal and cell proliferation. As tumor cells are
continuously proliferating, their demand for lipids increases drastically. In fact,
several studies have demonstrated the role of lipid metabolism in cancer

progression [45].

Lipids include an heterogenous variety of molecules. Depending on structure
and composition, different biological roles are attributed, from membrane
composition to energy storage or cell signal transduction [148][149]. Among
huge spectrum of lipid families, fatty acids are the base of most of them. These
molecules are used for the lipid biosynthesis, including diacylglycerides (DAG)
and triglycerides (TAG). Interestingly, final products can be used also as
alternative energy mechanism by the fatty acid oxidation (FAO) pathway. In fact,
tumor cells show important changes in several enzymes promoting proliferation,
metastasis, stemness and chemoresistance, partially by the increment in energy
obtainment [150][151]. In addition, this pathway is significantly upregulated in
TNBC overexpressing MYC oncogene [152][153]. Interestingly, FAO can also
promote BC cell stemness and chemoresistance, whereas its inhibition sensitizes

tumor cells to chemotherapy [154].
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Within this heterogenicity of lipid families, phosphatidylcholines (PC),
phosphatidyletilamides (PE), sphingomyelins (SM) or ceramides (Cer) constitute
some different lipid families whose presence in plasma serum has been

significantly altered in cancer [155].

Moreover, among different biologically active lipid molecules whose function is
crucial in signaling regulation, steroidal hormones acquire a significant
importance. They are hormones whose principal precursor is cholesterol and are
involved in several mechanisms, such as the menstrual cycle, organism growth

and development.

Interestingly, different studies have demonstrated a positive association
between elevated cholesterol levels and cancer risk increment [157][158].
Synthesis and homeostasis deregulation, hence the deregulation of its biological
functions might explain the mechanism that underlined cholesterol effects on

cancer progression.

Cholesterol homeostasis is strongly regulated at different levels. Sterol
regulatory element binding protein transcription factor 2 (SREBF2) and liver X
receptors (LXRs) are the principal regulatory elements of cholesterol
homeostasis [159][160]. According to Cancer Genome Atlas (TCGA) database,
several cholesterol synthesis genes have been correlated to patient survival
[161], thus suggesting a clear correlative link between cholesterol synthesis

pathway and cancer outcome[162].

Moreover, CAAs also increase leptin production whiles adiponectin
releasement. These two adipokines control several physiological processes

related to feed behavior in the organism and their dysregulation has been



UNIVERSITAT ROVIRA I VIRGILI

IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.
CLINICAL AND PATHOGENIC ASPECTS

Jose Adria Cebrian

observed to be implicated in different metabolic disorders, such as
cardiovascular disease, insulin resistance ,type 2 diabetes, and cancer [163]. In
vitro studies have found that leptin deregulation tumor and stroma interaction,
promoting the BC cells invasive growth [140]. Furthermore, high leptin and low
serum adiponectin levels have been correlated to higher BC risk and
aggressiveness, and worse patient prognosis [140] [164]. On the other hand,
leptin is also implicated in angiogenesis enhancement, macrophage
differentiation, inflammation, and anti-apoptotic factors releasement
[144][165]. In addition, some adipokines upregulation, such as plasminogen
activator inhibitor -1 (PAI-1), retinol binding, visfatin, resistin, TNF-alfa, retinol
binding protein 4 (RBP4), or autotaxin increases BC pro-tumorigenicity

[166][167][168][169][170][171].

Besides, fatty acid binding proteins or FABPs expression, is also dysregulated in

obesity and can be influenced by the tumor cells [172].
Summarizing, link between an altered production of all these adipokines and BC
opens new strategies in cancer diagnosis and treatment, especially regarding

inflammation and tumor invasion.

2.11. Fatty acid binding proteins (FABPs)

FABPs are a family of small water soluble proteins (14-15 kDa) that can bind to
long chain fatty acids (LCFA) or other ligands such as eicosanoids and
thiazolidinediones, regulating lipid trafficking and cell signaling responses [173].
According to their presence in different tissues, they have been classified into
specific FABP subtypes. However, some of these proteins are expressed in

multiple tissues as well as they can be co-expressed in the same tissue [174].
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Several studies have examined FAPBs role in fatty acids storage as lipid droplets,
different gene expression modulation, as well as in cell proliferation and
differentiation regulation. Changes in lipid metabolism, as a result of FABPs
dysregulation are associated with different metabolic disorders, such as obesity,

diabetes, hepatic steatosis and cancer [175][176][177][176].

2.11.1. FABP4

Fatty acid binding protein 4 (FABP4), also called adipocyte protein 2 (aP2) or
adipocyte-fatty acid binding protein (A-FABP), is predominantly located in the
adipose tissue, monocytes, and macrophages, although it can also be found in
different cell types and tumors [176]. In consequence, FABP4 has also acquired
special attention in the field of obesity and in many diseases including cancer.

Interestingly, abdominal tumors, like ovarian cancer, have a high probability of
metastasizing into omemtum [178]. Interestingly, whereas metastatic cells have
significantly increased expression levels of FABP4, FABP4 expression is not
usually detected in primary tumor. In addition, tumor cells in close contact with

adipocytes also increase FABP4 expression [112].

Furthermore FABP4 transcript and protein levels are increased in obese mice
compared to their lean counterparts [179]. FABP4 has been strongly associated
with different metabolic diseases, including obesity, diabetes and
atherosclerosis [180][168][181][40][182]. In agreement, high levels of FABP4
expression are linked to higher risk of developing BC [172], showing a possible
association between cancer, obesity and FABPA4. In fact, high levels of FABP4 are
positively correlated to higher BC incidence [183]. In addition, Gharpure et al.,
have also reported significant reduction in progression-free survival of those

ovarian cancer patients presenting higher expression levels of FABP4 [184].
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Diverse signaling pathways have been described as downstream targets of
FABP4. One of these pathways is PI3K/Akt signaling pathway. Uehara et al have
described that exogenous FAPB4 promotes prostate cancer cell invasion in vitro
through the enhancement of this pathway. In addition, they have demonstrated

that FABP4 inhibition reduced lung cancer growth and metastasis [185].

Furthermore, previous results have reported that FABP4 addition enhanced of
fatty acid binding proteins FABP5 and CD36 as well as FOXM1 expression.
Moreover, these studies also demonstrated that exogenous FABP4 activated the
MAPK and Akt pathways promoting the proliferation of BCC lines MDA-MB-231
and MCF-7 [187] (Figure 8).
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Figure 8. FABP4 role in cancer biology. Illustration of the possible FABP4 functions in tumor cells. FABP4 plus
FFA are released to the extracellular media and after their internalization within the tumor cell there is an
activation of PI3K/Akt as well as MAPK/ERK signaling pathways, leading to the increase of FOXM1, FABP5 and
CD36[188].

Moreover, FABP4 is also implicated in prostate cancer development. In vitro

studies with the prostate cancer cell line PC-3 have demonstrated that FABP4
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enhanced the secretion of inflammatory cytokines, such as IL-6 and IL-8. In
addition, FABP4 also increased the metalloproteases MMP-9 and MMP-2
expression, enhancing their metastatic behavior. Conversely, they also verified

that FABP4 inhibition reduced these metastatic abilities [186].

FABP4 is also present in macrophages, and it has been detected a higher
expression in a subpopulation of tumor associated macrophages predominantly
present in late-stage BCs. These subpopulations presented an overactivation the
nuclear factor kB (NFkB) pathway, leading to the enhancement of the pro-
inflammatory and pro-tumorigenic cytokine IL-6. (Figure 9). FABP4 depletion in
these macrophages resulted in a significant decrease of the tumor growth and

metastasis [133].

The Nieman laboratory has shown that FABP4 binds to FFA, providing energy for
ovarian tumor cell growth and metastasis [190]. In vitro and in vivo studies have
also demonstrated that FABP4 is implicated in invasion, migration and epithelial-
mesenchymal transition of cholangiocarcinoma cells. Furthermore, FABP4
inhibition by the specific small molecule inhibitor BMS309403 [2’-(5-Ethyl-3,4-
diphenyl-pyrazol-1-yl)-biphenyl-3-yloxy] decreases its effects on metastasis and

EMT [191].

Formation and assembly of new vessels is crucial for tumor cell dissemination
and is mainly orchestrated by the protein vascular endothelial growth factor
(VEGF). In glioblastoma, angiogenesis has been demonstrated to be mediated
by FABP4-VEGF axis. Specifically, the overexpression of FABP4 in glioblastoma
can potentiate the pro-angiogenic role of VEGF, leading to an enhancement of
tumor cells metastasis [183][192]. In fact, FABP4 knockdown in endothelial cells

can cause a significant decrease in angiogenesis. In addition, depletion of FAPB4



UNIVERSITAT ROVIRA I VIRGILI

IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.

CLINICAL AND PATHOGENIC ASPECTS
Jose Adria Cebrian

in ovarian tumor xenografts also

behavior [193].
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Figure 9. FABP4 inflammatory effects in breast cancer. Schematic representation of the mammary gland,

showing a transversal section of a mammary conduct affected by a tumor. Blue dots represent the tumor cells

whereas pink dots represent the infiltrated macrophages. There is a communication between both elements

where FABP4 expressed in macrophages enhances the pro-inflammatory cytokines production and releasement

to the extracellular matrix. IL-6 activates the STAT3/ALDH1 pathway and stimulates tumor progression.IL,

Interleukin; ALDH1 aldehyde dehydrogenase 1; STAT3, signal transducer and activator of transcription 3 [189].

In summary, FABP4 plays an important role in promoting malignant progression

in different cancer types, including BC. However, FABP4 is not the only fatty acid

transporter that contributes to BC development and dissemination. In fact,

other fatty acid transporters, such as FABP5 and CD36, can also have an

important role in BC progression.
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2.11.2. FABP5

FABPS5 is a 15kDa protein belonging to the FABP family that is expressed in many
different cells and tissues, such as the skin, brain, kidney, mammary gland, lung,
dendritic cells, adipocytes and macrophages [176]. Long chain fatty acids (LCFAs)
transport, intracellular signaling, and gene regulation are some of the different

functions that FABP5 interplay in the mammalian cell.

Interestingly, FAPB5 is expressed in two tissues where FABP4 is also expressed
and released, suggesting a coordinate role of both fatty acid transport proteins
in lipid metabolism, which may reflect a synergic effect of FABP4 and FABP5 in
cell regulation. High FABPS5 levels in the blood stream of mice has been strongly
correlated to metabolic diseases, such as obesity and insulin resistance [194]

[195], as a consequence of a high grade of inflammation [35].

Indeed, FABP5 has also been implicated in other diseases, including cancer. For
example, Kazuyasu et al. have observed an upregulation of FABP5 in
hepatocellular carcinoma (HCC) cell lines and cancer tissue compared to normal

hepatocytes, thus promoting cell proliferation and invasiveness [196].

On the other hand, FABPS5 inhibition by short hairpin siRNAs suppresses the pro-
tumorigenic effects of FABP5 in HCC cells [197]. In vitro studies have also shown
that FABP5 upregulation was associated with oral squamous cell carcinoma
enhancement of proliferation and invasiveness. Besides, FABP5 upregulated the

metastatic related enzymes MMP2 and MMP9 [198]

In cervical cancer, the association between FABP5 expression and the

enhancement of cancer hallmarks has been also uncovered [199][200].
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Furthermore, the regulation of cervical cancer cell metabolic reprogramming is
also mediated by the upregulation of this fatty acid binding protein in this cell
type [47].

Close relationship between BC development and the upregulation of FABP5 has
been described too. In fact, Levi et al. have suggested a crucial link between
HER2-induced tumorigenesis in BC and FABP5 expression [201]. Likewise, Liu et
al. have discovered an association between the upregulation of FAPB5 in TNBC
patients and poorer prognosis [202]. In concordance, FABP5 upregulation has

also been shown to increase the metastatic behavior of TNBC cell lines [203].

Thus, in conclusion, FABP5 plays a crucial role in the progression of diverse
cancers, including BC, by enhancing different cancer hallmarks such as

proliferation, invasiveness, and metabolic reprogramming.

2.11.3. CD36

CD36 is a well-known scavenger receptor frequently expressed in a wide variety
of tumor cells [204], as well as in different stromal cells [205]. The main function
of CD36 in cellular biology consists on the absorption of LCFAs and the oxidated

low density lipoproteins (ox-LDLs) [206].

CD36 is upregulated in different cancer types, including ovarian, gastric,
glioblastoma, and oral squamous cell carcinoma (OSCC) [207] [208][209][204].

Several studies have correlated CD36 to cancer, promoting tumor growth. CD36
promotes tumor growth by activating the Src kinase and ERK1/ERK2 mediated
signaling pathways, and its inhibition reduces tumor volume in cervical cancer

xenograft models [210].
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Pascual and colleagues have also described a relationship between higher CD36
expression and metastasis initiation in human OSCC [204]. Inhibition of CD36
also increased drastically the accumulation of lipid droplets in tumor cells,
inducing cell lipo-toxicity and death and hence a significant decrease in tumor
size. Moreover it has been described that fatty acids uptake mediated by CD36,
activated Wnt and TGF-R signaling, thus leading to EMT enhancement in

hepatocellular carcinoma [211].

Together, evidence suggests that the fatty acid transporter CD36 plays an
important role in cancer development and progression and can be a potential

targetforcancertreatn1ent

In conclusion, lipid transfer from the tumor microenvironment to cancer cells is
crucial for cancer progression, and these three fatty acid transporters can impact
on cancer development and malignant progression. Despite their role in fatty
acid traffic, these fatty acid transporters are not the primary mediators of lipid
transport. In fact, lipid traffic and transport through the blood stream and tissues

is mediated by lipoproteins.

2.12. Lipoproteins

Lipoproteins are small spheroid vesicles that carry diverse lipid molecules,
including cholesterol, triglycerides, and phospholipids [212]. Depending on the
lipoprotein size, lipid composition and apolipoproteins (proteins that are
contained within the lipoproteins), these lipoparticles can be classified in seven

different subclasses (Table 1).
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Lipid composition varies notably between these families. Actually, LDL has a
higher proportion of triglycerides and cholesterol compared to HDL particles.
Whereas LDL principal function is the cholesterol transport from liver to
peripherical tissues, HDL is the principal responsible of the reverse transport of
cholesterol, hence reducing cholesterol levels in peripherical tissues by its

transport to the liver where this lipid will be eliminated from the organism.

Lipoprotein Density (g/ml) Size (nm) Major Lipids Major apoproteins
Chylomicrons | <0.930 75-1200 Triglycerides Apo B-48, Apo C, Apo E
Remnants 0.930- 1.006 30-80 TG and Chol Apo B-48, Apo E

VLDL 0.930- 1.006 30-80 Triglycerides Apo B-100, Apo E, Apo C
IDL 1.006- 1.019 25-35 TG and Chol Apo B-100, Apo E, Apo C
LDL 1.019-1.063 18-25 Cholesterol Apo B-100

HDL 1.063-1.210 12-5 TG and Chol Apo A-l,1I, Apo C, Apo E
Lp (a) 1.055- 1.085 ~30 Cholesterol Apo B-100, Apo (a)

Table 1. Lipoprotein classification. (VLDL, very low density lipoprotein; IDL, intermediate density lipoprotein;
LDL, low density lipoprotein; HDL, high density lipoprotein; Lp (a), Lipoprotein a; TG, triglycerides, Chol,
cholesterol, Apo, apolipoprotein [212].

Consolidated evidence has described a causal role of LDL particles in
atherosclerosis and cardiovascular disease where the HDL levels have been
considered as cardio-protective [212][213][214]. Moreover, epidemiologic
reports have shown that BC is correlated to higher levels of LDL in patient blood
stream, whereas elevated HDL blood stream levels are considered as good

prognostic factor in BC [215][216].

Although a number of studies have already associated these lipoproteins with
cancer, these studies have used traditional correlation methods to establish a

relationship between the number of these lipoproteins and cancer
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development. New technologies can now measure the size and composition of
these lipoparticles, including the molecules contained within, such as
triglycerides and cholesterol, which can lead us to further understand the

complex relationships between these lipoparticles and cancer in detail [217].

In fact, high levels of cholesterol and triglycerides have a positive impact in
cancer progression. As tumor cells have a high demand of these lipids, it is
plausible to think that the body cholesterol homeostasis, hence the circulating
cholesterol levels might suffer a significant alteration. In agreement, numerous
studies have established a correlation between high blood cholesterol levels and

cancer prevalence, which also holds true for BC [157][158][218].

A recent metanalysis have demonstrated that total cholesterol, as well as
cholesterol contained in LDL particles (LDL-C), were negatively associated with
cancer survival [219]. Interestingly, it has been observed that the addition of
statins, a common pharmacological inhibitor of the 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR) had pleiotropic effects against cancer
development [220], because of the reduction of liver cholesterol biogenesis,
thus resulting in a reduction of total cholesterol and LDL-C [221]. Although
statins use in cancer progression is yet controversial, research suggests plausible

mechanisms that underline these anti-cancer effects [222].

In concordance, triglycerides importance in cancer progression has also been
described above. These molecules are scaffold elements essential for the several
molecules and organelle biosynthesis, hence they are important for cell
biogenesis. An imbalance in triglycerides homeostasis might have an impact in
cancer progression. Accordingly, high levels of plasma triglycerides and free fatty

acids are positively correlated to an increased cancer risk [223][224].
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Actually, triglycerides enrichment of the different lipoproteins has been
positively correlated to an altered metabolism and inflammation status
[225][226], hence to an increased cardiopathy [227]. Consistently, as obesity
and inflammation are closely linked to cancer progression, the study of
triglycerides composition of these lipoparticles in the development this disease

might have an important role.
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Breast cancer is the most common cancer in women and the second cancer with
more related deaths. In last decades, the effect of obesity and adipose tissue in
cancer progression, especially in BC, has been object of interest. Understanding
the metabolic behavior of tumor cells in the microenvironment context might
clarify the mechanisms underlined in adipose tissue, immune system, and tumor
cells crosstalk. Consequently, these hypotheses have been stablished in this

doctoral thesis:

Crosstalk between adipose tissue and BCC lines might enhance the different
cancer hallmarks, partially mediated by FABP4. Thus, FABP4 may revert

proliferation, chemo-resistance, migration, and invasion.

As a bidirectional communication, tumor cells are able to modify surrounding
adipocytes, hence inducing their delipidation, fatty acid releasement, and lipid

transfer.

Immune system, as one of the main components of tumor microenvironment
plays an important role in cancer progression. Thus, crosstalk between different
cell types of the tumor microenvironment might support a pro-inflammatory
microenvironment status, hence in the chronic inflammation of BC patients, thus

favoring cancer development.

Metabolism alteration might disrupt the metabolite signature in BC patients,

hence supporting a new BC diagnosis methodology.
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The main objective of this study is to understand the crosstalk in tumor

microenvironment, generating a favorable niche for cancer development and

progression. Understanding tumor microenvironment might open new

therapeutic targets and lead us to the discover of new specific associated

biomarkers.

Specific objectives:

1. To assess the effects of adipocyte CM on BCC lines hallmarks.

2. To identify the elements contained in adipocyte CM that supply BCC

proliferation, survival, migration, and invasiveness.

3. To investigate the inhibition of proteins found through the second

objective.

4. To study the bidirectional crosstalk between adipose tissue and tumor

cells, as well as to assess the effect of metabolic behavior alterations in

both cell types.

5. To track labeled palmitic acid incorporation and transformation in BCC

lines.

6. To establish the role of the communication between adipose tissue,

immune system, and tumor cells in the tumor microenvironment

context.
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7. To assess the pro-inflammatory status of tumor microenvironment,

hence of BC patients.

8. To determine by 1H-NMR lipoprotein alterations in BC patients

compared to control healthy women.

9. To determine new possible biomarkers for BC diagnosis.
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For the different stablished objectives in this doctoral thesis, four scientific

articles comprised the overall results.

Objectives:

1. To assess the effects of adipocyte CM on BCC lines hallmarks.

2. To identify the elements contained in adipocyte CM that supply BCC

proliferation, survival, migration, and invasiveness.

3. To investigate the inhibition of proteins found through the second

objective.

Article:

Jose Adria Cebrian, Sandra Guaita Esteruelas, Eric Lam, Barbara Roig, Josefa

Girona, Marc Grifoll, Luis Masana, Josep Guma. Lipids and fatty acid transport

proteins derived from adipose tissue increase BC lipid uptake and cancer

hallmarks.

Journal: Cancer Science
IF: 6.716
Q1
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Abstract

Tumor microenvironment plays an important role in cancer progression. Adipose tissue is an
endocrine tissue that produce and release a high amount of factors that are able to modify the
transcriptome, proteome, metabolism, and the behavior of breast cancer cells. Fatty acid binding
proteins and CD36 are implicated in cancer progression. In this study we have demonstrated that
adipose tissue significantly enhances BCC lines MCF-7 and MDA-MB-231 proliferation, survival,
migration, and invasiveness. Moreover, it is accompanied by an increase of lipid uptake from
mature adipocytes as well as an increase in the transcript and protein levels of proteins FABP4,
FABP5 and CD36. In addition, in this novel study, we have demonstrated by the inhibition of
mature adipocytes FABP4 the important role of this adipocyte released protein in cancer
progression, since the inhibition of FABP4 by BMS309403 significantly reduced the proliferation
rate, the chemo resistance to Doxorubicin, the migration ability and the invasiveness behavior of
both BCC lines. For this reason, it is plausible to think that FABP4 might be a novel BC target
therapy.

1. Introduction

Breast cancer is the most common cancer among women in developed countries and the second
leading cause of all cancer-related deaths (1). It is a highly heterogeneous disease with distinct
morphological and phenotypic characteristics, as well as diverse clinical prognosis (2). One of the
major risk factors for breast cancer is obesity (3). In fact, a myriad of studies have already
established a strong correlation between body mass index (BMI) and many cancer types,
including breast cancer (4)(5)(6). Obesity is characterized by impaired adipogenesis and
deregulated adipose tissue (fat) function. Although the adipose tissue has historically been
considered as an energy storage site (7), recent studies have revealed that the adipose tissue also
functions as an endocrine organ responsible for the modulation of eating behaviour, the
production of steroid hormones, cytokines and adipokines, and the regulation of the immune
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system (8)(9). For these reasons, the adipose tissue has gained importance in the pathogenesis
of many metabolic diseases, particularly cancer. Adipose tissue is one of the principal
components of the mammary gland as it accounts for over 50% of the non-lactating breast tissue.
Being the predominant cell types of the adipose tissue (10), adipocytes could have an important
influence in shaping the tumour microenvironment. The tumour microenvironment plays a key
role in cancer initiation and progression. There is a persistent exchange of information between
tumour cells and their microenvironment, through different hormones, cytokines and growth
factors, being constantly released and taken up by the cancer cells as well as the stromal cells
(11). Recent in vitro studies have demonstrated that the adipose tissue could be used by cancer
cells as an energy reservoir and that adipocytes are able to transfer fatty acids to tumour cells
for them to acquire energy and activate metabolic and signalling pathways (12)(13).

To understand how the adipose microenvironment can promote cancer progression, several
studies have focused on its impact on different cancer traits. One of the primary cancer hallmarks
is the unrestrained proliferative capability of the tumour cells. Some studies have demonstrated
that close contact between tumour and stromal cells are able to enhance the proliferation of
different breast cancer cell lines (14)(15). Many tumours have better ability to survive chemo-
and radio-therapies due to their overactivation of distinct cellular survival pathways. The adipose
tissue is a major contributor to the tumour microenvironment and can confer a higher survival
rate to the tumour cells (16).

Although early diagnosed breast cancers usually have a good clinical outcome, some breast
cancers also have a high probability for progression to metastasis, which is associated with poor
prognosis and the main cause of breast cancer death. For this reason, a better understanding of
the molecular mechanisms behind breast cancer metastatic progression is essential for breast
cancer diagnosis and prognosis, development of novel therapeutic strategies, and ultimately
improvement of patient outcomes. Some studies have demonstrated that breast cancer cell lines
culturing with mature adipocytes show an increased capability for migration and invasiveness
(14)(16)(17), but the exact mechanisms underlying these processes are still uncleared. Previous
studies have described how adipose tissue increases the levels of circulating cytokines, and
adipokines releasement, such as leptin, adiponectin, vascular endothelial growth factor (VEGF),
tumour necrosis factor (TNF-o) and fatty acid binding proteins (FABPs) also have a physiological
role in enhancing breast cancer progression and metastasis.

FABPs are a family of 14-15 kDa proteins that have an important role in fatty acid internalization
and intracellular transport, as well as the regulation of lipid trafficking and cellular metabolic
response (18).

FABP4, is present mainly in mature adipocytes and macrophages. It has been associated with
pathological conditions, such as obesity, type 2 diabetes, and atherosclerosis. In addition, a
positive correlation has recently been established between FABP4 and poor prognosis in breast
cancer (19). A recent study has also demonstrated that FABP4 gene deletion decreases tumour
growth in mice models of prostate cancer and that pharmacological inhibition of FABP4 by
BMS309403 also restricts prostate cancer invasiveness in an in vitro model (16). Therefore, FABP4
might provide the link that facilitates the crosstalk between the adipose tissue and the breast
cancer cells. Meanwhile, our group have demonstrated that exogenous FABP4 (eFABP4) can
activate the AKT and MAPK pathways to enhance the proliferation rate of some breast cancer
cell lines through the Forkhead box protein FOXO3-FOXM1 axis, which plays an important role in
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cancer progression (20). In fact, some studies have correlated FOX family expression with specific
breast cancer subtypes (21).

In the present study, we examined the potential role of adipose tissue in the breast cancer
microenvironment by exploring whether adipocytes can enhance different cancer hallmarks
involved in breast cancer development and progression using the breast cancer cell lines MDA-
MB-231 and MCF-7. We also sought to understand the underlying mechanisms by which
adipocytes enhance these cancer phenotypes in breast cancer cells, focusing on the role of the
fatty-acid transporters FABP4 and FABPS.

2. Materials and Methods
2.1. Cell culture

Human MCF-7 and MDA-MB-231 breast cancer cells were originally provided by Dr. Eric Lam from
the American Type Culture Collection (ATCC). Cell lines were routinely maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 1%
penicillin streptomycin and 1% non-essential amino acids (Biowest, Barcelona, Spain) at 37°C
with 5% CO;. 3T3-L1 cells were obtained from the American Type Culture Collection (ATCC). For
3T3-L1 cells differentiation, cells were seeded onto 10mm plates. Once the cells achieved
confluency, they were cultured for 10 days in DMEM supplemented with 10% FBS, 1%
penicillin/streptomycin, 1% Non-essential Amino Acid Solution, 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX), 1uM dexamethasone and 10ug/ml insulin from bovine pancreas (Sigma,
Barcelona, Spain).

For adipocyte conditioned medium (CM), 3T3-L1 cells were cultured and differentiated for 10
days. Mature adipocytes were then incubated with serum-starvation medium for 24 hours, and
supernatant was then cleared by centrifugation at 1000 x g. Then, CM was collected.

2.2. Western Blot analysis

MCF-7 and MDA-MB-231 cells were lysed in RIPA buffer [0.5mM Tris-HCI (pH 7.4), 150mM NacCl,
0.1% SDS, 1% Nonidet P40, 0.5% sodium deoxycholic acid and protease and phosphatase
inhibitors (Roche)]. Protein concentration was measured using the Bradford assay. Fifteen pg of
protein were loaded and separated on electrophoresis gels (NuPage 10% Bis-Tris Gels) (Life
Technologies, ThermoFisher, Barcelona, Spain). Then proteins were transfer to a Polyvinylidene
Fluoride (PVDF) membrane (Immobilon-P) (Life Technologies) using a semidry iBlot2 transfer
device (Life Technologies). PVDF membranes were blocked using Milk-TBS-Tween (5% non-fat
dry milk in TBS 0.05% Tween) for 1 hour at RT.

Primary antibodies used were P-AKT (Ser473) (Cell Signaling, Leiden, The Netherlands, #4060),
AKT (Cell Signaling, #4691), P-p44/42 MAPK (Thr402) (Cell Signaling, #4370), p44/42 MAPK (Cell
Signaling, #4695), P-FOX01/3 T24/32(Cell Signaling, #9464), FOXO3 (Cell Signalling, #2497),
FOXM1 (C-20) (Santa Cruz Biotechnology, Heidelberg Germany, sc-502), P-p38 (T180/1182) D3F9
(Cell Signaling, #052016), p38 MAPK (D13E1) XP (R) (Cell Signalling #8690), FABP4 (R&D Systems,
Bio-Techne R&D Systems, Madrid, Spain, AF3150), FABP5 (R&D Systems, AF3077), CD36 (Abcam,
Cambridge, UK, AB133625), GAPDH (Cell Signaling, #5174), Actin (Santa Cruz Biotechnology, sc-
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1616). Primary antibodies were added to the PVDF membranes and incubated overnight at 4°C.
The membranes were then washed 3x in TBST and incubated with secondary antibodies
(Polyclonal Goat anti-rabbit, Polyclonal Rabbit anti-Goat or Polyclonal Goat anti-Mouse)
(1:10.000) conjugated with peroxidase (HRP) (Dako, Sant Just Desvern, Spain). Signals were
detected using chemiluminescent reagents (ECL Millipore reagent) by an Amersham Imager600
(GE Healthcare, Madrid, Spain) and analysed using the ImageQuanTL software (GE Healthcare).

2.3. Proliferation assay

Bromodeoxyuridine (BrdU) assay was carried out to measure cell proliferation according to the
Cell Proliferation ELISA protocol (Roche, Barcelona, Spain). Briefly, 3x10° tumour cells were
seeded into 96 well microplates and different conditioned media were added for 24 h. After the
addition of BrdU (100uM), the cells were fixed and incubated with anti-BrdU antibody for 90 min.
Tetramethyl-benzidine (TMB) was then added and incubated for 15 min before the reaction was
stopped by the addition of H,SO4 (1M). Absorbance of samples were measured in an ELISA reader
at 370 nm (reference wavelength 492nm)

2.4. Wound healing assay

MCF-7 and MDA-MB-231 cells were seeded in 12 well plates until they reached confluency. Cells
were then serum-starved for 24 hours, before a single scratch was performed in the centre of
the plate. Supernatant cells were removed, and wells were washed with PBS once. Different
conditioned media were added, and images were taken every 2 hours until the wounds were
closed using an Olympus IX71 microscope (Barcelona, Spain) and analysed using image software
Image J.

2.5. Invasion assay

The invasiveness capacity of tumour cells was measured using a Transwell system (8 um
polycarbonate membrane; Corning New York, NY).

Firstly, fibroblasts cell line 3T3-L1 was cultured into the bottom chamber until confluence. Next,
they were differentiated into mature adipocytes as described above. Then they were serum
deprived for the invasion assay.

On the other hand, upper chambers were coated with Matrigel (Corning) in DMEM High Glucose
0,1% BSA for 2 hours at 379C.

Tumour cells (8x10%) were seeded above the Matrigel and incubated for 24 hours at 372C. Then,
inserts were washed out with PBS and cells were stained with Violet Crystal.

Then, images were taken of those cells that had invade the insert and they were counted using
Image J software.

2.6. Lipid uptake assay

MCF-7 and MDA-MB-231 were seeded in 12 well plates. After serum-starvation, cells were
incubated with the lipophilic fluorescent dye Nile Red (100ng/ml) (Sigma-Aldrich; Barcelona,
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Spain) diluted in PBS 1X for 5 min at room temperature in order to visualize the lipid droplets.
Cell images were captured using an Olympus IX71 microscope and analysed using the Image J
software obtaining the intensity of each image.

2.7. BMS309403 treatment

The FABP4 inhibitor BMS309403 was purchased from Tocris Bioscience (Bristol, UK) and
solubilized in DMSO. Mature adipocytes generate high levels of FABP4, which are released into
the extracellular matrix. To block FABP4 and its possible role in BC cells, once 3T3-L1 fibroblasts
were differentiated into mature adipocytes, a concentration of 10uM of BMS309403 was added
and after 24 hours of treatment conditioned medium was obtained as Adipocyte CM with 10uM
BMS309403. BC cells were then cultured with this media, and different assays were performed.

2.7. RNA extraction and quantitative real time (qRT) PCR

RNA extraction was performed according to the PureLink RNA Mini Kit (Invitrogen, ThermoFisher
Scientific, Barcelona, Spain) protocol and it was quantified using Synergy HT (BioTek, Swindon,
UK). Total RNA (1 pg) was reverse-transcribed using the PrimeScript RT Reagent Kit (Takara Bio,
Saint-Germain-en-Laye, France). Levels of mMRNA were assessed using LightCycler96 device
(Roche) with the Tagman probes for respective genes acquired from Life technologies. The
probes used were CD36 (Hs01090850_ml), FABP4 (Hs00609791_ml), FABP5 (Hs02339439 g1),
GAPDH (Hs99999905_m1), MMP9  (Hs00234579_m1).

3. Results

3.1. Adipocyte-conditioned medium activates the Akt and MAPK pathways and promotes
breast cancer cell proliferation and survival.

The serine/threonine-specific protein kinase Akt has a crucial role in integrating the upstream
phosphoinositide 3-kinase (PI3-K) survival signals with downstream transcription factors, such as
FOXO03, to promote cell proliferation and viability. We first investigated whether adipocyte
conditioned media can modify the canonical proliferative and survival pathway mediated
through Akt. To this end, the MCF-7 and MDA-MB-231 cell lines were cultured with mature
adipocyte CM or control CM. Immunoblots showed that adipocyte conditioned medium
significantly increased Akt and FOXO3 phosphorylation in both MCF-7 and MDA-MB231 cell lines
at 5 and 15 min after treatment with CM, but not with control medium. (p<0,05) (Fig 1A).
Consistent with this data, we also detected increased ERK1/2-MAPK phosphorylation in both
breast cancer cell lines (p<0,005) and p38-MAPK phosphorylation in MCF-7 cells (p<0,005). This
indicated activation of ERK1/2- and p38-MAPK.

To examine the proliferative behaviour of these cell lines, we performed a BrdU cell proliferation
assay and the results showed that the adipocyte CM significantly enhanced the proliferation rates
of both the MCF-7 and MDA-MB-231 breast cancer cell lines (p<0,05) (Fig 1B). We next performed
colony formation assay in the presence of Doxorubicin to test the drug resistance and survival of
MCF-7 and MDA-MB-231cells. These assays demonstrated that the adipocyte CM significantly
increased the clonogenicity of both MCF-7 and MDA-MB-231 BCC lines (p<0,05) (Fig 1D).
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3.2. Adipocyte conditioned media increases migration and invasion of MCF-7 and MDA-MB-231
breast cancer cells

Cell migration plays a key role in metastasis, a crucial multi-step process involved in cancer cell
malignant progression. To assess if the adipocytes also modulate the ability of breast cancer cells
to migrate, we performed wound healing assay on MCF-7 and MDA-MB-231 cells in the presence
of control and adipocyte CM. The results showed that the gap closure rates were significantly
faster in both the MCF-7 and MDA-MB-231 cells when they were cultured in the presence of
adipocyte CM compared to the control CM (p<0,05) (Fig 2A).

Interestingly, the adipocyte CM also caused an increase of matrix metallopeptidase 9 (MMP-9)
mMRNA in MCF-7 and MDA-MB-231 breast cancer cell lines (p<0,05) (Fig 2B), which encodes for a
metalloproteinase involved in the degradation of the extracellular matrix. Consistent with this
finding, we performed an invasiveness assay. We counted the number of cells that had invaded
the Matrigel and that had arrived at the bottom part of the insert. We observed that tumour cells
were able to invade better once they were coculture with mature adipocytes than when they
were culture only with control CM (p<0,05) (Fig 2C).

3.3. Adipocyte conditioned media increases lipid uptake and fatty acid transporter expression
in MCF-7 and MDA-MB-231 cells

Lipids released by adipocytes are taken up by cancer cells for their energy metabolism,
membrane biogenesis as well as intracellular signalling. We next analysed if the adipocyte CM
promotes lipid uptake in the breast cancer cells. To this end, we incubated the MCF-7 and MDA-
MB-231 cells with the control or the adipocyte CM and studied their lipid uptake in forms of lipid
droplets accumulation. The results showed that there was a significant increase in the amount of
lipid droplets as revealed by Nile Red staining in both the MCF-7 and MDA-MB-231 cells following
incubation with adipocyte CM when compared with control CM (p<0,05) (Fig 3A). This suggested
that breast cancer cells take up the lipids released by the adipocytes.

The cellular uptake and transport of lipids are facilitated by fatty acid transporters, including
FABP4, FABP5 and CD36. To investigate the mechanism by which adipocytes promote cell
proliferation, survival, and migration, we also examined whether adipocyte CM modifies the
expression of fatty acid transporters FABP4, FABP5 and CD36 to enhance lipid uptake and
transport in the MDA-MB-231 and MCF-7 cell lines. RT-gPCR analysis showed that adipocyte CM
significantly increased the expression of FABP5 and CD36 mRNA in both cell lines and FABP4 in
MDA-MB-231 cell line when compared to control CM (p<0.05) (Fig 3B). MDA-MB-231 have very
low expression of FABP4, whiles FABP4 has not expression of these transcript. Although,we
observed high expression of these trancript in both cell lines after their culture with adipocyte
CM, it was impossible to obtaain the fo9ld change in the Luminal A cell line MCF-7.

Consistent with this, Western blot analysis demonstrated that the FABP4 and FABP5 and CD36
protein levels were significantly induced in both breast cancer cell lines following incubation with
adipocyte CM (p<0,05) (Fig 3C).
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3.4. FABP4 inhibition decreases proliferation mediated by adipocyte conditioned media in MCF-
7 and MDA-M-231 breast cancer cell lines

We have observed that adipocyte CM enhances breast cancer cell proliferation and migration,
which are accompanied by the accumulation of lipid droplets and the induction of FABP4, FABP5
and CD36 expression. As FABP4 and FABP5 expression were the fatty acid transporters
significantly induced both BCC lines following incubation with adipocyte CM, we decided to
inhibit FABP4 with the well-established selective inhibitor BMS309403 to assess its role in breast
cancer progression. When we incubated both cell lines with the adipocyte CM in the absence or
presence of BMS309403, we observed that BMS309403 addition significantly decreased the
phosphorylation status of AKT (p<0,05) and slightly the phosphorylation grade of FOXO3 (Fig 4A).
Consequently, we also observed a significant reduction in cell proliferation in both the MCF-7 and
MDA-MB-231 cell lines incubated with adipocyte-conditioned medium in the presence of
BMS309403 compared to those without BMS309403 (p<0,05) (Fig 4B). This suggests that FABP4
has a key role in promoting breast cancer cell proliferation mediated by adipocyte conditional
medium. In addition, we performed a survival assay using Doxorubicin as mentioned above and
we observed that the inhibition of FABP4 in mature adipocytes and the subsequent culture of
BCC lines decreases the clonogenicity of both cell lines, suggesting a plausible role of FABP4 in
BCC lines MCF-7 and MDA-MB-231 chemo-resistance (p<0,05) (Fig 4C).

3.5. FABP4 inhibitor restricts cell migration and invasion mediated by adipocyte conditioned
medium in MCF-7 and MDA-MB-231 breast cancer cell lines

We next explored FABP4 role in breast cancer cell migration promoted by the adipocyte CM. To
this end, we performed the wound healing scratch migration assays on both cell lines incubated
with adipocyte CM in the absence of presence of BMS309403. Pertinently, the wound healing
assays showed that this induction in cell migration by adipocyte CM was significantly limited by
BMS309403 in both breast cancer cell lines (p<0,05) (Fig 5A), suggesting that FABP4 has a role in
the induction of breast cancer cell migration mediated by adipocyte CM. In agreement, the
induction of MMP9 expression by adipocyte CM was significantly reduced by BMS309403 in
MDA-MB-231cell line (p<0,05) and there was a decrease tend in MCF-7 cell line MMP9 mRNA
expression (Fig 5B).

Then, we tested the role of FABP4 in the invasiveness of these cell lines. We added the FABP4
inhibitor BMS309403 at a concentration of 10uM onto differentiated adipocytes. Then, we
performed the invasion assay following the methodology previously described. Interestingly, we
could observe that both cell lines, once they were cultured with adipocytes that previously had
been treated with BMS309403, significantly reduced the invasiveness ability. In fact, the number
of tumour cells that had transferred the insert was notably lower in this condition once we
compared with the coculture condition (p<0,05) (Fig 5C).

3.6. FABP4 inhibition decreases lipid uptake mediated by adipocyte conditioned media in MCF-
7 and MDA-MB-231 breast cancer cell lines
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Lipid metabolism reprogramming has been shown to modulate breast cancer cell proliferation
and migration. As the induction of cell proliferation and migration in both MCF-7 and MDA-MB-
231 cells by adipocyte CM could be abrogated by BMS309403, we predicted that FABP4 might
have a role in facilitating lipid uptake in the breast cancer cells. To test this idea, we incubated
both cell lines with adipocyte CM in the presence or absence of BMS309403 and studied their
lipid uptake by Nile red staining. Interestingly, when both breast cancer cell lines were incubated
with the adipocyte CM from mature adipocytes previously incubated with BMS309403, we
observed that the induction of lipid uptake was reduced (p<0,05) (Fig 6A), suggesting FABP4 plays
a key role in lipid uptake by the breast cancer cells. To explore further the mechanism by which
FABP4 inhibition affects lipid uptake by the breast cancer cells, we investigated the expression of
fatty acid transporters FABP4, FAPB5 and CD36 in the BCC lines after incubation with CM from
adipocytes previously treated with BMS309403. The results showed that there were significant
changes in FABP4 at the RNA level in MDA-MB-231 cell line between incubation with CM from
adipocytes with and without previous BMS309403 treatment (p<0,05). FABP5 mRNA levels were
lower in MDA-MB-231 and MCF-7 cells incubated with adipocyte + BMS309403 CM when
compared to untreated adipocyte CM, although these results were not significant. The
expression levels of CD36 mRNA were significantly reduced in MDA-MB-231 cell line (p<0,05) and
we could observe a slight but not significant reduction of CD36 expression in MCF-7 cells
incubated with adipocyte + BMS309403 CM when compared to untreated adipocyte CM (Fig 6B).
Consequently, we analysed the immunoblotting of these proteins, and we could observe that
there was a slight reduction of the fatty acid transporters FABP4, FABP5 and CD36 in both cell
lines incubated with CM from adipocytes previously treated with BMS309403 when compared to
untreated adipocyte. However only FABP5 reduction in MCF-7 cell line and CD36 diminution in
MDA-MB-231 cell lines were significant (p<0,05) (Fig 6C).
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Fig 1. Adipocyte CM enhances proliferation and chemoresistance in MCF-7 and MDA-MB-231 BCC lines. (A) Immunoblots and graph
representation for, AKT, FOXO3, P38, ERK, and their phosphorylated forms of BCC lines MCF-7 and MDA-MB-231 at short times (0, 5 and 15
minutes) cultured with control CM or adipocyte CM. There is a significant increase of the phosphorylation forms of AKT and FOXO3 in both cell
lines after the treatment with adipocyte CM. In addition, the activation of the P38 pathway is present in both cell lines whereas the phosphorylation
of ERK is significantly increased in the luminal MCF-7 cell line. (B) Graph illustration of BCC lines MCF-7 and MDA-MB 231 proliferation rate,
represented by the BrdU uptake (A450/690 nm) in different conditions (control CM and adipocyte CM) where a significant increase in BrdU uptake
is observed in both cell lines after their culture with adipocyte CM. (C) Images and graph representation of survival assay where a concentration
of 25 nM of Doxorubicin were used after the treatment with control CM and adipocyte CM. Cells cultured with adipocyte conditioned media were
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able to form a high number of colonies. One-way ANOVA where a p<0,05 was considered statistically significant.
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Fig 2. Adipocyte CM increases MCF-7 and MDA-MB-231 BCC lines migration and invasiveness. (A) Images (4x magnification) and graph
representation of a wound healing in different conditions (control CM and adipocyte CM) of BCC lines MCF-7 and MDA-MB-231 where wound was
healed faster with adipocyte CM in both cell lines. (B) MMP9 mRNA levels of both BBC cell lines after 24 and 48 hours of treatment with control
CM or adipocyte CM. It is found a significant increase in the transcript levels of this gene in both cell lines after adipocyte CM treatment. (C) Images
(4x magnification) and graph representation of invasion assay after the culture of both BBC lines with control CM or mature adipocytes. Violet
crystal stains those BCC that have invade and overpassed the Matrigel, therefore the invasive cells. It is observed a significant increase of BC
invasive cells after the coculture with mature adipocytes. One-way ANOVA where a p<0,05 was considered statistically significant.
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Fig 3. Adipocyte CM increases MCF-7 and MDA-MB-231 BCC lines lipid uptake and FABP4, FABP5 and CD36 levels. (A) Inmunofluorescence
images (10X magnification) of MCF-7 and MDA-MB-231 cell lines stained for fatty acids using Nile Red stain. Fatty acid uptake was increased once
cells were cultured with adipocyte CM. Graphs represent Nile Red intensity, which could be translated to the amount of fatty acids taken up. (B)
Graph representation of FABP4, FABP5 and CD36 transcripts in control CM and adipocyte CM at 24 and 48 hours, where it is observed a significant
increase in all three transcripts after the treatment with adipocyte CM in the TNBC line MDA-MB-231 and an increase in FABP5 and CD36
transcripts in the luminal-A cell line MCF-7. (C) Immunoblots and graph representation of FABP5, FABP4 and CD36 protein levels in both BCC lines
at 24 and 48 hours in the conditions described before where there is an increase in the cytoplasm levels of all three proteins in both cell lines after
the addition of adipocyte CM, compared to control CM. One-way ANOVA where a p<0,05 was considered statistically significant.
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Fig 5. FABP4 inhibition decreases MCF-7 and MDA-MB-231 BCC lines migration and invasiveness. (A) Images (4x magnification) and graph
representation of a wound healing in different conditions (control CM, adipocyte CM and adipocyte + BMS309403 CM) where the addition of
BMS309403 significantly decreases the wound healing of both BCC lines compared to their heling rate after the treatment with adipocyte CM. (B)
MMP9 mRNA levels of both BBC lines in the conditions mentioned before at 24 hours of treatment. There is a significant decrease in this transcript
after BMS309403 addition in the MDA-MB-231 cell line. (C) Images (4x magnification) and graph representation of invasion assay after the culture
of both BBC lines with control CM, mature adipocytes or mature adipocytes previously treated with BMS309403. There is a decrease in the number
of invasive stained cells in both cell lines after the BMS309403 addition compared to the number of invasive cells once BCCs were cultured with
mature adipocytes without the FABP4 inhibitor. One-way ANOVA where a p<0,05 was considered statistically significant.
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Fig 6. . FABP4 inhibition decreases MCF-7 and MDA-MB-231 BCC lines lipid uptake and FABP4, FABP5 and CD36 levels. (A) Inmunofluorescence
images (10X magnification) of MCF-7 and MDA-MB-231 cell lines stained for fatty acids using Nile Red stain at 24 hours in different conditions
(control CM, adipocyte CM and adipocyte + BMS309403 CM). It is observed a decrease in the lipid staining after the culture of both BCC lines with
the adipocyte + BMS309403 CM compared to the adipocyte CM condition. (B) Graph representation of FABP4 FABP5 and CD36 transcripts in the
conditions previously described at 24 hours, where it is observed a slight, although not significant decrease in all three transcripts after the
treatment with adipocyte + BMS309403 CM. (C) Immunoblots and graph representation of FABP5, FABP4 and CD36 protein levels in both BCC
lines at 24 in these conditions described. There is a slight decrease in all the three fatty acid transporters in both BCC lines although only FABP5
and CD36 were significant in MCF-7 and MDA-MB-231 respectively. One-way ANOVA where a p<0,05 was considered statistically significant.



UNIVERSITAT ROVIRA I VIRGILI

IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.
CLINICAL AND PATHOGENIC ASPECTS

Jose Adria Cebrian

4. Discussion

The role of adipose tissue in the tumour microenvironment has recently been object of study,
and different research stablish a close relationship between breast cancer progression and
adipose tissue. Although many theories have been discussed, is not clear yet how adipose tissue
could promote breast cancer.

In this study we demonstrated firstly how mature adipocytes can enhance several cancer
hallmarks of the breast cancer cell lines MCF7 and MDA-MB 231.

The ability of tumour cells to survive in adverse situations is one of the most important aims in
cancer progression. Drug resistance is a decisive factor in cancer treatment, and tumour cells use
new tools to avoid apoptosis and cell death. Tumour microenvironment plays a crucial role in
tumour survival, leading to activate different pathways to inhibit cell apoptosis and avoid drug
effects (11). Akt signalling is the key protein in cell survival and its activation leads to the
activation the intrinsic cellular mechanisms to subsist. FOX axis is in the second line of Akt
activation and the phosphorylation of FOXO3 induces a signalling pathway that finally will
promote cell survival and progression.

In this study we focus on this pathway, and we tested how adipocyte CM might activate it. Once
we treated MCF-7 and MDA-MB -231 cell lines with adipocyte CM we observed that both cell
lines suffer a significative phosphorylation at short times of both proteins, that was translated to
an increase of their survival rates after doxorubicin treatment. Both cell lines were able to
generate a higher number of colonies in the presence of doxorubicin when they were cultured
with adipocyte CM. According to these results, adipocyte CM is able to activate the axis Akt-FOX
pathway leading to a higher drug resistance and better survival in the studied BCC lines.

One of the main characteristics of tumours is the ability to grow without an exogenous stimulus.
The overactivation of key regulator proteins in the proliferation pathway is crucial for tumour
progression and proliferation enhancement.

Adipocytes have been stablished as tumour proliferation enhancers in different studies (22). In
this study we analysed the effects in different proteins of the MAPK pathway. We have
determined that adipocyte conditioned media is able to over-activate the phosphorylation of key
proteins in the proliferation pathway, MAPK P44/42, and MAPK P38. Adipocyte CM, because of
these proteins phosphorylation might impact on the proliferation rate of BC. Accordingly, once
we cultured these cell lines with adipocyte CM, their proliferation rate increased significantly.
Tumour cell migration ability and invasiveness are two essential mechanisms for cancer to
progress in the organism. Cancer must invade the surrounding tissues as well as attract the blood
vessels, so that tumour cells can move on the blood stream and disseminate in the organism,
invading and colonizing new organs as new metastatic niches (23).

Tumour migratory ability can be supplied for the stroma. In fact, some studies affirm that BC cells
increase their migration rate when they are in close contact with other stroma cell types such as
fibroblasts or adipocytes (24)(25)(26). We have observed that adipocyte CM enhance the
migration rate of the BC cell lines MCF7 and MDA-MB 231, suggesting that certain molecule or a
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mixture of different factors included within the adipocyte CM improves their migratory
capability.

Indeed, tumour invasiveness capability is essential for the metastasis formation. Tumour cells
modifies the stroma within them, by certain enzymes releasement, such as metalloproteases and
collagenases. One of the main stroma modulator enzymes is MMP9. This metalloprotease has
been linked with an increase of metastasis formation in vitro and in vivo (27)(28). We have seen
that adipocyte CM increased the transcription of this gene in both BCC, suggesting that adipose
tissue may enhance BC metastasis, hence, being probably associated with poorest prognosis in
BC. Moreover, once we performed the invasion assay using the coculture system we could
observe that mature adipocytes were able to enhance the invasiveness ability of both BCC lines.
These results confirm the idea that adipose tissue increases the ability of BC to invade the
surrounding tissues and metastasize.

Different studies have stablished that tumour cells need a continuous supply of energy to
proliferate and progress. Tumours are glucose-dependent (29)(30) and recent studies have
suggested a special importance in the lipid metabolism for tumour progression (31) .

Several studies have demonstrated that tumour microenvironment acts as an energy supplier in
the cancer progression (32):(33):(34). As adipose tissue is the most abundant tissue in breast, it is
reasonable to think that adipocytes might be the major energy suppliers for breast tumour
progression. In this study, as well as in other recent reviews, we have observed that the culture
of MCF7 and MDA-MB-231 cell lines with adipocyte CM enhances the uptake of lipids from
adipocytes. These lipids are taken by the tumour cells, and they are essential for their progression
(13).

First, we observed that BC cell lines increased the lipid uptake when they were cultured with
adipocyte CM. The amount of lipid droplets was increased once we tested by microscopy.
Moreover, Nile Red analysis also confirmed that there was a higher amount of lipid droplet in
those BCC cultured with adipocyte CM.

Then, we supposed that this accumulation of lipids from media might be accompanied with an
increase of the classic fatty acid transporters.

FABP4, FABP5 and CD36 have been correlated with poor prognosis in BC patients (35)(36). We
analysed by gPCR and by Western Blot how adipocyte CM might modify these fatty acid
transporter mRNA and protein levels. Interestingly, we observed that there was an increase in all
three fatty acid transporters at transcriptional and protein levels. According to all these data,
these fatty acid transporters, specially FAPB4, which was the most upregulated in BC cell after
adipocyte CM treatment, might play an important role in BC progression.

In consequence, the inhibition of this fatty acid transporter was one of the main objectives of this
study to understand the role in the enhancement of different cancer hallmarks. BMS309403 is a
highly selective inhibitor of FABP4, previously tested in different diseases such as type 2 diabetes
or atherosclerosis (37). Several in vitro and in vivo studies have stablished that inhibition of
FABP4improves the inflammatory status and significantly reduces atherosclerotic plaques (38).
Accordingly, the inhibition of FAPB4 in the tumour microenvironment might influence in the
breast cancer cells behaviour, hence their cancer hallmarks.

Treatment with FAPB4 inhibitor BMS309403 in adipocytes was performed and the conditioned
media was collected and used in different assays with both BC cell lines.
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Firstly, we could observe that conditioned media from adipocytes treated with BMS309403
reverts the proliferation rate of BC cell lines MCF7 and MDA-MB 231 that adipocyte CM by itself
had enhanced. Hence, the inhibition of FABP4 in the tumour microenvironment is able to block
partially the communication between BC cells and adipocytes, triggering in a significative
reduction in BC cells proliferation.

Indeed, analysing the migratory effects of FABP4 inhibition, we also could observe that this
cancer hallmark seems to be reduced. While MCF7 and MDA-MB 231 cell lines had suffered an
enhancement in their migratory capabilities with adipocyte CM, they took longer to close the
wound after FABP4 inhibition, hence, their migratory ability had been reduced partially.

The invasiveness competence of tumour cells depends on the ability to degrade the extracellular
matrix where they are embedded. Metalloproteases are crucial for this objective and, as we
mentioned before, MMP9 transcript is enhanced by the culture of BC cell lines MCF7 and MDA-
MB 231 with adipocyte CM. Inhibition of FABP4 in mature adipocyte reduces the transcript of
this metalloprotease in MDA-MB-231 cell line. Furthermore, the inhibition of this fatty acid
transporter also reduces notably the invasiveness ability of both BC cell lines suggesting FABP4
might play an important role in BC metastasis process.

We hypothesize that fatty acid transfer between adipocytes and BC cells are the main reason
why tumour cells enhance their cancer hallmarks. As we have seen, there is an increase in the
transcripts and protein levels of different fatty acid transporters, FABP4, FABP5 and CD36.
Indeed, it is followed by an increase in the lipid content in both tumour cell lines. The inhibition
of FABP4 in mature adipocytes, might reduce the transfer of fatty acids to the tumour cells.
Actually, we observed that when we cultured BC cell lines with adipocyte CM previously treated
with BMS309403 the transcripts and protein levels of FABP4, FABP5 and CD36 were slightly
reduced in both cell lines. Theses fatty acid transporters have been linked strongly with poor
prognosis in BC patients (39) and it is highly associated with different cancer hallmark activation
(36)(40)(41)(19).

The reduction of these fatty acid transporters was also accompanied by a decrease of the lipid
accumulation in both BC cell lines after treatment with CM derived from mature adipocytes
previously cultured with BMS309403.

In conclusion, FABP4 inhibition in mature adipocytes blocked partially the communication
between BC cells and the adipose tissue, leading to a significative reduction in the lipid uptake
from media. This decrease is accompanied by a reduction in the proliferation rate of both BC cell
lines as well as by a reduction in the migratory capability of tumour cell lines MCF7 and MDA-MB
231. Therefore, mature adipocytes FABP4 inhibition is followed by a reduction of certain
metalloproteases such as MMP9 at the transcriptomic level in the tumour cells

According to these results, we have demonstrated that adipose tissue enhances BC hallmarks as
well as in BC progression by the releasement of different soluble molecules to the media,
including FABPA4. In fact, by the inhibition of this protein we have observed its crucial role in MCF-
7 and MDA-MB-231 cell lines hallmarks enhancement. Consequently, FABP4 inhibition in mature
adipocytes by the addition of BMS3094 might be plausible strategy for the inhibition of the
communication and the interaction between BC cells and adipose tissue, helping in the treatment
of BC.
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Simple Summary: Previously, we have demonstrated that lipid and lipoprotein profiles in breast
cancer patients are altered compared to a control showing a new link between triglycerides enriched
particles and breast cancer, hence suggesting an active role of lipids and their metabolism in this
pathology. In this study, we have demonstrated the importance of tumor microenvironment crosstalk
as well as the crucial role of lipid transfer between adipose tissue and cancerous cells. Moreover, we
have demonstrated that each breast cancer subtype has their specific lipid signature. Interestingly,
drug resistant luminal A cell lines switch this metabolic profile to the triple negative lipid signature.
Knowledge of these signatures might help us to understand how these specific lipids are related with
drug resistance and how it may clarify new treatments in these cancer patients.

Abstract: Obesity and adipose tissue have been closely related to a poor cancer prognosis, especially
in prostate and breast cancer patients. The ability of transferring lipids from the adipose tissue to
the tumor cells is actively linked to tumor progression. However, different types of breast tumor
seem to use these lipids in different ways and metabolize them in different pathways. In this study
we have tracked by mass spectrometry how palmitic acid from the adipocytes is released to media
being later incorporated in different breast cancer cell lines (MDA-MB-231, SKBR3, BT474, MCF-7
and its resistant MCF-7 EPIR and MCF-7 TAXR). We have observed that different lines metabolize
the palmitic acid in a different way and use their carbons in the synthesis of different new lipid
families. Furthermore, we have observed that the lipid synthesis pattern varied according to the
cell line. Surprisingly, the metabolic pattern of the resistant cells was more related to the TNBC cell
line compared to their sensitive cell line MCF-7. These results allow us to determine a specific lipid
pattern in different cell lines that later might be used in breast cancer diagnosis and to find a better
treatment according to the cancer molecular type.

Keywords: breast; tumor microenvironment; adipocytes; FABP4; FABP5; CD36; lipids; mass spec-
trometry
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1. Introduction

Breast cancer is the most common cancer in women and the second one overall [1].
Despite the advance in diagnosis techniques and treatment, nearly 12% of breast cancer
patients eventually develop metastasis, and die from the disease [2]. A number of risk
factors contribute to the poor outcomes, and the lifestyle is one of the most important.
Obesity is one of the main known risk factors involved in the development and progression
of breast cancer, as well as other cancer types, including pancreatic, hepatic and gallbladder
cancer [3]. Although for many years adipose tissue has been consider as an energy reservoir,
recent studies have demonstrated the importance of fat in different biological and physio-
logical processes, including the production of steroid hormones, cytokines and adipokines,
the control of immune system, and the regulation of eating behavior [4]. Due to the rapid
proliferation rates of tumor cells, they require a substantial amount of lipid molecules for
the biosynthesis of membranes, organelles, and other cellular factors. Adipose tissue, as a
principal source of lipids, has an important influence in cancer progression through the
transfer of lipids [5]. In fact, a number of studies have demonstrated that adipose tissue
modulates cancer progression via the releasement of different factors and by the transfer
of diverse lipid molecules [6]. Most of these factors are released as a consequence of the
close communication between adipose tissue and the cancer cells [7]. Several studies have
already demonstrated that there is an interaction between tumor cells and their microenvi-
ronment, which includes adipocytes [8,9]. This crosstalk of information and materials is
mediated by the release of molecules, such as cytokines, hormones, metabolites and growth
factors, that act on the closely located cells, as well as the more distant cells, modifying
their behavior by the activation or inhibition of different metabolic pathways and/or by
altering their proteomes and transcriptomes [7,10].

The communication between tumor cells and the adipocytes is bidirectional, and it
has been described that tumor cells are able to modify the transcriptomes and metabolism
of adjacent cells for their own benefit. In fact, adipocytes located within the tumor mi-
croenvironment are also subjected to dedifferentiation and a reprogramming of their
metabolic behavior, transforming into cancer associated adipocytes (CAAs) [11]. CAAs
release metabolites, such as lactate, pyruvate, free fatty acids, and ketone bodies, to the
extracellular matrix, fuelling the proliferation of adjacent tumor cells [12]. Tumor cells
internalized these lipids into their metabolic pathways for oxidation and energy production,
and for activation of different signaling pathways [9,13].

Moreover, lipids are a high heterogenous variety of molecules. Depending on their
structure and composition, lipids can play a plethora of roles in cell biology, such as
membrane biosynthesis, energy storage, and cell signal transmission [14,15].

According to the Lipid Maps Alliance, lipids can be divided into eight different groups:
fatty acids (FAs), glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP), sterol
lipids (ST), prenol lipids (PR), saccharolipids (SL), and polyketides (PK) [16]. It is well
established that tumor metabolism is subject to a number of modifications, and a switch to
a lipidic program enhances tumor malignant transformation and progression [17].

These tumor lipid metabolic modifications also provide the possibilities for novel
diagnostic strategies in cancer. As lipids can be found in urine, blood and other different
accessible tissues, a lipid molecular screening by lipidomic technology can aide cancer
diagnosis as well as in the understanding of the metabolic changes which cancer cells are
subjected to within their microenvironment [18].

Some studies have found modifications in several lipid families in BC patients com-
pared to the control population and correlated these alterations with a higher frequency of
cancer occurrence [19]. Furthermore, it has been reported that there is an increase in levels
of phospholipids, phosphocholines, cholines and glycerophosphocholines in tumors [20,21].
However, it is also important to note that plasma contains a high variety of lipids that can
be altered according to dietary sources [22].

In order to understand the metabolic switch that tumor cells undergo within their
microenvironment, we performed in-depth lipid profiling of four different BCC lines,
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MDA-MB-231, BT474, SKBR3, and MCEF-7 as well as the MCF-7 derived drug resistant
MCF-7 TAXR and MCF-7 EpiR cells in close contact with mature adipocytes. Our main
objective was to understand how the adipose tissue within the tumor microenvironment
transfer lipids to adjacent cancer cells and how the tumor lipid metabolism is modified as
a result, using lipidomics techniques and analysis.

Previous studies have detected a different lipidic and lipoprotein profile in breast
cancer patients compared to healthy women [23]. Knowledge of a specific lipid signature
and a particular lipid and lipoprotein profile might help in breast cancer diagnosis and in
the improvement of new possible therapies.

2. Materials and Methods
2.1. Cell Culture

Human MDA-MB-231, BT474, SKBR3, MCF-7 and its resistant MCF-7 TAXR and
MCE-7 EpiR were described previously and originally obtained from the American Type
Culture Collection (ATCC). Cell lines were cultured Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (FBS), 1% penicillin streptomycin
and 1% non-essential amino acids (Biowest, Barcelona, Spain) at 37 °C with 5% CO5.

Fibroblast cell line 3T3-L1 was obtained from the American Type Culture Collection
(ATCC) and it was cultured until confluence. Then, they were cultured for 10 days with differ-
entiation media, consisting in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin,
1% Non-essential Amino Acid Solution, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 uM
dexamethasone and 10 ug/mL insulin from bovine pancreas (Sigma, Barcelona, Spain).

After differentiation, mature adipocytes were serum starved for 24 h. Then, they were
cultured with the necessary conditions for each experiment.

2.2. Conditioned Media Obtainment

To obtain conditioned media (CM), MDA-MB-231, BT474, SKBR3, MCF-7 and its
resistant MCF-7 TAXR and MCF-7 EpiR were cultured until they reached 80% of confluence.
Then cells were serum starved. After 24 h of incubation with 0.1% FBS, different BCC
lines CM were obtained for further assays. Moreover, mature adipocytes were cultured for
3 days with the different BCC lines CM. As a control condition, mature adipocytes were
serum starved for 3 days.

2.3. Oil Red Staining

Oil Red O is a dye which strongly stains neutral lipids. To determinate the adipocyte
lipid content, mature adipocytes were cultured with different BCC lines CM. For 3 days
of incubation, treated and non-treated mature adipocytes were stained with Oil Red dye
following the protocol described (#K580-24) and pictures were taken with an inverted
microscope (Olympus IX71). Then, three washes with isopropanol 60% were performed
and for dye extraction, cells were incubated with isopropanol 100% for 5 min. Afterwards
absorbance at 490 nm was measured using SINERGY HT (BioTek, Swindon, UK).

2.4. RNA Extraction and Quantitative Real Time (qRT) PCR

RNA extraction was performed according to the PureLink RNA Mini Kit (Invitrogen,
ThermoFisher Scientific, Barcelona, Spain) protocol and it was quantified using Synergy
HT (BioTek, Swindon, UK). Total RNA (1 pg) was reverse-transcribed using the Prime-
Script RT Reagent Kit (Takara Bio, Saint-Germain-en-Laye, France). Levels of mRNA
were assessed using LightCycler96 device (Roche) with the Tagman probes for respective
genes acquired from Life technologies CD36 (Mm00432403_m1), FABP4 (Mm00445878_m1),
FABP5 (Mm00783731_s1), TBP (MmO01277042_m1). Then, transcript results were normal-
ized with the gene TBP and the fold change was obtained.
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2.5. Bodipy Fluorescent Staining

To observe the lipid transfer from mature adipocytes to BCC lines MDA-MB-231,
BT474, SKBR3, MCF-7 and its resistant MCF-7 TAXR and MCF-7 Epi®, fibroblasts were
differentiated for 10 days as previously described. During the differentiation process
labeled palmitic-acid BODIPY (Sigma) every other day. In order to test the intake of labeled
palmitic acid during the differentiation process, different images were taken using an
inverted microscopy (Olympus IX71) and fluorescent intensity measure by Image].

Alternatively, after maturation, the labeled adipocytes were serum-deprived for
3 days, and the medium was collected. Then, the BCC lines to be examined were seeded
into 24 well plates until they reached 80% confluence and they were serum-starved with
DMEM high glucose 0.1% FBS for 24 h. Next, the medium derived from labeled adipocytes
were added to the BCC lines. After 72 h of treatment, cells were washed with PBS 1X, and
images were taken using an inverted microscopy (Optimus IX71).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

In order to determine the protein levels from adipocytes CM, ELISA assay was per-
formed to detect the levels of FABP4 and CD36. The media from the adipocytes and the
CAAs were obtained as explained above. The samples were analyzed performing ELISA
assay following the company protocols (Antibodies Online).

2.7. Lipid Uptake Assay: Nile Red Staining

Different BCC lines were seeded in 12 well plates. After serum-starvation, cells
were incubated with adipocyte CM and they were stained after 24 h with the lipophilic
fluorescent dye Nile Red (100 ng/mL) (Sigma-Aldrich; Barcelona, Spain) diluted in PBS 1x
for 5 min at room temperature to visualize the lipid droplets. Cell images were captured
using an Olympus IX71 microscope and analyzed using the Image ] software obtaining the
intensity of each image.

2.8. C'3 Palmitic Assay

To assess the lipid transfer from mature adipocytes to the different BCC lines, a
coculture system was performed. Firstly, 3T3-L1 fibroblasts were seeded and cultured
in the upper chamber of a 12-well plate until they reached confluence. Then, they were
differentiated as described above. Every other differentiation day, an isotope of palmitic
acid (PA) with C!3 was added. For PA formulation, C!3PA (200 uM) was mixed with free
fatty acid BSA (33.32 uM) (Sigma). As a control condition, a parallel differentiation with
non-isotope PA was performed.

In a 12 well plate, different BCC lines were seeded and cultured until they reached 80%
of confluence. Then, the upper chamber with mature labeled and non-labeled adipocytes
were put on above these BCCs. After 2 days of coculture, cells were harvested and collected
until their analysis.

2.9. Lipidomics

Cells and culture media lipids were extracted using a biphasic extraction method. Cells
were extracted in 220 uL. methanol. After sample fragmentation by vortexing, immersion
in liquid N2, and ultrasonication, 440 pL of dichloromethane (DCM) and 140 pL of water
were added sequentially. A total of 200 uL of media was extracted via the same procedure
as the cells without the immersion in liquid N2 and using methy] tert-butyl ether (MTBE)
instead of DCM. Samples were incubated at 4 °C for 30 min and centrifuged (at 15,000 rpm
for 15 min at 4 °C). 330 uL of the organic phase (lipidic) was collected for drying under a
stream of nitrogen. Lipid pellets were resuspended in 150 uL of methanol/toluene (9:1)
for liquid chromatography-mass spectrometry (LC-MS) analysis. Quality control (QC)
samples consisting of pooled samples from each condition were injected at the beginning
and periodically through the workflow.
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Untargeted LC-MS analyses were performed using a UHPLC system (1200 series,
Agilent Technologies) coupled with a 6550 ESI-QTOF MS (Agilent Technologies) operating
in positive electrospray ionization (ESI+) mode. A total of 2 pL of cells extract and 3 uL of
media extract were injected, and lipids were separated by reverse-phase chromatography
with an Acquity UPLC C18-RP (ACQUITY UPLC BEH C18 1.7 uM, Waters). Mobile
phase A was acetonitrile/water (60:40) (10 mM ammonium formate), and mobile phase
B was isopropanol/acetonitrile (90:10) (10 mM ammonium formate). Solvent modifiers
were used to enhance ionization and to improve the LC resolution in positive ionization
mode. Separation was conducted under the following gradient: 0-2 min, 15-30% B;
2-2.5 min, 48% B; 2.5-11 min, 82% B; 11-11.5 min, 99% B; 11.5-12 min, 99% B; 12-12.1 min,
15% B; 12.1-15 min, 15% B. The ESI conditions were as follows: capillary voltage, 4000;
gas temperature, 150 °C; drying gas, 12 L min!; nebulizer, 30 psig; fragmentor, 120 V;
and skimmer, 65 V. The instrument was set to work over the m/z range from 50 to 1200
with an acquisition rate of 3 spectra/sec. For compound identification, MS/MS analyses
were performed in targeted mode with an acquisition rate of 3 spectra/sec, applying three
collision energies:10, 20, 30, and 40 V. Lipid structures were identified by matching tandem
MS spectra against reference standards in LIPID MAPS [24] and/or LipidBlast [25] and/or
Metlin [26].

LC-MS data were processed using the XCMS R package [2] for peak picking, retention
time alignment and feature detection. Then, stable isotopic labelling was detected using
geoRge R [27] package in order to find 13C enriched lipid metabolites. This analysis
provided a matrix containing the retention time, ion m/z value, number of 13C enriched
and the integrated the peak area of each feature for each sample. Features were then
putatively associated to lipid identities found in above mentioned databases. Only those
annotated features were statistically tested for significant changes across experimental
groups using a one-way ANOVA, correcting for multiple comparisons using Tukey’s honest
significant differences and false discovery rate (FDR) method.

2.10. Statistical Analysis

All analyses were performed with the Statistical Package for Social Sciences (SPSS)
software 27.0.1.0 (Madrid, Spain). Data were expressed as mean £ SEM. Statistical analysis
was determined by one-way ANOVA and the differences between groups was analyzed
using the Tukey post-hoc test. A p-value < 0.05 was considered to be statistically significant.

3. Results
3.1. Breast Cancer Cell Conditioned Media Enhances Delipidation of Mature Adipocytes

To assess if tumor cells can influence the amount of lipids liberated by the adipocytes,
mature adipocytes were cultured with conditioned media from different BCC lines (MDA-
MB-231, SKBR3, BT474, MCF-7 and the resistant MCF-7 EPIR and MCF-7 TAXR) and
the amount of lipids accumulated in the mature adipocytes was then examined using
Oil Red staining.

Interestingly, we observed that incubation with CMs from BCC lines caused the
intracellular lipid droplet levels to decrease drastically when compared to the adipocytes
incubated with the control CM (Figure 1). Accordingly, over 3 days of culture, the lipid
levels of adipocytes incubated with BCC CMs declined significantly when compared with
the control adipocytes (all CMs: p < 0.001; one-way ANOVA test).
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Figure 1. BCC CM increases mature adipocyte delipidation. Graph illustration of Oil Red dye in mature adipocytes at
different conditions of culture for 6 days. The Oil Red tinction is represented according to colorimetric signal that is
measured at an absorbance of 490 nm and symbolizes the amount and size of lipid droplets within mature adipocytes. In
the graphic, black bars represent the control condition, while grey bars indicate those conditions where mature adipocytes
have been cultured with a different BCC line CM. There is a significant decrease in Oil Red dye within those adipocytes
that have been cultured with all the different BCC lines CM compared to those adipocytes cultured in control conditions.
One-way ANOVA where a p < 0.05 was considered statistically significant (**** < 0.0001).

3.2. Breast Cancer Cell Conditioned Media Enhance FABP4, FABP5 and CD36 Release from
Mature Adipocytes

Next, we explored the mechanism responsible for higher levels of fatty acid export
and examined the expression levels of adipocyte-expressing fatty acid transporter pro-
teins (i.e., FABP4, FABP5 and CD36) in the mature adipocytes upon culture with BCC
CMs by RT-qPCR. The results showed that the mRNA levels of FABP4 and CD36 were
significantly increased in the adipocytes when culture with BCC CMs (* p < 0.05) one-way
ANOVA) (Figure 2A).

In addition, once we analyzed two of the most representative BCC lines (MDA-MB-231
and MCE-7) effects on adipocyte CM composition, we observed that there was an increase
of all three fatty acid transporters within the media (Figure 2B). BCC lines MDA-MB-231
and MCF-7 CM produces an increase in fatty acid transporters mRNA in mature adipocytes,
but also increases the releasement pattern of these fatty acid transporter proteins (* p < 0.05)
one-way ANOVA.
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Figure 2. BCC CM enhances FABP4, FABP5 and CD36 mRNA levels and increases their releasement to media. (A) Graph
representation of FABP4, FABP5 and CD36 transcripts in mature adipocytes at different conditions for 24 and 48 h of
treatment. There is a clear and significant increase of all three transcripts in those mature adipocytes that have been culture
with BCC line CM. Interestingly, FABP4 transcript in mature adipocytes culture with MCF-7 CM is not affected unlike the
rest of conditions and transcripts. One-way ANOVA where a p < 0.05 was considered statistically significant. (B) Media from
control adipocytes is compared with media from adipocytes cultured with MDA-MB-231 and MCF-7 cell lines conditioned
media, for 24 h where a p-value < 0.05 is statistically significant (* < 0.05, ** < 0.005, *** < 0.0005, **** < 0.0001).

3.3. Mature Adipocytes Conditioned Media Increases Fatty Acid Uptake in Breast Cancer Cell Lines

Lipids are an important source of nutrients for the tumor cells, and they can be
oxidized in order to generate energy and support growth. We have found a higher degree
of delipidation and an increase in fatty acid transporter expression in mature adipocytes
when cultured with BBC conditioned media. We hypothesized that those lipids secreted by
the adipocytes are taken up by the BCCs. To test this conjecture, we cultured the BCC lines
MDA-MB-231, SKBR3, BT474, MCF-7, MCF-7-EPIR and MCF-7-TAXR with the control or
adipocyte CM and studied their lipid uptake by staining their intracellular accumulated
lipid droplets using Nile Red. The results showed that there was a significant increase in
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the amount of lipid droplets in all the BCC lines following incubation with adipocyte CM
when compared with control CM (p < 0.05; one-way ANOVA) (Figure 3).
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Figure 3. Mature adipocyte CM increases lipid uptake in BCC lines. Immunofluorescence images
(10x magnification) of different BCC lines stained for fatty acids using Nile Red stain. There is an
increase in Nile Red staining once cells were cultured with adipocyte CM compared to those cells
cultured in control conditions. Graphs represent Nile Red staining intensity which could be translate
to the amount of fatty acid taken up by the cancerous cells. One-way ANOVA where a p < 0.05 was
considered statistically significant (** < 0.005, *** < 0.0005, **** < 0.0001).

3.4. Mature Adipocytes Internalize Palmitic Acid during Differentiation and Export it as Lipids to
Breast Cancer Cells

Palmitic acid is a fatty acid closely linked to cancer progression [28]. We sought to
confirm if lipid droplets accumulated in the BCCs are indeed derived from the uptake of
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lipids released from the adipocytes. To this end, we first performed a negative and positive
control to show a specific PA-BODIPY labelling (Figure S1). After that, we differentiated
the murine fibroblast 3T3-L1 cells into adipocytes in the presence of the fluorescently
labeled palmitic acid (BODIPY) and measured the fluorescent signal during the fibrob-
last differentiation into mature adipocytes. The result showed that the amount of lipid
droplets increased as along with an increase in fluorescent BODIPY signal during adipocyte
differentiation (Figure 4A).
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Figure 4. BCCs internalize palmitic acid from mature adipocytes. (A) Immunofluorescence images
(10x magnification) of the fibroblasts 3T3-L1 cell line during their differentiation process for the
labeled palmitic acid (BODIPY). Graph represents the BODIPY intensity within the preadipocytes
during their differentiation until they reached the complete process. (B) Immunofluorescence images
(10x magnification) of different BCC lines for BODIPY. Once it was obtained complete differentiated
adipocytes with BODIPY incorporated, they were serum starved and adipocyte CM was obtained.
Then, the different studied BCC lines were cultured with this adipocyte CM, and it was tested if there
was BODIPY label within the cancerous cells. As it is represented in the pictures, all the BCC lines
were able to uptake BODIPY from media within their cytoplasm.
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Then, we assessed if the lipids accumulated in the mature adipocytes, are released
by the adipocytes and uptaken to the different BCC lines. We analyzed the levels of intra-
cellular BODIPY fluorescence in the BCCs after cultured them with PA-labeled adipocyte
CM and found a substantial increase in labeled palmitic acid in the cytoplasm of BCCs,
suggesting that the accumulation of lipids in the BCCs when co-cultured with adipocytes
as a result of their uptake of lipids released by the adipocytes (Figure 4B).

3.5. Breast Cancer Cells have a Different and Specific Lipid Signature in the Palmitic
Transformation and Resistant Cells Lipid Pattern Differs from Their Sensitive Cell Line Being
Closely to TNBC Cell Line Pattern

Next, we sought to identify the specific changes in lipid compositions in the breast
cancer cells in response to co-culture with adipocytes. 13C labeled palmitic acid was added
to differentiating adipocyte, which were then co-cultured with different BCCs, respectively.
Further mass spectrometry analysis revealed that the 13C labeled PA had transformed into
different lipid species in the BCCs. The results showed that there were new lipid species,
such as DAG, TG, ceramides, phosphatidylcholines, phosphoethanolamines and sphin-
gomyelins, whose carbons were derived from the mature adipocytes derived '3C-labeled
PA. Once we analyzed the different BCC lines one by one, we observed that some BCCs
had a similar but specific lipid pattern that were distinct from other BCCs. For example,
we uncovered that SKBR3 and BT474 cells had a similar lipid signature. Through principal
component analysis, we found that both SKBR3 and BT474 cells were closely related in
terms of their lipid metabolism, particularly the way they convert the labeled fatty acids
into DAGs and SMs. Moreover, we also detected that their lipid species, including diacyl-
glycerols (DAGs), sphingomyelins (SMs), triglycerides (TGs) and phosphatidylcholines
(PCs), are notably different from the other BCC lines studied. When we compared the
luminal A MCE-7 cell line with its resistant derivatives, MCF-7 EPIR and MCF-7 TAX®
through principal component analysis, we observed that they were remarkably differ-
ent in their lipid metabolic pathways by which the labeled fatty acids were transformed
into intracellular lipids. Amongst the lipids which differed substantially between the
parental and drug-resistant MCF-7 cells were ceramides (CMs), sphingomyelins (SMs),
phosphatidylethanolamines (PEs) and phosphatidylcholines (PCs).

Surprisingly, the principal component analysis also showed that drug resistant MCF-7
TAXR and MCF-7 EPIR cells harbored a lipid signature more similar to the triple negative
breast cancer (TNBC) cell line MDA-MB-231. (Figure 5).

Subsequently, the lipid families were also analyzed individually between different
breast cancer cell lines. The principal component analysis also revealed a specific lipid
metabolic pattern that is shared between the drug resistant MCF-7 cells and the TNBC MDA-
MB-231 cell lines, which is distinct from the parental MCE-7 cells. In-depth individual lipid
family analysis revealed that phosphatidylcholines (PCs), such as PC(O-33:3), PC(38:1) and
PC(20:0/18:1) were increased in the drug-resistant MCF-7 and TNBC cells compared to the
other drug-sensitive cell lines. Among the lipids, the phosphatidylethanolamines, includ-
ing PE(P-34:2)// /PE(P-16:1/18:1), PE(P-36:2)/ / / PE(P-18:1/18:1), PE(O-34:2)// / PE(O-
15:1/19:1), PE(P-38:7)/ / /PE(P-16:1/22:6), the ceramides (CMs), such as LacCer(18:1/16:0)
and LacCer(18:1/24:0) and the sphingomyelins (SMs), such as SM(36:1) and SM(42:1), were
also altered in both the drug resistant MCF-7 cells and MDA-MB-231 cells when compared
with the rest of the drug-sensitive cell lines (Table 1).
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Figure 5. BCCs have a specific lipid signature that differs from each cell line. Principal component analysis (PCA) score plots
of the different BCC lines analyzed by LC-MS. Scrutiny of the analyzed BCC lines indicated the similarities and differences
between the different lipid species (DG, TG, PC, PE, SM and Cer). It is clear a differential lipid pattern between the studied
BCC lines, where the luminal B cell line BT474 and the HER2+ cell line SKBR3 are notably differentiated in their lipid
pattern from the rest of cell lines. Moreover, they are notably separated between themselves. Therefore, analyzing the lipid
patterns of the BCC lines MCF-7 and its resistant cell lines, MCF-7 Epi® and MCF-7 TAXR, there were significant differences
on them. In addition, resistant BCC lines lipid patterns were more similar to the lipid pattern of TNBC line MDA-MB-231
than the lipid profile of sensitive cell line MCF-7 (DG: diacylglycerol, TG: triacylglycerol, PC: phosphatidylcholine, PE:
phosphatidylethanolamines, SM: sphingomyelin, Cer: ceramide).



UNIVERSITAT ROVIRA I VIRGILI

IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.
CLINICAL AND PATHOGENIC ASPECTS

Jose Adria Cebrian

Cancers 2021, 13, 5871

12 of 17

Table 1. Resistant variants of MCF-7 have a lipid signature more similar to TNBC. Presence of different lipid families such
as PC, PE, TG, SM and Ceramides in resistant cell lines MCF-7 EpiR and MCF-7 TAXR and the TNBC cell line MDA-MB-231
compared to the presence that is detected in the sensitive cell line MCE-7. It is described the fold change of each specific

lipid within each family mentioned above that has been found within these four cell lines. There are differences in the

presence of many PC, PE, SM and Cer, where an increased fold increase is present once their presence is compared between

resistant and TNBC lines compared to sensitive cell line MCF-7 (green underlined).

MCEF-7 EpiR vs. MCF-7 MCF-7 TAXR vs. MCF-7

Lipid Species

MDA-MB-231 vs. MCE-7

Fold Change p Value Fold Change p Value Fold Change p Value
PC(28:0)///PC(14:0/14:0) 0.02990952 0.001 0.04615794 0.001 0.21447702 0.050
PC(31:1)///PC(15:0/16:1) 0.0689704 0.017 0.09403492 0.025 0.20846594 0.108
PC(30:1)///PC(16:1/14:0) 0.01112429 0.002 0.00700047 0.000 0.01721311 0.002
PC PC(O-33:3) 1.27651749 0.004 3.99971727 0.001 2.80090791 <0.001
PC(38:3)///PC(18:0/20:3) 0.27554774 0.044 0.26114733 0.007 0.65273596 0.738
PC(44:1)///PC(26:0/18:1) 44.6634837 0.092 36.8772782 0.032 376.01122 0.001
PC(38:1)///PC(20:0/18:1) 3.53236174 0.288 3.43871497 0.184 14.0520945 0.004
PE(I;;‘i:/Zl)S/‘/iI)’E(P- 28.2972788 <0.001 26.2359375 <0.001 22.5278479 <0.001
PE(P-36:5)///PE(P-
PE 16:1/20:4) 8.81558854 0.007 10.4244025 0.005 14.2692477 0.001
PEESeD f)’E‘P' 259952287  <0.001 19.896668 <0001 114690505  <0.001
PE(34:1)///PE(16:0/18:1) 0.58971808 0.781 0.64063147 0.186 0.35193966 0.009
PE(C)l-Sl’).éi;Zl)gl‘/iI)’E(O- 29.4014166 <0.001 23.5110141 <0.001 22.0164115 <0.001
PE(P-38:7)///PE(P- 14.7720082 0.006 12.4773801 0.004 9.72151443 0.008
16:1/22:6)
Mix TG(44:1) 0.03544991 0.003 0.04252924 0.001 0.04335925 0.001
Mix TG(46:4) 0.05574601 <0.001 0.07728431 <0.001 0.07396131 <0.001
Mix TG(46:1) 0.15810058 0.018 0.23540369 0.004 0.17216579 0.002
TG Mix TG(48:4) 0.29777056 0.007 0.40895724 0.008 0.27500008 0.001
Mix TG(50:5) 0.16080286 <0.001 0.17598899 <0.001 0.12880096 <0.001
Mix TG(50:2) 0.48675871 0.399 0.53214893 0.017 0.39973327 0.002
Mix TG(52:3) 0.24951721 0.092 0.30606399 0.011 0.34407207 0.013
Mix TG(54:3) 0.47035591 0.322 0.38418791 0.001 0.40637479 0.002
SM(36:1) 3.3947483 0.001 3.89343315 0.002 1.02089675 0.999
SM SM(39:3) 0.22395786 0.017 0.21373755 0.001 0.21085366 0.002
SM(42:2) 0.55261516 0.632 0.37982867 0.013 0.46507858 0.086
SM42:1) 2.07385942 0.331 2.05459388 0.309 5.87791467 0.003
LacCer(18:1/16:0) 57.8502342 <0.001 48.320848 <0.001 4.02257761 0.003
Cer DihydroCer(18:0(0H)/16:0)  0.20022379 0.073 0.18622892 0.003 0.10548975 0.001
LacCer(18:1/24:0) 103.862204 <0.001 56.4934583 <0.001 10.0750913 <0.001

In summary, these alterations demonstrate a switch in lipid components and metabolism
in the drug resistant MCF-7 EpiR and MCF-7 TAXR and the MDA-MB-231 cell lines when
compared with the other relatively more drug-sensitive cell lines. Moreover, as MDA-MB-
231 cells have previously been shown to be a more taxol and epirubicin resistant cell line
compared to MCF-7 and some of the other breast cancer cell lines studied, our results also
suggest that the more drug-resistant and malignant breast cancer cells have modified their
lipid profiles and metabolism to enhance their drug-resistance and malignant progression.

4. Discussion

The interactions between different components of the tumor microenvironment and
the cancer cells play a key role in cancer initiation and malignant progression [6]. In
consequence, their cross-talks have been the objects of cancer research during last decades,
and huge advances have been achieved in deciphering these interactions as well as the
mechanistic details involved. One of the major components of the breast is adipose tissue;
hence, the cross-communication between breast cancer cells and their nearby adipocytes
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play a crucial part in breast cancer progression. Different mechanisms for interactions
between the breast cancer cells and the adipocytes have been suggested, but the lipid
transfer from adipocytes to cancerous cells have gained special attention. In fact, earlier
studies have already established a close relationship between lipid transfer from adipocytes
to breast cancer cells and the enhancement of several well-established cancer hallmarks in
breast cancer. However, the specific mechanisms that underly these cross-communications
between adipocytes and breast cancer cells are yet to be unveiled.

In this study, we also studied the interactions between adipocytes and six different
breast cancer cell lines, including MDA-MB-231, SKBR3, BT474, MCF-7 and the MCF-7
derived drug-resistant cell lines MCF-7 Epi® and MCF-7 TAXR. The results have expanded
our understanding of the effects of many types of breast cancer cells, including TNBC,
HER2+, luminal A and luminal B as well as drug-resistant breast cancer cells on mature
adipocytes and vice versa in the tumor microenvironment.

In this study, we firstly focused on how tumor cells modify the tumor microenvi-
ronment, focusing on the adipose tissue. We reviewed how different breast cancer cells
modify the behavior of adipocytes within the tumor microenvironment and reconfirmed
the previous finding that breast cancer cells promote lipid metabolism and increase its
degree of delipidation [11]. We also found that breast cancer cells induce the transcription
of different fatty acid transporters such as FABP4, FABP5 and CD36. We also obtained
evidence that these fatty acid transporter proteins are also released with the lipids by
the adipocytes into their surroundings, suggesting that their release might promote the
transport and metabolism of fatty acids in the breast cancer cells. In agreement, these
fatty acid transporter proteins have been intimately related to cancer development and
malignant progression [29,30].

Moreover, it has also been suggested that tumor cells cocultured with mature adipocytes
increases their lipid uptake, which is partially mediated by the fatty acid transporters [13,31,32].

Recently, palmitic acid has been shown to be strongly linked to cancer development
and progression. In fact, it has been demonstrated tumor cells have a specific need for
this lipid and it is capable of promoting a number of cancer hallmarks, particularly cancer
survival and metastasis [33]. It has also been also demonstrated that there is a strong
positive correlation between palmitic acid level and tumor progression [28].

As aresult, we tracked the labeled palmitic acid, and confirmed that mature adipocytes
first incorporated the labeled fatty acid, and then released it into the extracellular media,
when they are treated with the conditional media from different breast cancer cell lines.
We also obtained evidence that adipocyte-released fatty acids were taken up by the breast
cancer cells and turned into lipids. Moreover, the internalized fatty acids will be used
for the biosynthesis of new lipid compounds in the breast cancer cells, and the discovery
of specific lipid signatures and metabolic pathways for distinct molecular breast cancer
subtypes may help us to understand how different cancer cells internalize lipids from
adjacent adipocytes and how they transform them into any lipid families in their own
benefit. In fact, a previous study has demonstrated that cancer cells incorporate exogenous
palmitic acid into their structural and oncogenic signaling lipid components [34]. It has
been shown that fatty acid uptake and lipid metabolism promote cancer progression and
metastasis.

To determine the lipid metabolic pathways involved in enhancing cancer progression
and metastasis, we first cultured the fibroblast cell line 3T3-L1 in the presence of 13C-
palmitic acid and confirmed that this isotope-labeled fatty acid was internalized into
mature adipocytes as lipid droplets. Then, the adipocytes carrying the isotope-labeled fatty
acid were cocultured with our different breast cancer cell lines. We observed a significant
increase of the isotopic labels in media, suggesting that there was a releasement of these
lipids form mature adipocytes to their environment. Subsequently, we also observed that
the isotope signals that had appeared in media disappeared slowly into the cancer cells,
suggesting the labeled lipid internalization into the cancer cells.
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Next, we analyzed the fate of the labeled palmitic acid carbon in all different breast
cancer cell lines using a LC-MS analysis, and interestingly, we found that cancer cells were
able to synthetize new lipid species.

As cancer cells need a huge amount of lipids in order to proliferate, to synthesize
cellular structural components and to participate in intracellular signaling [5].

Phosphatidylcholines are one of the main lipid subtypes present in the mammalian
cells and their metabolism has been widely studied in cancer. According to bibliography,
it has been described that there is an increase in the presence of different PC in worst
prognosis BC patients’ blood stream [20]. Moreover, there is high correlation between lipid
metabolism, including PC (14:0/16:0) for example, and the tumor grade [35].

Our results show significant differences between the PC pattern of each studied BCC
line. Interestingly, the PC biosynthesis pattern was more similar between the resistant
MCEF-7 cell lines MCF-7 EpiR and MCF-7 TAXR and the TNBC cell line MDA-MB-231
compared to the sensitive cell lines MCF-7, the luminal B cell line BT474, and the HER2+
cell line SKBR3. Interestingly, PC saturations such as PC (36:1), PC (38:2) have been closely
related with worst prognosis [36,37].As mentioned earlier, similar to MCE-7 EpiR and MCF-
7 TAXR cells, MDA-MB-231 cells have previously been shown to be a more taxane (e.g.,
taxol) and anthracyclin (e.g., epirubicin) resistant cell line and more metastatic competence
compared to MCF-7 and some of the other breast cancer cell lines used in the study [38].
Our results therefore suggest that the more drug-resistant and malignant breast cancer
cells have modified their lipid profiles and metabolism to enhance their drug-resistance,
metastatic competence and malignant progression.

We have found that the way that the drug resistant MCF-7 EpiR and MCF-7 TAXR
cells and the TNBC MDA-MB-231 cells metabolize the palmitic acid derived from mature
adipocytes in a different manner, in comparison to the parental drug-sensitive MCF-7
as well as to the luminal B and HER2+ cell lines, suggesting that more malignant and
drug-resistant breast cancer cells acquire a specific PC biosynthesis pattern that differ
from the drug-sensitive and less metastatic breast cancer cells. Furthermore, alterations
in PE metabolism have been also linked with breast cancer progression. In fact, a number
of studies have reported altered plasma and urine PE levels, specifically PE (15:0/19:1)
to be linked to breast cancer development. In this study, we have also found this lipid
family strongly altered in the drug-resistant cell lines (i.e., MCF-7 EpiR, MCF-7 TAXR and
MDA-MB-231 cells) compared to the relatively more drug-sensitive cell lines.

Bioactive sphingolipids and ceramides are of special importance in promoting cancer
progression due to their roles as signaling molecules and have been shown to regulate a
number of critical cellular biological processes [10,39]. SM is one of the most abundant
sphingolipids in normal cells and deregulated expression and function of this lipid family
have also been correlated with breast cancer development and progression [36]. According
to our results, we also detected an alteration in the signature of this family of lipids
in the relatively more resistant cell lines. In our study, a similar signature of ceramide
expression was also found in the drug-resistant breast cancer cells. Ceramides constitute
the structural scaffold of sphingolipids and it has been described that metabolites derived
from ceramides are involved in the signal transduction of a number of signaling pathways
involved in apoptosis inhibition and cell growth promotion [40,41]. In addition, high levels
of ceramide synthase and ceramide has been found in breast cancer compared to normal
non-cancerous tissues [42].

5. Conclusions

In summary, our study shows that defining the lipid signatures in breast cancer might
be a new approach to understanding the behavior of cancer cells within the tumor mi-
croenvironment, particularly when they are in the vicinity of the adipose tissue. Moreover,
our data also suggest that altered lipid metabolism may play a critical role in the ma-
lignant transformation as well as drug-resistance in the breast cancer cells. The altered
lipid signatures found in the drug-resistant and more metastatic breast cancer cells might
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also be useful markers for breast cancer diagnosis and prognosis. Moreover, targeting the
deregulated lipid uptake and metabolism in the drug resistant breast cancer cells may help
to reverse the drug insensitivity of some breast cancer cells and lead to novel treatment
strategies for breast cancer as well as drug resistance (Figure 6).
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Figure 6. Schematic representation of the crosstalk between adipocytes and breast cancer cells.
Palmitic acid (PA) is internalized into mature adipocytes during their differentiation. Then the
coculture of both cell lines produces a releasement of unknown factors from cancerous cells that
modifies the behavior of adjacent adipocytes increasing their catabolism, thus enhancing their
delipidation. In addition, PA is metabolized, and new species are formed from this lipid, such as
phosphatidylcholines (PC) or sphingomyelins (SM). Close contact between both cell types leads to
the releasement of these lipid species, being internalized into the cancerous cells. Then, new lipidic
species are produced form these lipids, including phosphatidylethanolamines (PE) and ceramides
(Cer). The specific lipid pattern will confer an enhancement in the tumorigenic behavior on the
breast cancer cells. In addition, free fatty acids also are released form adjacent adipocytes and are
internalized into the cancerous cells. There, they are included into lipid droplets that will confer a
new source of energy, although they also can induce the enhancement of the cancer cells hallmarks.
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Abstract: Adipose tissue and immune system are two of the principal elements in tumor microen-
vironment. Intercommunication between these components and tumor cells is crucial in cancer pro-
gression. Adipose tissue as the principal energy reservoir might transfer their lipidic content to those
breast cancer cells. Although immune system is the first defense barrier against tumor cells, altera-
tions in its behavior could revert this protective effect. In this study, we have analyzed the influence
of tumor cells on these two elements. Tumor cells can enhance the delipidation and the releasement
of FABP4 protein to the extracellular matrix, thus facilitating the lipid transfer from mature adipo-
cytes to adjacent tissue elements, such as THP-1 monocytes. Moreover, the intercommunication be-
tween tumor cells and adipose tissue generates a pro-inflammatory microenvironment in mature
adipocytes by the enhancement of the cytokine transcript levels of IL-6 and MCP-1, as well as pro-
duces a notably activation of the inflammatory pathways and cytokine production in the monocytic
cell line. In vivo analysis demonstrated also that breast cancer patients’ plasma presents an altera-
tion in the C-reactive protein, which is accompanied by an increment in the glycoprotein Glyc-A.
Moreover, both pro-inflammatory parameters are positively correlated with the higher plasma lev-
els of FABP4 that we found in breast cancer patients compared to control healthy women. In addi-
tion, the increment of total triglycerides and triglycerides enrich-lipoprotein are positively corre-
lated with the inflammatory parameters Glyc-A and C-reactive protein, hence suggesting that breast
cancer patients present a pro-inflammatory status that might be mediated by the intercommunica-
tion between the different components of the tumor microenvironment, thus opening new possible
target therapies in the breast cancer treatment.

Keywords: Tumor microenvironment, immunology, inflammation, FABP4, glycoproteins.

1. Introduction

Breast cancer is the most common cancer in women and the second leading cause of all
cancer related deaths[1]. Tumor cells form part of a complex microenvironment with fi-
broblasts, vascular and lymphatic cells, pericytes, adipocytes and immune system cells[2].
It has been shown that tumor cells and their microenvironment stablish a close commu-
nication that mediates and promotes tumor progression by the enhancement of different
cancer hallmarks [3].Nevertheless, the communication is bidirectional, hence tumor cells
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are able to modify the transcriptome, proteome and metabolome of different adjacent cells
in their own benefit [4][5]. Adipose tissue, as one of the principal components of the mam-
mary gland, has an important role in breast cancer progression. Adipose tissue is not only
an energy reservoir. In fact, the endocrine capacity of the adipose tissue has been high-
lighted since adipocytes produce hormones, growth factors and adipokines that are in-
volved in most of breast cancer processes such as initiation, progression and metastasis[6].

Peritumoral adipocytes are characterized by lipid droplet modification, distinct gene ex-
pression profile, overexpression of proinflammatory cytokines, higher browning activity,
a decrease in adipocyte markers and a diminished size due to an increased lipolysis. These
modified adipocytes are named cancer-associated adipocytes (CAAs)[6][7][8]. The pro-
duction of different adipose tissue cytokines and adipokines are dysregulated in these
CAAs compared to adipocytes from normal breast tissue. In fact, high levels of Interleu-
kin-6 or the chemoattractant protein-1(MCP-1), C-C motif chemokine ligand 5(CCL-5) or
leptin have been detected in breast adipose tissue[9]. Some of these cytokines have an
important impact in the attraction and infiltration of immune system cells within the tu-
moral microenvironment, thus disrupting the normal functionality of the tissue[10].
Moreover, the increment of leptin production has been associated with increased angio-
genesis, macrophage differentiation, inflammation and anti-apoptotic factors release-
ment[7][9].

According to bibliography, fatty acid transport proteins FABP4, FABP5 and CD36 have
an important role in cancer progression by the activation of some cancer hallmarks [11]
and the active transfer of fatty acids from adipose tissue to breast cancer cells (BCC)[8].
The alteration of adipokines and cytokines production take a great interest as a new view-
point in the tumor microenvironment regarding inflammation and tumor progression.

According to previous laboratory results, high FABP4 circulating levels has been associ-
ated with an increased risk of breast cancer[12]. Moreover, a direct role of FABP4 in
breast cancer cells have been demonstrated in different studies [13][14]. In addition,
FABP4 is highly expressed by adipocytes, macrophages, and endothelial cells [15] Thus,
this cytokine could be implicated in breast cancer progression due to its role in these cell
types from the tumor microenvironment. FABP4 increases mature adipocyte lipolysis,
whereas in macrophages, FABP4 is involved in the inflammatory regulation. Both, the
proinflammatory setting and the increased lipid transportation rate enhances tumor pro-
gression[16]. Inflammation has acquired importance as a new cancer hallmark, and dif-
ferent studies try to underly the mechanisms by which the pro-inflammatory status might
influence cancer progression. The link between obesity and inflammation is under study.
Thus, adipose tissue produces adipokines and cytokines that attract and stimulate macro-
phages, producing an histological structure referred to as crown like structure (CLS) with
an increased production of proangiogenic factors and proinflammatory cytokines[17][18].

Moreover, whiles lean adipose tissue is predominantly infiltrated by alternative activated
M2 macrophages, obese adipose tissue contains an upregulation in the number CLS that
are basically formed by proinflammatory M1 macrophages with an increased production
of cytokines such as Interleukin-18 (IL-18),Interleukin-6 (IL-6), Tumor Necrosis Factor-o
(TNF-0)[19].

In addition, the alteration of adipocytes and their transformation to CAAs also alter the
production of these cytokines, hence the presence of the immune system within the tumor
microenvironment. In fact, macrophages in healthy lean women constitute 5-10% of the
total adipose tissue environment, whereas in peritumoral adipose tissue there is a signif-
icant increment of these immune cells[20]. According to the classical biology, the immune
system, as the principal barrier against extrinsic and intrinsic pathogens, would benefit

47
48
49
50
51
52

53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70

71
72
73
74
75
76
77
78
79
80
81
82
83
84

85
86
87
88
89

90
91
92
93
94
95



UNIVERSITAT ROVIRA I VIRGILI
IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.
CLINICAL AND PATHOGENIC ASPECTS

Jose Adria Cebrian

Metabolites 2022, 12, x FOR PEER REVIEW 3 of 20

the recognition and elimination of tumor cells. However, tumor can modify the behavior
of surrounding immune system cells, including infiltrated macrophages, becoming into
tumor associated macrophages (TAMs)[21]. These modified cells might have a dual role
in cancer progression, thus, depending on the extracellular signals, they can either kill
tumor cells or promote their growth and invasiveness. In fact, substantial bibliography
has demonstrated that infiltrated macrophages promote different pro-tumorigenic fea-
tures such as angiogenesis, metastasis and motility [22][23]. Moreover, higher macro-
phage recruitment and infiltration is partially mediated by the chemokine CCL-2[24]. Ac-
cording to different studies there is a correlation between a higher macrophage infiltration
and poor patient prognosis and survival[25][26].

Clinically, even though C-reactive protein (CRP) has been traditionally used as an inflam-
matory marker, new biomarkers have been described in the analysis of the pro-inflamma-
tory status of the patients. The "H-NMR-measured glycoproteins Glyc-A and Glyc-B be-
long to the family of acute-phase proteins, which are synthetized and released by the liver
in response to an acute or chronic inflammation[27]. Glyc-A and Glyc-B parameters indi-
cate the glycation status and levels of five of the most abundant acute-phase inflammatory
proteins, reflecting the patient inflammatory status[28][29].

Summarizing, the tumor microenvironment is a highly heterogenous complex of tissues
and cell types continuously in contact and communication. This communication can acti-
vate diverse transcriptional and metabolic changes in the tumor microenvironment to in-
duce tumor cell growth and metastasis. Adipose tissue is able to overactive its lipolysis
and fatty acid transport proteins releasement in order to supply energy demands of tumor
cells. In addition, they can generate a pro-inflammatory status to attract a high number of
new immune system, such as macrophages, lymphocytes or natural killers. These infil-
trated cells might have a positive impact in cancer progression. Knowledge of the different
processes that underlined this tumor microenvironment communication might lead us to
open new therapeutic strategies targeted to block the information exchange between tu-
mor microenvironment and tumor cells, allowing a better patient treatment and survival.

2. Experimental Design

2.1. Cell culture

Human MDA-MB-231, MCF-7 and its drug resistant variants MCF-7-TAX® and MCF-7-
EpiR breast cancer cells were originally provided by Dr. Eric Lam from the American Type
Culture Collection (ATCC). Cell lines were routinely maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin
streptomycin and 1% non-essential amino acids (Biowest, Barcelona, Spain) at 37°C with
5% COs.

3T3-L1 cells were obtained from the American Type Culture Collection (ATCC) and main-
tained in DMEM High Glucose with 10% FBS, 1% penicillin streptomycin and 1% non-
essential amino acids at 37°C with 5% COz. For 3T3-L1 cells differentiation, cells were
seeded onto 10 mm plates. Once the cells achieved confluency, they were cultured for 10
days in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, 1% Non-essen-
tial Amino Acid Solution, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 uM dexame-
thasone and 10 pg/ml insulin from bovine pancreas (Sigma, Barcelona, Spain).

THP-1 monocytic cell line was maintained in RPMI1640 (BioWest, Barcelona, Spain) sup-
plemented with 10% FBS, 1% penicillin streptomycin and 1% non-essential amino acids at
37°C with 5% CO..
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2.2. Conditioned media obtainment 145

146
To obtain BC conditioned media, methodology described in the previous paper was fol- 147
lowed [8]. Briefly, BCC lines were cultured as described above and once they reached 80% 148
of confluence, they were deprived for 24 hours with 0,1% FBS DMEM-High Glucose. 149
For adipocyte conditioned media obtainment, 3T3-L1 cells were cultured and differenti- 150
ated for 10 days as described above. Then, mature adipocytes were incubated with serum- 151
starvation media for 24 hours, and supernatant was then cleared by centrifugation at 900 152
rpm and collected. In order to obtain the CAAs conditioned media, mature adipocytes 153
were treated with different Breast Cancer CM for 3 days and media was collected. Control 154
CAAs were obtained using a deprivation media. Then, media was collected, centrifugated 155
at 900 rpm and supernatant was collected. 156

2.3. Western Blot analysis 157

THP-1 monocytic cells were lysed in RIPA buffer [0.5mM Tris-HCl (pH 7.4), 150 mM 158
NaCl, 0.1% SDS, 1% Nonidet P40, 0.5% sodium deoxycholic acid and protease and phos- 159
phatase inhibitors (Roche)]. Protein concentration was measured using the Bradford as- 160
say. Fifteen g of protein were loaded and separated on electrophoresis gels (NuPage 10% 161
Bis-Tris Gels) (Life Technologies, ThermoFisher, Barcelona, Spain). Then proteins were 162
transfer to a Polyvinylidene Fluoride (PVDF) membrane (Immobilon-P) (Life Technolo- 163
gies) using a semidry iBlot2 transfer device (Life Technologies). PVDF membranes were 164
blocked using Milk-TBS-Tween (5% non-fat dry milk in TBS 0.05% Tween) for 1 hour at 165
RT. Primary antibodies were added to the PVDF membranes and incubated overnight at 166
4°C. The membranes were then washed 3x in TBST and incubated with secondary anti- 167
bodies (Polyclonal Goat anti-rabbit, Polyclonal Rabbit anti-Goat or Polyclonal Goat anti- 168
Mouse) (1:10.000) conjugated with peroxidase (HRP) (Dako, Sant Just Desvern, Spain). 169
Signals were detected using chemiluminescent reagents (ECL Millipore reagent) by an 170
Amersham Imager600 (GE Healthcare, Madrid, Spain) and analyzed using ImageQuanTL 171

software (GE Healthcare). 172
173
174
Primary antibody Dilution Company Reference
p38 MAPK 1/1000 Cell Signaling #8690
P-p38 MAPK 1/1000 Cell Signaling #4511
p65 NF-kB 1/1000 Santa Cruz Biotechnology sc-109
P-p65 NF-kB 1/1000 Cell Signaling #3033
FAPB4 1/1000 R&D Systems AF3150
Actin 1/1000 Santa Cruz Biotechnology sc-1616
175
Table 1. Primary antibodies used for Western Blot analysis 176
177
2.3. RNA extraction and RT-qPCR 178

RNA extraction was performed according to the PureLink RNA Mini Kit (Invitrogen, 179
ThermoFisher Scientific, Barcelona, Spain) protocol and it was quantified using Synergy 180
HT (BioTek, Swindon, UK). Total RNA (1 ug) was reverse-transcribed using the Prime- 181
Script RT Reagent Kit (Takara Bio, Saint-Germain-en-Laye, France). Levels of mRNA were 182
assessed using LightCycler96 device (Roche) with the Tagman probes for respective genes 183
acquired from Life technologies. 184

185
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Gene Company Reference
1-6 Life Technologies Mm00446190_m1
Mcpl Life Technologies Mm00441242_m1
Tbp Life Technologies Mm01277042_m1
TNF-a Life Technologies Hs00174128_m1
MCP1 Life Technologies Hs00234140_m1
IL-1B Life Technologies Hs01555410_m1
IL-6 Life Technologies Hs00174131_m1
GADPH Life Technologies Hs99999905_m1

Table 2. RNA probes for RT-gPCR

2.4. Nile Red assay

To assess the lipid uptake capability of THP-1 in different conditions, 500.000 monocytic
cells were seeded in 12 well plates. After serum-starvation, cells were cultured in different
conditions for 24 hours and then they were incubated with the lipophilic fluorescent dye
Nile Red (100ng/ml) (Sigma-Aldrich; Barcelona, Spain) diluted in PBS 1X for 5 min at room
temperature to visualize the lipid droplets. Cell images were captured using an Olympus
IX71 microscope and analyzed using the Image J software obtaining the intensity of each
image.

2.5. Studied population

In this study, we used a population cohort of 240 individuals, 171 breast cancer patients
and 69 control healthy women, to assess a glycoprotein profile and different standard
clinical biochemistry analysis. Control patients were selected from the same family, simi-
lar Body Mass Index (BMI), age and geographical region. This project was approved by
the Hospital Ethical Committee (reference number: 99-05-20/04-5), the subjects signed
their written consent to participate in the study and accepted the publication of the results.

2.6. Blood sample collection

After subject overnight fasting, blood extraction was performed, and serum aliquots were
stored at -80°C in the Biobank of the Institut d'Investigaci6 Sanitaria Pere Virgili (IISPV)
until their use.

2.7. Biochemical analysis

Standard biochemical parameters were analyzed previously[12]. In addition, Lipoprotein
and low molecular weight analysis was also performed[30].

2.8. Glycoprotein analysis by H-NMR

The serum samples were sent to Biosfer Teslab in dry ice for the NMR analysis. Briefly,
200 pL of the sample were transferred into NMR tubes with phosphate buffer. High-res-
olution IH-NMR spectroscopy data was acquired on a Bruker 600 MHz spectrometer,
while 1D nuclear Overhauser effect spectroscopy (NOESY, 4 scans) and Carr-Purcell-
Meiboom-Gill (CPMG, 64 scans) analysis was used to characterize small molecules such
as amino acids and sugars. LED diffusion (Diff) experiments (32 scans) were used to detect
larger molecules such as lipoproteins and glycoproteins compounds. The region of the 'H-
NMR spectrum where the glycoproteins resonate (2.15-1.90 ppm) was analysed using
several functions according to the chemical shift: Glyc-A and Glyc-B. For each function,
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we determined the total area and transformed it to concentration according to the number
of sugar—protein bonds. The area, height, position, and bandwidth and their ratios were
also calculated. The concentrations of Glyc-A and Glyc-B provided the amount of acetyl
groups of protein bond N-acetylglucosamine, N-acetylgalactosamine (Glyc-A), and N-
acetylneuraminic acid (Glyc-B), the predominant sialic acid found.

2.9. Statistical analysis

Regarding in vitro statistical analysis, at least 3 different assays were performed. On the
other hand, in vivo results are expressed as mean * standard deviation (SD) for the nor-
mally distributed variables, as the median and the interquartile range (IQR) for the non-
normally distributed variables and as frequencies for categorical data. Shapiro test was
used to ensure that the data were normally distributed. T-test was used to deter-mine
significant differences between normal variables. Mann-Whitney test was used to detect
significant differences between non-normally distributed variables. Chi square2 was used
to assess differences between categorical data. Correlations were evaluated using Pear-
son’s test for normally distributed data and Spearman’s test for data that were not nor-
mally distributed. P-values < 0.05 were considered statistically significant. SPSS software
(IBM SPSS Statistics, version 20.0, North Castle, New York, http:// www.ibm.com) and R
Studio version 4.0.5 (RStudio Team (2020). RStudio: Integrated Development for R. RStu-
dio, PBC, Boston, MA URL http://www.rstudio.com/) were used to perform the statistical
analyses.

3. Results
3.1. Adipocyte and CAAs conditioned media increase THP-1 lipid and FABP4 uptake.

Free fatty acids can play a crucial role in the inflammatory processes in the immune
system. In fact, the accumulation of lipids within the immune system cells generates a
proinflammatory cascade. THP-1 cell line undergo accumulation of lipid droplets once
was cultured with adipocyte CM (Fig 1A) after one hour of treatment. Interestingly, the
accumulation of lipid droplets was even higher once the monocyte cell line THP-1 was
cultured with the CM derived from some CAAs (MCF-7-TAX®R, and MCF-7-Epir) (Fig 1A).

Moreover, the amount of cytoplasmatic FABP4 in THP-1 cells cultured with adipo-
cyte CM was increased compared to control conditions. Interestingly, intracellular FABP4
was even higher when THP-1 cell line was cultured with CAAs CM (Fig 1B).

In addition, previous laboratory results have demonstrated that CAAs contain higher
amounts of FABP4 than control adipocytes. Moreover, the transcript of FABP4 as well as
its releasement was enhanced in CAAs [8]. These results suggest that FABP4 protein
might have a role in the transport of lipids from mature adipocytes to the monocyte cell
line THP-1.

3.2. MCF-7 and MDA-MB-231 conditioned media increases proinflammatory gene
expression in mature adipocytes

Recent studies have demonstrated that BC microenvironment presents a proinflam-
matory status within the tissue. For this reason, we wanted to assess if the tumor cells
might induce this proinflammatory status in the surrounding adipose tissue.

For this purpose, mature adipocytes were cultured with MCF-7 and MDA-MB-231
CM and, after 24 hours, Mcp-1, and II-6 transcript levels were analyzed. Consequently, a
significant increment of both transcripts was observed after treatment (Fig 2).

3.3. Adipocyte and CAAs conditioned media promote a proinflammatory status in
THP-1 monocytes.
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Monocytes are the precursor of infiltrated macrophages and tumor microenviron-
ment generates a specific niche for they attraction and infiltration. Adipose tissue releases
a high number of cytokines and adipokines to the extracellular matrix. Both processes are
notably underlined, and their combination is essential for cancer progression. To assess
how alteration of mature adipocytes and CAAs from tumor microenvironment might in-
fluence in the releasement of different factors, monocyte cell line THP-1 was grown with
adipocyte or CAA CM and proinflammatory transcripts IL-6 and IL-1£ were measured.
Monocytes cultured with adipocyte CM have a significant increment of both transcripts
compare to control conditions. This increase was even higher once THP-1 cells were cul-
tured with the different CAAs CM (Fig 3A).

Furthermore, two proteins closely related with the inflammation process, P65-NFKB
and p38-MAPK, were analyzed. The phosphorylated forms of these proteins were in-
creased under adipocyte CM condition. Furthermore, CAAs CM produces a significant
increment of their phosphorylation compared those cultured only with adipocyte CM (Fig
3B).

3.4. Adipocyte and CAAs CM enhance monocyte activation and differentiation to
M1 macrophages

Monocytes are the macrophages precursors, and its infiltration is essential for cancer
progression. Adipose tissue as an endocrine organ produces high number of cytokines,
including the chemoattractive cytokines IL-6 and MCP-1. The above results suggest that
the peritumoral adipose tissue might influence the infiltration and posterior inflammation
of monocytes. A methodologic approach to study the activation and the inflammatory
status of monocytes is to identify their differentiation into macrophages by their attach-
ment to the plate, hence their morphological alteration.

To analyze in vitro differentiation of THP-1 to M1 macrophages, the number of mon-
ocytes attached to the plate and with modified morphology were analyzed in the different
treatment conditions. In control condition there were no attachment of monocytes to the
plate, missing any type of differentiation. However, once monocytes were cultured with
adipocyte CM an increment in the attachment and an alteration in the morphology was
observed, appearing to become into macrophages. Interestingly, the treatment of THP-1
monocytes with CAA CM resulted in a significant increase in the monocytes attachment
and in a substantial morphological modification, compared to those monocytes treated
only with adipocyte CM (Fig 4).

3.5. Glycoproteins related to inflammation are increased in breast cancer patients
and are correlated with an increment in plasma levels of C-reactive protein.

Traditionally CRP was a clinical marker widely used to describe inflammation in
blood samples. Actually, the BC patients of this study showed an increased amount of
CRP marker compared to control healthy women[12]. Nowadays, new metabolites and
different compounds can be analyzed to discern a metabolic disruption, hence a specific
disease. By 'H-NMR, breast cancer patient serum was analyzed to describe new possible
inflammatory biomarkers associated to breast cancer patients.

Glyc-A and Glyc-B, as a reflection of the levels and glycation of 5 of the most abun-
dant acute phase proteins were used to understand the inflammatory status of these pa-
tients. Interestingly, breast cancer patients presented an altered glycoprotein pattern in
plasma compared to control women. In fact, increased Gly-A as well as of Glyc-B were
found in breast cancer patient serum compared to control healthy women (Fig 5A). More-
over, correlation analysis was also performed in both glycoproteins Glyc-A and Glyc-B
with the CRP, and significant positive associations were observed (0=0.37, p<0.0001 and
0=0.22, p<0.01 respectively) (Fig 5B).
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3.6. Glyc-A is correlated with the increment of FABP4 plasma levels in breast cancer 327
patients. 328

According to the biochemistry of these patients, an altered concentration plasma 330
FABP4 was found in BC patients[12]. Interestingly, positive correlation was found be- 331
tween plasma levels of FABP4 and the 'H-NMR-measured glycoprotein Glyc-A (0=0.28, 332
p<0.0001). Furthermore, this fatty acid transport protein presented also a positive correla- 333
tion with the CRP (0=0.36, p<0.0001) (Fig 6). However, we did not observe a significant 334

correlation between FABP4 and Glyc-B (0=0.025, p<0.74) (data not shown). 335
336

3.7. Free triglycerides and triglyceride-enriched lipoproteins were positively corre- 337
lated with Glyc-A in breast cancer patients 338
339

Previous results showed a significant increase in plasma triglycerides levels in breast 340
cancer patients compared to control healthy women. Moreover, BC patients of this cohort 341
had an alteration in the composition of the plasmatic lipoproteins[30]. VLDL, IDL, LDL 342
and HDL were notably enriched in triglycerides compared to control healthy women par- 343
ticles. Interestingly, BC patients’ triglycerides plasma concentration correlated with the 344
levels of TH-NMR glycoprotein Glyc-A (0=0.53, p<0.0001) (Fig 7A). In addition, the triglyc- 345
erides enriched particles, VLDL-TG, IDL-TG, LDL-TG and HDL-TG, had positive corre- 346
lation with the plasmatic levels of Glyc-A in BC patients (0=0.52, p<0.0001; 0=0.34, 347

p<0.0001, 0=0.23, p=0.001, 0=0.21, p=0.004 respectively) (Fig 7B). 348
349
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Figl. Adipocyte and CAAs conditioned media increase lipid uptake and FABP4 incorporation in the monocytic cell line THP-1. (A) Immunoflu-
orescent images (10X magnification) of THP-1 monocytes stained for fatty acid using Nile Red satin. Nile Red staining graphs compare the accumu-
lation of lipid droplets on THP-1 cells after 1 hour of culture with control, adipocyte CM, and CAAs conditioned media, where we could observe an
increment of the lipid uptake after the culture with adipocyte and CAAs CM. (B) Immunoblots representation for FABP4 of THP-1 after their culture
with the different mentioned conditions. There is a significant increment in the amount of this protein within the cytoplasm of the monocytic cell line
after their culture with adipocyte CM, being higher after their culture with the different CAAs CM. The results are expressed as the mean + SEM of
at least three independent experiments. A p- value < 0.05 is considered to be statistically significant. *p<0.05, **p<0.01, **p<0.001, and ****p<0.0001.
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Fig3. Adipocyte and CAAs conditioned media promote a pro-inflammatory status in the monocytic cell line THP-1. (A) Graph representation of ~ 371
IL-1f3, IL-6, TNF-oe and MCP-1 mRNA transcripts of thp-1 cell line monocytes after their culture in different conditions (control conditioned media, 372
adipocyte conditioned media or the different CAA conditioned media, derived from the culture of adipocytes with MDA-MB-231, MCF-7, MCF-7- 373
EpiR, or MCF-7-TAXR conditioned media). The monocytic cell line THP-1 suffered and increment in the transcript levels of all the pro-inflammatory 374
factors. (B) Immunoblots representation for NF-Kb, MAPK p38 and their phosphorylated forms in THP-1 monocytes after their culture with the 375
different conditions previously described. There is an increment in the phosphorylation rate after their culture with adipocyte CM. However, this 376
increment is significatively higher after their culture with all the different CAAs conditioned media The results are expressed as the mean + SEM of ~ 377
three independent experiments. A p- value < 0.05 is considered to be statistically significant. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. 378
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Fig5. Breast Cancer patients have an altered plasma pro-inflammatory biomarker pattern. (A) Blot representation of the acute pro-inflammatory 387
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of the CRP. 392

393

126



UNIVERSITAT ROVIRA I VIRGILI

IMPACT OF FATTY ACID METABOLISM IN BREAST CANCER PERITUMORAL TISSUE.
CLINICAL AND PATHOGENIC ASPECTS

Jose Adria Cebrian

Metabolites 2022, 12, x FOR PEER REVIEW 12 of 20
394
Glyc-A— FABP4 correlation CRP- FABP4 correlation
e R=0.36, p=870-07 .
R=0.28, p=0.00014 204
40
Ll
151 .

3 &
1 ' °
>
(D 2 . .

»
. .
. .
10
0
5 i % % W P 0 10 20 30 40 50
FABP4
FABP4
395
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breast cancer patients FABP4 and Glyc-A plasmatic levels (0=0.28, p<0.0001), as well as between FABP4 and CRP (0=0.36, p<0.0001). 398
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Fig7. There is a positive correlation between breast cancer patient Glyc-A plasmatic levels and the triglycerides composition of the different 406
plasmatic lipoproteins. (A) Simple regression where the correlation between total amount of plasmatic triglycerides and Glyc-A is measured, where 407
a positive correlation was found (0=0.53, p<0.0001). (B) Simple regression where the correlation between Glyc-A plasmatic levels and the triglycerides 408
composition of the different plasmatic lipoproteins (VLDL, IDL, LDL, and HDL) is measured. There is a positive correlation of this glycoprotein and 409
the triglycerides enrichment of the lipoproteins (0=0.52, p<0.0001; 0=0.34, p<0.0001, 0=0.23, p=0.001, 0=0.21, p=0.004 respectively). 410
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Fig8. (A) Schematic representation of in tumor microenvironment crosstalk between tumor cells, adipose tissue, and immune system monocytes.
Tumor cells are able to modify the behavior of mature adipocytes by the enhancement the pro-inflammatory transcripts MCP-1 and IL-6. Furthermore,
they induce the lipid droplets delipidation, as well as an increasement of fatty acid releasement both in free form and attached to FABP4, a fatty acid
transport protein that is also increased by the tumor cell influence. These molecules modify the behavior of the adjacent immune system cells, specially
activating the inflammatory response in monocytes by the induction of pro-inflammatory transcripts such as MCP-1, IL-6, IL-18, and TNF-a, as well
as by the phosphorylation of the pro-inflammatory proteins NK-kb and MAPK-p38. (B) Schematic representation of the relationship between dif-
ferent plasma biomarkers in breast cancer patients. Tumor microenvironment induce a pro-inflammatory tissue status, thus enhancing different
pro-inflammatory cytokines and chemokines. This is reflected by an increasement of the C-Reactive Protein (CRP), which is positively associated
with the increment of the acute phase glycoprotein-A (Glyc-A). Plasma levels of FABP4 are also significantly increased in BC patients and they are
positively correlated with CRP and Glyc-A. Moreover, the lipoprotein profile and composition are altered in BC, thus enriched in triglycerides. This

alteration is positively correlated with CRP and Glyc-A hence with the inflammatory status of the patient.

4. Discussion

Adipose tissue is one of the main components of the mammary gland, thus the plausible
effects of this endocrine organ in cancer progression have taken special attention in the
tumor microenvironment field. Actually, there is a substantial exchange of information
between tumor cells and each one of the different components of the tumor microenvi-
ronment, including the adipose tissue cells. In fact, by the releasement of certain unknown
factors, tumor cells are able to modify surrounding adipocytes in their own benefit[4].
Previous laboratory results have demonstrated that BCCs enhance mature adipocyte
delipidation, hence acquiring a more fibroblastic phenotype[8]. Different studies have
demonstrated that these alterations are part of a modification process that leads to their
transformation into CAAs and promotes cancer progression [31][32]. In addition, we have
also demonstrated that BCCs increase the releasement of certain fatty acid transport pro-
teins such as FABP4, FABP5 and CD36, hence mediating the lipid transfer from adipocytes
to tumor cells[8]. Moreover, the addition of exogenous FABP4 had an impact in breast
cancer cell lines MCF-7 and MDA-MB-231 progression, increasing their growth[11]. Ac-
cording to these results, it is plausible to think that this protein might have importance in
the tumor microenvironment and cancer progression. Actually, FABP4 has a dual target
in breast cancer progression. According to unpublished laboratory results the effects of
this protein within the tumor cells include the enhancement of different cancer hallmarks
of cancer such as proliferation, migration, or invasiveness. However, the role of this pro-
tein is not only limited to the tumor cells, but to the different components of the tumor
microenvironment, including adipocytes and macrophages, where this protein is highly
expressed. In this study we have focused on the intercommunication between adipocytes,
tumor cells and infiltrated macrophages and the role of FABP4 in the process.

Firstly, once the monocytic cell line THP-1 was cultured with adipocyte CM we observed
a significant increment in the number of lipid droplets in THP-1 cytoplasm. Interestingly,
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in those THP-1 cultured with the CM from CAAs, the accumulation of lipid droplets was
even higher. According to these results, we also observed that those monocytes cultured
with adipocyte CM had internalized a high amount of FABP4, but this incorporation was
higher once they were cultured with CAAs conditioned media. The role of FABP4 on lipid
accumulation in macrophages has been demonstrated previously in atherosclerosis[33],
hence suggesting a plausible common role in this disease and cancer progression. This
accumulation of lipids is closely related with chronic inflammation in obesity[34]. More-
over, some studies have demonstrated that adipose tissue suffered an alteration in the
inflammatory status in obese individuals[35]. Furthermore, an increased chronic inflam-
matory status has been described in cancer progression [36], thus leading to a major infil-
tration of new immune system cells within the tumor microenvironment that conduct to
worse prognosis. Consequently, the relationship between adipose tissue and the immune
system seems to be crucial in the development of certain metabolic diseases and cancer by
the generation of a chronic inflammation status.

Hence, in this study we wanted to assess the potential role of this inter-communication
between adipocytes, tumor cells, and infiltrated macrophages in the generation of an in-
flammatory status. Firstly, we observed that those adipocytes that were cultured with
BCC conditioned media increase the transcript levels of II-6 and Mcp-1. These cytokines
are crucial in the formation of a pro-inflammatory status because of their implication in
the extravasation and infiltration of different immune system cells as well as their role in
immune system activation and cancer progression[37][38][39].

Once we have demonstrated that mature adipocytes acquired a more inflammatory pro-
file, our next goal was to analyze the effects of these changes in the behavior of infiltrated
macrophages. Accordingly, the transcript levels of MCP-1 and IL-6 were analyzed in those
monocytes cultured with adipocyte and CAAs conditioned media. Moreover, two more
cytokine transcripts were measured, TNF-a and IL-18. Monocytes cultured with adipo-
cyte conditioned media suffered an increment in the level of all four transcripts compared
to those monocytes cultured in control conditions. Interestingly, this increment in the pro-
inflammatory cytokine transcripts was higher once these monocytes were cultured with
different CAAs conditioned media compared to control conditions. Moreover, they were
even higher compared to these transcript levels of THP-1 monocytes cultured with adipo-
cyte conditioned media. In addition, by the analysis of two of the most important proteins
related to inflammation in monocytes, MAPK p38 and NF-kb p65, we assessed the inflam-
mation activation of these monocytes. Interestingly, both proteins suffered a higher phos-
phorylation, hence a higher activation once they were cultured with CAA conditioned
media.

There is evidence that shows an increment in the number of infiltrated macrophages in
obese animals and humans[40]. In addition, these infiltrated macrophages, by the activa-
tion of different cancer pathways, modulate cancer cell functions[41], thus suggesting that
macrophages may mediate obesity-induced tumor progression. Actually, the density of
tumor associated macrophages is closely associated with a poor prognosis in cancer[26].
The dual role of immune system in cancer progression might be controversial. In fact,
according to bibliography, a ying-yang status exists in the inflammatory grade of tumor
microenvironment, where both conditions coexist[42]. For many years, obesity was de-
scribed to produce a polarization of infiltrated macrophages to a M1 phenotype. Never-
theless, a recent study has demonstrated by flow cytometry that both phenotypes coexist
in infiltrated macrophages[43]. In this study we have detected that those monocytes that
were cultured with adipocyte CM suffered a slight polarization to M1 macrophages, by
attaching to the plate and modifying their morphology. However, once we culture these
monocytes with CAA conditioned media where the amount of pro-inflammatory factors
such as IL-6 and MCP-1 are notably increased, we observed that there was an increment
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in the number of monocytes that have attached to the plate and have polarized to macro-
phages.

These results show that the communication between adipocytes and tumor cells increases
the delipidation of mature adipocytes, hence the releasement of free fatty acids accoupled
to different transport proteins such as FABP4 and that increases to the accumulation of
fatty acids into the monocytic cell line THP-1. Thus, leads to monocyte activation to and
the generation of a pro-inflammatory microenvironment status (Fig 8A).

Once in vitro analysis suggested a possible microenvironment inflammation, the next step
was to analyze the chronic inflammatory status in breast cancer patients. Actually, an al-
tered glycoprotein pattern was detected in breast cancer patients by "H-NMR. BC patients
presented higher levels of C-reactive protein in serum compared to control healthy
women. Interestingly, this protein was positively correlated to the plasmatic glycopro-
teins Glyc-A and Glyc-B. These plasma glycoproteins belong to the family of acute phase
proteins, being released by the liver under a pro-inflammatory status [44][27]. Conse-
quently, these findings suggest that these parameters might be a novel inflammatory
markers.

Several studies has also deeply studied the relationship between inflammation and can-
cer[45]. In addition, a close relationship between different diseases, including cancer, and
the presence of high levels of Gly-A in plasma have been described[46]. Accordingly, these
results support the idea of the presence of an acute inflammatory status in breast cancer,
orchestrated by the intercommunication between different microenvironment tissue cell
types. Moreover, as we had previously described, THP-1 monocytes present a high
amount of FABP4 in their cytoplasm. According to the important association of this fatty
acid transport protein in different diseases, including atherosclerosis[47][48] or even kid-
ney disease[49], FABP4 might be correlated with the inflammatory status in breast cancer
patients. Previous analysis of our BC patients revealed that they had incremented this
protein in plasma compared to control healthy women[12]. After a simple linear correla-
tion analysis, we detected that the 28% of the cases that presented an increment of Glyc-
A could be explained with an increment in FABP4 plasma levels. These results suggested
that this protein might have a crucial role in the generation of the inflammatory status,
hence in the development and progression of cancer.

The alteration of free fatty acids in cancer has been deeply studied. In fact, different stud-
ies have demonstrated that FFA levels were notably increased in patients with lung, gas-
tric, thyroid, rectal, colon and ovarian cancer[50]. Furthermore, we had previously de-
scribed that BC patients also present a higher plasma level of triglycerides, cholesterol,
and non-esterified fatty acids. Obesity is another disease where the levels of triglycerides
and different lipid species is altered. In addition, different studies have correlated this
disease with an inflammation status in the studied population [51][52][53].

Interestingly, our BC patients present an alteration in plasmatic levels of Gly-A compared
to control healthy women. According to the relationship of this glycoprotein and inflam-
mation and the correlation of the plasma levels of triglycerides and chronic inflammation
mentioned above, there might exist a correlation of both diseases. Accordingly, after a
simple correlation analysis of both parameters, we observed that there was a correlation
of a 53% of cases where an increment of the Glyc-A plasma levels could be explained with
the increment of total plasma triglycerides. Furthermore, previous laboratory results
showed that breast cancer patients have an increment in plasmatic free fatty acids and
triglycerides, both total and those contained within the lipoproteins IDL, VLDL, and HDL,
thus suggesting that they might have a role in cancer progression[30]. Moreover, it has
been demonstrated a correlation between obesity and chronic inflammation[54],
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meanwhile it has been also described an increment in total triglycerides as well as of the
triglycerides-enriched lipoproteins in obese individuals, hence our results have demon-
strated that there is positive correlation between chronic inflammation and the presence
of an enrichment of triglycerides in breast cancer patients (Fig 8B).

Summarizing, the communication within the tumor microenvironment is crucial in the
development of cancer by the generation of an inflammatory status that might facilitate
cancer progression, hence the understanding of the relationship and the communication
mechanisms underlined between tumor cells, adipose tissue and immune system would
allow us to investigate new possible therapies.
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Simple Summary: Previously, our group demonstrated high FABP4 circulating levels in breast cancer
(BC) patients. Moreover, increased cholesterol and triglycerides (TG) were found. To deeply analyse
the lipid metabolism in our BC cohort, lipid and low molecular weight metabolomics processes are
performed in 240 women (171 BC and 69 control women). This paper provides original data related to
a novel link between TG-enriched particles and BC. The main result of this study is that TG-enriched
particles and some branched amino acids, as well as tyrosine and alanine, are positively associated
with BC. This suggests that BC patients have a different metabolic signature that could be used
for better stratification and treatment. To our knowledge, this is the first time that advanced NMR
profiling has been used to identify relevant and specifically altered lipid and amino acid metabolites
in BC serum samples, which could be used for early and reliable diagnosis and prognosis.

Abstract: Background: Altered lipid metabolism has been described in some types of cancer. To
analyse in depth the metabolic modifications in breast cancer patients, advanced 1H-nuclear magnetic
resonance was performed in these patients. The main objective of this paper was to define a specific
lipidomic signature for these cancer patients. Materials and methods: Serum from 240 women
(171 breast cancer patients and 69 control women) were studied and analysed by nuclear magnetic
resonance. Results: Triglyceride-enriched particles, specifically very low-density lipoprotein triglyc-
erides, intermediate-density lipoprotein triglycerides, low-density lipoprotein triglycerides, and
high-density lipoprotein triglycerides, were positively associated with breast cancer. Moreover,
alanine, tyrosine, and branched amino acids were also associated with increased risk of breast cancer.
Conclusions: Breast cancer patients showed a modified metabolome, giving a very interesting tool to
draw different radar charts between control women and breast cancer patients. To our knowledge,
this is the first time that advanced nuclear magnetic resonance profiling has been used to identify
relevant and specifically altered lipid or amino acid metabolites in BC serum samples. The altered
metabolic signature could be analysed for early and reliable BC patient diagnosis and prognosis.

Keywords: lipoproteins; breast cancer; triglycerides
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1. Introduction

Breast cancer is the most frequent tumour in women and the second leading cause of
cancer-related deaths [1]. Recently, energy metabolism reprogramming has been described
as an emerging hallmark in cancer [2,3]. Glucose and glutamine metabolism processes were
identified as important metabolic changes in cancer cells [4]; however, recently alterations
in the metabolism and regulation of lipids have gained increasing interest because of
the definition of new roles for lipids in cancer progression [5]. These lipid modifications
include lipid uptake, storage, lipogenesis, and lipolysis [6,7]; actually, cancer cells increase
exogenous lipid uptake and endogenous synthesis in order to satisfy their needs for these
molecules [3].

Lipids can promote cancer progression at the cellular level, although the epidemi-
ological association is not clear. In fact, cholesterol has a crucial role in cell membrane
regulation in mammalian cells, through modulating signal transduction [8]. Moreover,
intracellular cholesterol levels are controlled by new biosynthesis, as well as extracellu-
lar and intracellular transport. Cholesterol levels are critical in some classical metabolic
diseases, such as atherosclerosis, although can also be important for the pathogenesis of
others, including cancer [9]. Moreover, cholesterol is a precursor for oestrogens and an-
drogens, both of which are involved in the processes of tumour initiation and progression.
Furthermore, oxysterols, molecules derived from cholesterol, are able to increase cancer
cell growth and metastasis [8]. Indeed, lipid rafts are essential for cancer signalling and are
enriched in cholesterol. Some modifications in their composition can lead to changes in
signal transduction and cancer progression. For these reasons, cholesterol has increasing
importance in the cancer development process [10].

In spite of the growing availability of these molecular data, there are still epidemi-
ological discrepancies regarding lipid levels and cancer [10,11]. Particularly, opposing
results have been found related to the association of lipids and breast cancer [12,13]. In
concordance, despite the fact that there have been promising results regarding the use of
statins for cancer treatment, the results are quite variable depending on the cancer type [8].

Metabolomic profiling has appeared as a good identification and quantification method
for metabolic products such as diagnostic and prognostic biomarkers for certain disorders
and diseases [14]. Traditional methods for lipid measurement only quantify circulating
lipids by lipoparticle concentration, although their size, density, and triglyceride (TG)
composition are usually not analysed during diagnostic analysis. Similarly, conventional
measurements of circulating lipid particles only analyse the amounts of cholesterol in the
lipid particles, although these methods are not focused on their composition (i.e., TG and
phospholipids), particles size, or subclass concentration. Equally, circulating TG are usually
measured in terms of total TG concentration and not based on their lipoparticle subclass [15].
Nevertheless, the relationship between lipids and cancer is affected by many factors other
than lipid concentration alone; thus, the main goal of this study was to analyse lipoprotein
particle subclasses, size, and composition characteristics in breast cancer patients in order to
identify potential biomarkers for breast cancer diagnosis and prognosis.

2. Materials and Methods
2.1. Studied Population

In total, 240 individuals were enrolled into this metabolomics study, which included
standard clinical biochemistry analysis. There were 171 breast cancer patients and 69 control
subjects. Breast cancer patient samples were collected by the department of oncology from
Hospital Universitari Sant Joan de Reus after breast cancer diagnosis. Common control
subjects were selected from the same family to match age, body mass index (BMI), and
geographical area characteristics where possible. Regular examinations were performed
and recorded. The project was approved by the Hospital Ethical Committee (reference
number: 99-05-20/04-5), and the subjects signed their written consent to participate in the
study and accepted the publication of the results.

BMI was calculated as the body weight (kg) divided by the body height squared (m?).
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2.2. Blood Sample Collection and Storage

The blood samples were obtained after overnight fasting. Serum aliquots were stored
at —80 °C in the Biobank of our centre in the Institut d'Investigacié Sanitaria Pere Virgili
(IISPV) until their use.

2.3. Biochemical Analysis

Standard biochemical parameters were analysed previously [16]. Cluster of differenti-
ation 36 (CD36) was analysed using a commercial ELISA kit (R&D Systems, Vitro, Madrid,
Spain). CETP protein and activity were evaluated using commercial ELISA kits (Cusabio,
Deltaclon, Madrid, Spain and Sigma-Aldrich, Merck, Madrid, Spain respectively).

2.4. Lipoprotein Analysis by NMR Spectroscopy (Advanced Lipoprotein Profile)

The serum samples were sent to Biosfer Teslab in dry ice for the NMR analysis. Here,
200 puL was transferred into NMR tubes with phosphate buffer. High-resolution 1H-NMR
spectroscopy data were acquired on a Bruker 600 MHz spectrometer, while 1D nuclear
Overhauser effect spectroscopy (NOESY, 4 scans) and Carr—Purcell-Meiboom-Gill (CPMG,
64 scans) analysis were used to characterise small molecules such as amino acids and sugars.
LED diffusion (Diff) experiments (32 scans) were used to detect larger molecules such as
lipoproteins and glycoproteins compounds. All of the sequences were run at 37 °C. The
lipid concentrations, sizes, and particle numbers of the four main classes of lipoproteins and
the particle numbers of nine subclasses were analysed as previously reported [17]. Briefly,
particle concentrations and diffusion coefficients were obtained using the amplitudes and
attenuation of their methyl group NMR signals using the 2D diffusion-ordered 1H NMR
spectroscopy (DSTE) pulse. The methyl signal was surface-fitted with 9 lorentzian functions
associated with each lipoprotein subclasses. The area was related to the lipid concentration
of each lipoprotein and the size was calculated from their diffusion coefficient.

The coefficient between the lipid volume and the particle volume of a given class
provided the subclass particle concentration. The common conversion factors used to
transform concentration units into volume units gave the lipid volumes [18]. Finally,
weighted average particle sizes were calculated by summing the known diameter of each
subclass multiplied by its relative percentage of the subclass particle number.

2.5. Low Molecular Weight Metabolites Analysis

The CPMG spectra were phased, baseline-corrected, and referenced before performing
the automatic metabolite profiling as previously reported using Dolphin software. The 14
low molecular weight metabolites (LMWDMs) were identified and quantified. Identifications
were analysed for all resonances along the spectra and quantification was performed using
line-shape fitting methods on one of the signals.

2.6. Lipid Extraction

Lipophilic extracts were obtained from two 100 uL aliquots of freshly thawed plasma
using the BUME method with slight modifications. BUME was optimised for batch ex-
tractions with diisopropyl ether (DIPE). This procedure was performed with a BRAVO
liquid handling robot, involving drying of the upper lipophilic phase in a Speedvac until
evaporation of organic solvents occurred and freezing at —80 °C for further NMR analysis.
Lipid extracts were reconstituted in a solution of CDCI3-CD30D-D20 (16:7:1, v/v/v)
containing tetramethylsilane (TMS) at 1.18 mM and transferred into 5 mm NMR glass
tubes. An Avance I1I-600 Bruker spectrometer was used to measure the IH-NMR spectra at
600.20 MHz. A 90° pulse with a water presaturation sequence (zgpr) was used. Quantifica-
tion of lipid signals was carried out with LipSpin6, an in-house software based on Matlab.
Resonance assignments were performed based on literature values [19].
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2.7. Statistical Analysis

The results are expressed as the means + standard deviation (SD) for normally dis-
tributed data, the medians (interquartile range) for data that were not normally distributed,
and frequencies for categorical data. The differences between groups were assessed using
Student’s t test, the Mann—-Whitney U test, or chi-square tests. Binary logistic regression
analysis was used to calculate the odds ratios (ORs) in serum parameters associated with
the presence of breast cancer. In order to facilitate comparisons, the traits were standard-
ised (metabolic marker divided by its standard deviation) (Holmes et al. 2018). Finally,
we depicted the adjusted ORs and 95% confidence intervals (CIs) for each 1-SD higher
metabolic measure.

SPSS software was used to perform the statistical analyses (IBM SPSS Statistics, version
20.0, North Castle, New York, http:/ /www.ibm.com). Here, p values <0.05 were considered
to be statistically significant.

3. Results
3.1. Initial Characteristics of the Study Population

Among the 240 participants with biochemical measurements, the mean age of breast
cancer patients 44 (37-50) was similar to control women 43 (38-54) (p = n.s). The same
trends were found regarding ages of menarche for control women (12; 11-13) and breast
cancer patients (12; 12-14) (p = n.s), numbers of children for control women (2; 1-2) and
breast cancer patients (2; 1-2) (p = n.s), and body mass index values for breast cancer
patients (24.02; 22.20-28.13) and control patients (25.07; 22.72-28.36) (p = n.s). Finally, no
significant differences were found in the percentages of menopausal women, with 30.3% in
control women versus 20.2% in breast cancer patients (p = n.s)

For lipids measured using clinical chemistry, breast cancer patients had higher mean
concentrations of total cholesterol (208.06 &+ 31.40 in breast cancer patients compared to
control women 194.18 £ 28.31; p = 0.002), Apo B100 101 (85-118 in breast cancer patients
compared to 91 (78-104) in control women; p = 0.008), and triglycerides (86.73 (67.69-120.16)
in breast cancer patients compared to 76.55 in control women (56.83-98.74); p = 0.004). In
contrast, Apo Al, CETP, and CD36 protein concentrations were broadly similar between
breast cancer and control women. Moreover, no significant differences were found in CETP
activity (Table 1).

Table 1. Characteristics of the study group.

Study Group Data Control (1 = 69) Breast Cancer (n=171)  p Value
Clinical data
Age 43 (38-54) 44 (37-50) ns
Children 2(1-2) 2(1-2) n.s
Age of Menarche 12 (11-13) 12 (12-14) n.s
Menopause (Yes, %) 30.3 20.2 n.s
BMI (Kg/m?) 24.02 (22.20-28.13) 25,07 (22.72-28.36) ns
Biochemical data
Cholesterol (mg/dl) 194.18 £ 28.31 208.06 £ 31.40 <0.005
Apo Al (mg/dl) 147.22 + 28.66 147.64 £ 27.34 ns
Apo B100 (mg/dl) 91 (78-104) 101 (85-118) <0.05
Triglycerides (mg/dl) 76.55 (56.83-98.74) 86.73 (67.69-120.16) <0.005
FABP4 (ng/mL) 13.085 (8.73-18.05) 17.53 (13.15-23.33) <0.001
FABP5 (ng/mL) 6.12 (5.44-7.91) 7.00 (5.26-9.04) n.s
CETP activity (pmol/uL) 47.87 (26.95-69.54) 51.98 (31.71-76.43) n.s
CETP protein (ng/uL) 596.51 £+ 163.39 579.63 £ 155.76 n.s
CD36 (pg/mL) 908.67 (762.00-1037.56)  897.00 (763.37-997.56) n.s

Data are expressed as medians (IQR) for non-normally distributed data, means & SD for normally distributed
data, or percentages for categorical variables. The statistical tests used were Student’s t test (for data that were
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normally distributed), Mann-Whitney U test (for data that were not normally distributed), or chi-square tests
(for data gathered as categorical variables). Abbreviations: ApoAl, apolipoprotein AI; ApoB100, apolipoprotein
B100; BMI, body mass index; CETP, cholesteryl ester transfer protein; CD36, cluster of differentiation 36; IQR,
interquartile range; SD, standard deviation. Baseline measurements for the study group. Data are expressed as
means & SD for normally distributed data, medians (IQR) for non-normally distributed data, and percentages for
categorical variables. Student’s t test was used for data that were normally distributed, Mann-Whitney U test was
performed for data that were not normally distributed, and chi-square tests were used for categorical variables.
Abbreviations: ApoAl, apolipoprotein AI; ApoB100, apolipoprotein B100; BMI, body mass index; FABP4, fatty
acid binging protein 4; FABPS, fatty acid binging protein 5; CETP, cholesteryl ester transfer protein; CD36, cluster
of differentiation 36; IQR, interquartile range; SD, standard deviation.

3.2. Serum Metabolome Changes

Figure 1 depicts the OR for lipid particles and selected covariates in breast cancer
compared with those in control women. Total cholesterol (OR: 1.702 (95% CI: 2.365-1.225))
(p < 0.005), IDL-C (OR: 1.659 (95% CI: 2.337-1.178)) (p < 0.005), LDL-C (OR: 1.440 (95%
CI:1.965-1.055)) (p < 0.05), total-TG (OR: 1.745 (95% CI: 1.159-2.625)) (p < 0.05), VLDL-TG
(OR: 2.196 (95% CI: 2.196-1.009)) (p < 0.05), IDL-TG (OR: 1.592 (95% CI: 1.131-2.243))
(p < 0.05), LDL-TG (OR: 1.812 (95% CI: 2.537-1.294)) (p < 0.005), HDL-TG (OR: 1.549 (95%
CI: 2.192-1.095)) (p < 0.05), VLDL particles (OR: 1.460 (95% CI: 2.121-1.004)) (p < 0.05),
small VLDL-p (OR: 1.462 (95% CI: 2.121-1.008)) (p < 0.05), LDL particles (OR: 1.503 (95%
CI: 2.068-1.093))(p < 0.05), large LDL-p (OR: 1.436 (95% CI: 1.951-1.057)) (p < 0.05), medium
LDL-p (OR: 1.489 (95% CI:2.033-1.091)) (p < 0.05), large HDL-p (OR: 1.834 (95% CI: 2.641—
1.274)) (p < 0.005), HDL-Z (OR: 1.533 (95% CI: 2.235-1.051)) (p < 0.05), and non-HDL-P (OR:
1.554 (95% CI: 2.152-1.122)) (p < 0.05) were associated with higher risks of breast cancer
after adjusting for body mass index and age.

3.3. HDL Particles Are Altered and Transport a Higher Content of TG in BC Patients

HDL particles (HDL-P) have been studied in the reverse cholesterol transport context
for many years, and they play an important role in the elimination of cholesterol in the
body. Different metabolic alterations cause the disruption of HDL profiles in patients [20].
In this study, the number and composition of these particles were analysed in BC patients in
order to understand their metabolic effects. HDL particle number profiles were compared
between the healthy population and BC women and we observed that despite the fact that
there were no differences in HDL-P in breast cancer patients compared to control women
(p = 0.159), the large HDL-P (p < 0.005) and medium HDL-P (p < 0.05) were increased in
breast cancer patients compare to control women (Figure 2A).

When we analysed these particles in more detail, we observed that their lipid profiles
were also altered. In the BC population, the HDL particles transported a higher proportion
of triglycerides in comparison with control women (p < 0.005) (Figure 2B).

3.4. LDL-P and Their Lipid Contents Are Increased in BC Patients

LDL particles have been established as particles that transport cholesterol from the
liver to other parts of the body. Several studies have demonstrated a correlation between
higher number of LDL particles and different metabolic diseases, particularly as a crucial
factor in atherosclerosis [21]. In the cancer context, some studies have established LDL
as a changeable factor, which is increased in patients with BC [10,22]. In agreement, we
also detected that BC patients have a higher number of LDL particles compared to healthy
individuals (p < 0.005) (Figure 3A). Moreover, when we analysed these particles in further
detail, we also observed that the large (p < 0.005), medium (p < 0.005), and small LDL
(p < 0.05) particles are increased in BC patients compared to control women. When we
further analysed the LDL composition in our cohort, we again detected that the LDL
particles in BC patients contain a higher amount of cholesterol compared to control women
(p < 0.005). Moreover, when we studied the TG composition of LDL particles, we also
observed a higher TG proportion in LDL particles in BC patients compared to control
women (p < 0.001) (Figure 3B).
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Figure 1. Serum metabolome. Data are presented as OR (95% CI) per 1-SD higher metabolic marker.
The plot shows the OR of the effect of a 1-SD-deviation increase and the errors bars represent 95%
of the effect estimate. The vertical line marks an OR of 1, i.e., no effect of the exposure on BC risk.
Models are adjusted for body mass index and age. Abbreviations: Total-C, total cholesterol; VLDL-c,
very low-density lipoprotein cholesterol; IDL-c, intermediate-density lipoprotein cholesterol; LDL-c,
low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; Total-TG, total
triglycerides; VLDL-TG, very low-density lipoprotein triglycerides; IDL-TG, intermediate-density
lipoprotein triglycerides; LDL-TG, low-density lipoprotein triglycerides; HDL-TG, high-density
lipoprotein triglycerides; VLDL-P, very low-density lipoprotein particle; large VLDL-P, large very
low-density lipoprotein particle; medium VLDL-P, medium very low-density lipoprotein particle;
small VLDL-P, small very low-density lipoprotein particle; LDL-P, low-density lipoprotein particle;
large LDL-P, large low-density lipoprotein particle; medium LDL-P, medium low-density lipoprotein
particle; Small LDL-P, Small low-density lipoprotein-particle; HDL-P, high-density lipoprotein-
particle; Large HDL-P, large high-density lipoprotein particle; medium HDL-P, medium high-density
lipoprotein particle; small HDL-P, small high-density lipoprotein particle; VLDL-z, very low-density
lipoprotein size; LDL-z, low-density lipoprotein size, HDL-z, high-density lipoprotein size; non-
HDL-p, non-high-density lipoprotein particle; T-P_HDL-P, total particles/high density lipoprotein
particle; LDL-P_HDL-P, low-density lipoprotein particle /high-density lipoprotein particle; Esterified
Chol, esterified cholesterol; Free chol, free cholesterol. Note: p values <0.05 were considered to be
statistically significant (p <0.05 * and p < 0.005 **).
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Figure 2. HDL-P, HDL-C, and HDL-TG serum concentrations in BC patients and control women.
The blue blots represent BC patients and the red blots represent heathy women. The blots depict
the mean and standard error of the mean: (A) HDL particles, large HDL particles, medium HDL
particles, and small HDL particles; (B) HDL-C and HDL-TG. Note: p values < 0.05 were considered
to be statistically significant. Abbreviations: BC, breast cancer; HDL, high-density lipoprotein.

To deeply analyse the lipidomics of breast cancer patients, lipid extraction and analysis
by 1H-NMR were performed. No differences were found in lipidomics when breast cancer
patient samples were analysed compared to control women.

3.5. Low Molecular Weight Metabolites Reveal an Imbalance in Branched Chain Amino Acids As
Well As in Tyrosine and Alanine in BC Samples

The demand for glucose is often elevated in cancer patients. In advanced stages
of cancer, an increase in proteolysis has been described to meet cancer cells” augmented
energy demands. Moreover, in early stages, alterations in amino acid profiles have also
been observed in some cancer types (Lieu et al. 2020).
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Figure 3. LDL-P, LDL-C, and LDL-TG serum concentrations in BC patients and control women. The
blue blots represent BC patients, while the red blots represent heathy women. The blots symbolise
the mean and standard error of the mean: (A) LDL particles, large LDL particles, medium LDL
particles, and small LDL particles; (B) LDL-C and LDL-TG. Note: p values < 0.05 were considered to
be statistically significant. Abbreviations: BC, breast cancer; LDL, low-density lipoprotein.

In this study, we analysed the profiles of low molecular weight metabolites (LMWMs)
in BC patients using NMR in order to investigate the metabolic alterations in our cohort
of breast cancer patients. Figure 4 depicts the OR for LMWMs and selected covariates in
BC compared with those in control women. Correlation analysis showed that alanine (OR:
1.759 (95% CI: 2.466-1.255)) (p < 0.005), tyrosine (OR: 1.432 (95% CI: 1.979-1.036)) (p < 0.05),
and isoleucine (OR: 1.382 (95% CI: 1.911-1.000)) (p < 0.05) were associated with higher
risks of breast cancer after adjusting for body mass index and age (Figure 4). Conversely,
lactate (OR: 0.689 (95% CI: 0.925-0.514)) (p < 0.05) and hydroxybutirate (OR: 0.696 (95% CI:
0.984-0.492)) (p < 0.05) were inversely associated with breast cancer risks after adjusting for
body mass index and age (Figure 4).
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Figure 4. Low molecular weight metabolites. Data are presented as OR (95% CI) per 1-SD higher
metabolic marker. Models are adjusted for body mass index and age. Note: p values <0.05 were
considered to be statistically significant (p <0.05 * and p < 0.005 **).

Finally, presenting a metabolic chart that allows us to easily classify breast cancer pa-
tients from control women, Figure 5 compares quantitative lipid particles (Figure 5A) and
LMWMs (Figure 5B) between control woman and breast cancer patients. Data were anal-
ysed as fold changes. The graphic representation reveals a modified trend in triglyceride-
rich lipoproteins and LMWMs in breast cancer patients. The results show an altered spider
chart in breast cancer patients compared to control women, giving an interesting tool for
pathologic breast cancer metabolism characterization.
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Figure 5. Radar charts presenting fold changes between control women and breast cancer patients,
comparing quantitative variables: (A) lipidomic analysis showing an altered results for breast
cancer patients compare to control women; (B) LMWMs showing a different spider chart for breast
cancer patients compare to control women. Abbreviations: VLDL-c, very low-density lipoprotein
cholesterol; IDL-c, intermediate-density lipoprotein cholesterol; LDL-c, low-density lipoprotein
cholesterol; HDL-c, high-density lipoprotein cholesterol; Total-TG, total triglycerides; VLDL-TG,
very low-density lipoprotein triglycerides; IDL-TG, intermediate-density lipoprotein triglycerides;
LDL-TG, low-density lipoprotein triglycerides; HDL-TG, high-density lipoprotein triglycerides;
VLDL-P, very low-density lipoprotein particle; large VLDL-P, large very low-density lipoprotein
particle; medium VLDL-P, medium very low-density lipoprotein particle; small VLDL-P, small very
low-density lipoprotein particle; LDL-P, low-density lipoprotein particle; large LDL-P, large low-
density lipoprotein particle; medium LDL-P, medium low-density lipoprotein particle; Small LDL-P,
Small low-density lipoprotein-particle; HDL-P, high-density lipoprotein-particle; Large HDL-P, large
high-density lipoprotein particle; medium HDL-P, medium high-density lipoprotein particle; small
HDL-P, small high-density lipoprotein particle; VLDL-z, very low-density lipoprotein size; LDL-z,
low-density lipoprotein size, HDL-z, high-density lipoprotein size.
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4. Discussion

In this study, we explored the use of advanced NMR profiling to identify relevant
metabolic alterations in breast cancer patient serum samples. Advanced NMR profiling
showed that lipid metabolites were modified in breast cancer patients when compared to
control healthy women. Specifically, total cholesterol and some of the transport proteins,
such as IDL and LDL, were increased in breast cancer patients compared to control women.
Interestingly, the numbers of lipoprotein particles were also modified in the serum of breast
cancer patients. In addition, these lipoproteins also showed increased amounts of TGs (i.e.,
LDL-TG and HDL-TG).

The present findings are not only interesting but also important because there have
been many controversies related to the roles of lipoproteins in cancer development [23-25].
In these studies, the authors analysed the role of cholesterol lipoprotein, but not the number
or composition of the lipoproteins. In particular, our results showed that high levels of not
only LDL cholesterol particles but also of triglyceride-enriched LDL and HDL molecules are
associated with an increased risk of breast cancer. Consistent with our findings, Girona et al.
2019 previously proposed that HDL-TG should be considered as a biomarker for metabolic
and cardiovascular risk, as well as a marker of HDL dysfunction. In the present study, we
also observed altered HDL-TG compositions in breast cancer patients. In concordance, LDL
has been shown to be an important molecule for promoting breast cancer cell migration
and proliferation. On the contrary, HDL has also been described as an antioxidative
molecule having antiproliferative effects in prostate cancer cells. Specifically, synthetic
HDL has been shown to be able to mediate its antiproliferative function through apoA-I
and phosphatidylcholine [26]. The antioxidant activity of HDL has also been demonstrated
to be able to limit cell proliferation induced by reactive oxygen species (ROS), and this
ability is lost in TG-enriched HDL. Moreover, the apoA-I levels have also been reported to
be inversely correlated with TG composition in HDL [27]. Structurally, HDLs are spherical
molecules when they consist of a cholesteryl ester and a triglyceride rich core but are
discoidal when they contain mainly apoA-I (20). These alterations in HDL composition
and structure could lead to errors in the quantification of HDL-C, which could explain
some of the discrepancies related to HDL-C and breast cancer.

TG-enriched particles have been related to altered metabolism and inflammation [27].
In our population, breast cancer patients showed an altered lipid metabolism and increased
levels of TG-enriched particles, which could also result in an inflamed phenotype. Never-
theless, our findings revealed that LDL and HDL particles enriched in TG may increase the
risk of breast cancer. As a result, altered compositions and amounts of LDL and HDL can
potentially directly contribute to breast cancer risk. Collectively, these previous findings
and the present results would suggest proatherogenic profiling of patients for breast cancer
diagnosis and prognosis.

In addition, we also analysed some of the low molecular weight metabolites in order
to define the influence of these molecules on breast cancer risk. Amino acids are used to
supply nutrients in cancer cells to sustain their high proliferative rates [28]. We found
that branched amino acids (valine p = 0.07; leucine p = 0.05; isoleucine p < 0.05) are
associated with increased breast cancer risk. In fact, branched amino acids have been
described as essential nutrients for cancer growth and function and as sources of energy
for cancer cells [29]. As a consequence, branched amino acids could also be used as
metabolic markers for breast cancer. In agreement, we also observed an imbalance in
other LMWMs, such as tyrosine and alanine, in the sera of BC patients compared with
control women. Tyrosine could be used by BC cells as building blocks for proteins, as well
as an alternative cellular energy source. As tyrosine metabolism is important for cancer
progression, and according to our results, the tyrosine level could also be classified as a
breast cancer risk factor [30]. The role of alanine in cancer is less well understood, but as
an amino acid it could play a part in cancer cell proliferation and survival. Nevertheless,
our data clearly demonstrate that alanine is increased in breast cancer patients and can
be a potential breast cancer risk factor [31]. On the contrary, lactate and hydroxybutyrate
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are inversely correlated with breast cancer risk. Lactate is inversely correlated with cancer
risk, probably due to the fact that lactate can fuel tumour progression [32,33]. Moreover,
hydroxybutyrate can potentially contribute to antiageing phenotypes, but its role in cancer
remains controversial [34]. Several LMWMs were altered in the serum of BC patients and
they can be used in conjunction with other lipid metabolites as reliable diagnostic and
prognostic serum biomarkers for breast cancer.

This study provides clear correlations between triglyceride-enriched particles and
breast cancer, although it has some limitations because the effects of hormone levels, post-
menopausal state, and oral contraceptive use were not included due to the small size of
this population. Further studies should be performed to increase the number of stratified
breast cancer patients and to analyse the particles in these subpopulations.

5. Conclusions

In conclusion, our study has validated advanced NMR profiling as a valuable tool for
detailed characterization of lipid and low molecular weight metabolites in cancer patient
serum samples, and at the same time has contributed to a better understanding of the
metabolic background of breast cancer. The use of advanced NMR profiling has allowed us
to identify the relevant and specifically altered lipid and amino acid metabolites in breast
cancer serum samples and to uncover specific metabolic signatures for early and reliable
breast cancer patient diagnosis and prognosis.
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The following results can be extracted from the articles presented in this

doctoral thesis:

1)

2)

3)

4)

Adipocyte CM enhances MCF-7 and MDA-MB-231 BCC lines
proliferation, survival, migration, and invasiveness. Moreover, an
increment in lipid droplets accumulation and fatty acid binding proteins
FABP4, FABP5 and CD36 expression and protein levels have been
observed. BMS309403 treatment, reduces the effects on the different
cancer cells, by significantly reducing the mature adipocytes FABP4

transcript levels.

BCC lines SKBR3, BT474, MDA-MB-231, MCF-7 and its Doxorubicin
resistant cells MCF-7-Epi® and Paclitaxel resistant cells MCF-7-TAX®
increase mature adipocyte delipidation as well as fatty acid binding
proteins FABP4, FABP5 and CD36 expression and releasement.
Moreover, crosstalk between both cell types increases the lipid transfer

from mature adipocytes to tumor cell lines.

Palmitic acid derived from mature adipocytes is internalized in tumor
cells and it is transformed into different lipid families such as PC, PE, DG,
TG, Ceramides and SM. Interestingly, the lipid signature was distinctive

between the different BCC lines.

Lipid signature of MCF-7 drug resistant cell lines underwent a lipid

metabolism switch, becoming more similar to the lipid signature of the
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5)

6)

7)

8)

9)

TNBC cell line MDA-MB-231, increasing the palmitic acid transformation

into PC, SM and SM compared to their derived sensitive cell line MCF-7.

Tumor microenvironment crosstalk increases the inflammatory
behavior of mature adipocytes by the increment of transcript levels of
IL-6 and MCP-1, hence producing a pro-inflammatory activation of the
immune system THP-1 monocytic cell line, as well as an increment in the

lipid droplets and FABP4 incorporation into this monocytic cells.

BC patients have an increment in the pro-inflammatory status as they
presented higher levels of the CRP. This pro-inflammatory metabolite
was notably correlated with an increment in serum levels of Glyc-A and
Glyc-B, new pro-inflammatory biomarkers. In addition, CRP and Glyc-A

were positively associated with the increment of serum FABP4 protein.

BC patients have incremented levels of HDL, LDL, and VLDL (small,

medium, and large) particles compared to control healthy women.

BC patients’ lipoprotein profile is significantly as there is a triglycerides
enrichment in all the studied lipoparticles. Moreover, the concentration
of cholesterol in these particles was also higher compared to control

healthy women.

Triglycerides enrich-lipoproteins are positively correlated with the pro-

inflammatory metabolites CRP and Glyc-A, as well as with FABP4.
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10) BC patients presented an altered low molecular weight metabolites
profile (LMWM) compared with control healthy women, where the
branched aminoacids valine, leucine, and isoleucine, as well as the
aminoacids alanine and tyrosine were significantly increased in BC

patients’ serum compared to control healthy women.
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Breast cancer is a disease that affects to a high number of woman
population. In fact, according to the American Society of Cancer, one of
eight women will develop breast cancer in their lifespan [4]. Despite the
development of new techniques for diagnosis and new therapies against
cancer progression and dissemination, BC mortality reaches 6,6% of all
diagnosticated cases [1], becoming the leading cause of woman cancer
related deaths in 103 countries, followed by cervix and lung cancers.
Treatment of cancer has historically focused on cancer treatment itself.
However, tumors are abnormal organs composed by multiple cell types
and ECM, whose interactions support cancer progression and
development [226][113]. This crosstalk confers new cancer abilities and
skills that accelerate cancer cells development and progression. As breast
is mainly composed by adipose tissue, the interaction between tumor cells
and adipose tissue might have an important role in BC progression. For this
reason, in this study, we have focused on BC and adipose tissue crosstalk.
Traditionally, adipose tissue had been considered as an energy reservoir.
However, adipose tissue has an important role in several endocrine
biological processes such as the modulation of the eating behavior or

production of different cytokines, adipokines and steroid hormones [140].

The role of adipose tissue in the tumor microenvironment has been
recently object of study, and different reports have stablished a strong
association between obesity, adipose tissue, BC development, and worse
prognosis [227]. Accordingly, our research has focused on this relationship
to clarify the intrinsic mechanisms that modulate BC progression within

the tumor microenvironment, specifically with the adipose tissue.
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Firstly, because tumor microenvironment, including adipose tissue, is able
to enhance the cancer cells proliferation rates [126], we analyzed the
effects of this dynamic crosstalk on the proliferation pathways activation.
In vitro, we have demonstrated that mature adipocyte CM overactivated
two crucial proliferative pathway proteins such as MAPK ERK1/ERK2 and
MAPK p38 in two of the main studied cell lines, MDA-MB-231 and MCF-7.
These proteins are crucial for tumor cells proliferation, survival and
chemoresistance [228][81]. In addition, we have observed that the
overactivation of these pathways was accompanied by an increment in the
proliferation of both cell lines. As bibliography describes, tumor
microenvironment, including the peritumoral adipose tissue, increases

tumor cells proliferation [126].

Moreover, Akt is a central protein that regulates several processes, such
as energetic balance, cell growth, cell cycle and apoptosis. In cancer, an
overactivation of this protein by its phosphorylation enhances tumor cells
growth [229]. FOX axis has also an important role in cancer progression,
thus FOXO03A inhibition leads to the enhancement of tumor cells survival
and proliferation. Our results showed that Akt was phosphorylated by the
adipocyte CM, activating this pathway, thus, leading to the
phosphorylation of FOXO3A.

Consequently, because of these pathways enhance the chemoresistance
of cancer cells, we performed a clonogenicity assay to test how adipose
CM might increase the BCC lines chemoresistance to Doxorubicin.
Interestingly, we observed that after culturing both cell lines with

adipocyte CM, the ability to form new colonies significantly improved
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compared to those cells cultured with control CM, hence suggesting a

relationship between adipocytes and tumor cells survival.

Cancer mortality is closely linked to tumor cells metastatic behavior [230].
Migration and invasiveness are essential for cancer progression, and they
have been related to worse cancer patient prognosis. By a wound healing
assay, we have demonstrated that both studied BCC lines were able to
close the wound faster after the addition of adipocyte CM, compared to

control CM. This suggests that adipocyte CM might enhance BC migration.

However, to arrive to lymphatic or blood stream, tumor cells must pass
throw the ECM where they are embedded. ECM is a scaffold of
interconnected macromolecules forming networks that encompass cells
found in the different tissues and organs [231]. One of the most important
steps in invasion is the degradation of this ECM. Certain enzymes are
essential in this process, being metalloproteases (MMPs) one of the most
important families [232]. In fact, MMPs have a crucial role in different
biological processes, such as cell proliferation, cell survival, immune
response, angiogenesis and invasion [233][234]. Moreover, these proteins
are elevated in most cancer types, being strongly correlated to worse

prognosis [235].

In this study, we have observed an increase of the MMP-9 transcript in
both BCC lines after culturing with adipocyte CM. Certain studies have
related this metalloprotease to an increase in metastasis formation in vitro
and in vivo [236]. In addition, we have observed that the coculture of BCC

with mature adipocytes increases the ability to invade the collagen matrix
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in both cell lines, suggesting that peritumoral adipocytes might enhance

BC invasiveness.

However, proliferation, migration, and invasion require a high demand of
energy, hence, regulation of the energy metabolism, as a new cancer
hallmark, is crucial for cancer progression [237]. The role of lipids,
remarking the importance of lipid metabolism in cancer progression, has
been recently studied [38][238]. In fact, tumors are able to activate de
novo synthesis fatty acids and cholesterol [239]. BCCs are embedded
mainly in adipose tissue. Consequently, this tissue might serve as an
energy source for tumor cells. Actually, tumor microenvironment,
specially adipose tissue, supplies different components for cancer

progression [240][241][242].

Although diverse studies have stablished the influence of adipose tissue in
cancer progression, the microenvironment crosstalk is bidirectional. Thus,
tumor cells influence the behavior of surrounding cell types, including
adipocytes, by metabolism alterations [141]. In fact, we have observed
that mature adipocytes suffered a higher delipidation and lipid
releasement to media when they were cultured with BCCs CM.
Furthermore, by tracking labelled palmitic acid, we have demonstrated
that mature adipocyte significantly decreased the number of cytoplasm
lipid droplets once they were cultured with the different BCC lines CM.
Moreover, labelled palmitic acid was incorporated into the different BCC
lines, suggesting a transfer of lipids from mature adipocytes to tumor cells

by an active crosstalk.
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However, as lipids are hydrophobic, they require of specific transport
proteins for their circulation. FABP4 and FABP5 are two of the most
studied proteins for fatty acids transport. In fact, they have been strongly
linked to cancer, including breast cancer [184][191]. Previous laboratory
results have demonstrated that FABP4 and FABPS levels were increased in
breast cancer patients plasma compared to control women [172]. CD36 is
another fatty acid transport protein whose relationship with cancer has
gained notably importance. In fact, a recent study has demonstrated the
importance of this protein in cancer metastasis [203]. Interestingly, our
group has also observed higher levels of CD36 in BC patients plasma.
Consequently, we decided to assess the effects of BCCs CM on mature
adipocytes fatty acid transport proteins FABP4, FABP5, and CD36. In our
study, we have observed that BCCs CM increased all three fatty acid
transport proteins transcripts in mature adipocytes. Moreover, we have
demonstrated that BCCs CM also increased mature adipocytes
releasement of these fatty acid transporters to media, suggesting that

they might have an impact in cancer fueling and progression.

Moreover, we decided to study the effects of adipose tissue in the
transcript and protein levels of these fatty acid transport in our BCC lines.
Interestingly, we observed a significant increment of FABP4, FABP5 and
CD36 in both BCC lines, remarking the plausible importance of all three

transport proteins.

According to correlation of FABP4 and cancer , we decided to inhibit this
protein in order to assess its implication in BC development. BMS309403
is a well-known FABP4 inhibitor whose medical contribution in the

atherosclerosis disease has been strongly proved [243]. In addition, some
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studies have correlated this inhibitor to a significant decrease of tumor
cells invasiveness and migration ability in cholangiocarcinoma and

prostate cancers [190][244].

This study has demonstrated that BMS309403 reduced mature adipocytes
lipolysis and triglycerides releasement. Actually, reduction of FABP4 has
been associated with lower serum triglycerides and decreased
atherosclerosis risk [245], partially because its implication in

transcriptional metabolic program regulation [246].

Accordingly, we decided to assess the effects of BMS309403 on different
cancer hallmarks previously studied. Firstly, after BCCs treatment with
adipocyte CM plus BMS309403, we observed a reduction in the Akt and
MAPK ERK1/ERK2 pathways activation, as well as a significant reduction in
BCC lines proliferation, suggesting that FABP4 might have a key role in BCC
lines proliferation. In fact, previous studies in our laboratory have
demonstrated that exogenous FABP4 increases BCCs proliferation [188],
hence the role of FABP4 might be crucial in this cancer hallmark.
Moreover, FAPB4 deficiency impaired tumor growth in mouse models of
ovarian cancer [189]. Therefore, knockdown of FABP4 results in a
downregulation of ovarian cancer metastatic gene signature, as well as in
the reduction of clonogenic tumor cell survival [247]. Our results have also
demonstrated that in BCC lines MDA-MB-231 and MCF-7, FABP4 inhibition
resulted in a reduction in the clonogenicity of both cell lines, hence in their
survival capability once we administered Doxorubicin, suggesting that

FAPB4 might influence survival and chemoresistance in tumor cells.
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As we have previously observed, adipocyte CM enhanced migration and
invasiveness of BCC lines MCF-7 and MDA-MB-231. We wondered if FABP4
might have a role in these processes. Interestingly, we have demonstrated
that in mature adipocyte FABP4 inhibition significantly reduces the
migration and invasion of both BCC lines, suggesting that FABP4 might
influence the metastatic processes of BCCs. Actually, silencing FABP4 in
ovarian cancer cells inhibited tumor progression in mouse models [184].
These findings suggest that FABP4 might regulate the invasive and

aggressive behavior of tumor cells.

Previous laboratory results have demonstrated that the addition of
exogenous FABP4 into the BCC lines activates the expression of fatty
transport proteins FABP5 and CD36 [188]. In addition, our results have
demonstrated also that adipocyte CM enhances the transcript and protein
levels of these fatty acid transporters. By the inhibition of FABP4, we have
demonstrated that this fatty acid protein significantly reduced the
transcript levels of these fatty acid transport proteins and reduce the
number of lipid droplets in BCCs cytoplasm, suggesting a diminution of
lipid uptake in these cell lines. According to bibliography, FAPB4 inhibition
reduces the triglycerides content in trophoblasts [248], hence the
regulation of this fatty acid transport protein might regulate the lipid
transfer from adipose tissue to the BCCs in the tumor microenvironment.
These results suggest that the inhibition of FAPB4 in the tumor
microenvironment has an important role in cancer progression by the
partial inhibition of adipocyte CM effects on different cancer hallmarks,

thus being useful as a possible new treatment.
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As described above, tumor metabolism is a key factor in tumor cells
progression. Lipid metabolism plays a remarkable function in the cancer
metabolic switch, becoming an interesting point of study [237]. Actually,
tumor cells are able to induce de novo synthesis of fatty acid and
cholesterol [239], hence, enhancing their tumorigenicity [249]. In fact,
fatty acid synthesis is required for breast cancer brain metastasis [250],
remarking the importance of lipid metabolism in cancer progression.
Moreover, peritumoral adipose tissue could influence the lipid
metabolism of tumor cells by the transfer of molecules and lipid that
would enhance the tumorigenicity of cancer cells [242][251]. Interestingly,
this research has demonstrated that mature adipocytes released palmitic
acid to media, then being incorporated in BCCs. This fatty acid has been
strongly related to cancer progression and poor prognosis in cancer
patients [252]. Moreover, palmitic acid diet promotes a pro-metastatic

memory in breast cancer [253].

In this research, we have studied by H-NMR lipid metabolism of six
different BCC lines (MDA-MB-231, SBKR3, BT474, MCF-7 and its resistant
cell lines MCF-7 Epi® and MCF-7 TAX®) once they internalize the labeled
palmitic acid derived from mature adipocytes. We have observed that the
isotopic carbon of labelled palmitic acid was present in new lipid species,
suggesting a transformation of palmitic acid into new lipid families.

According to bibliography, PCs, PEs and SMs are three important lipid
families whose dysregulation has been closely related to different
metabolic diseases as well as to cancer worse prognosis [154][254][255].
We had detected that each BCC line had a lipid pattern that discerned

notably from other cell lines, suggesting that depending on the
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tumorigenicity of each BCC line, as well as its metabolic necessities,
different lipid families might be required.

Novelty, we have worked with the drug resistant cell lines MCF-7 Epi® and
MCF-7 TAX® derived from the sensitive Luminal A MCF-7 cell line.
Interestingly, once we analyzed the lipid pattern of MCF-7 and its drug
resistant derived cell lines, we observed that they notably differed in lipid

synthesis of PCs, PEs, SMs, and Ceramides.

Surprisingly, once we analyzed lipid signature of the TNBC cell line MDA-
MB-231 and both resistant MCF-7 cell lines, we observed a well-defined
correlation in their lipid patterns. By a Principal Component Analysis (PCA)
we demonstrated that resistant cell lines MCF-7 Epi® and MCF-7 TAX® lipid
signatures were very similar to triple negative’s lipid signature, especially
the families of PC, PE and SM. According to bibliography, PCs are one of
the most abundant lipid families within mammalian cells and alterations
in BC patient’s blood stream levels have been correlated to worse
prognosis[154]. According to our results, PC saturations are not equally
represented in our different BCC lines studied. In fact, we could observe
that saturated PC were specifically more present in resistant MCF-7-Epi®
and MCF-7-TAX® cell lines, as well as in the TNBC MDA-MB-231 compared
to sensitive Luminal A MCF-7 cells. Some of the most statistically
significant saturations overrepresented in the resistant and triple negative
BCC lines compared to the sensitive MCF-7 were PC(44:1) ///
PC(26:0/18:1) and PC(38:1) /// PC(20:0/18:1). We also found an increase
in the PC form PC(0-33:3). Moreover, we also observed that there were
other PC saturations highly altered, even though they did not reach
statistical significance. PC(28:0) /// PC(14:0/14:0), PC(31:1) ///
PC(15:0/16:1), PC(30:1) /// PC(16:1/14:0), PC(38:3) /// PC(18:0/20:3) were
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notably increased in the resistant and triple negative BCC lines. According
to bibliography, tumor grade is closely related to the metabolism of this
specific lipidic family, including saturated form PC (14:0)[256].
Furthermore, evidence has also demonstrated that saturations such as
PC(18:1), PC(36:1), or PC(38:2) are closely related to BC and worst
prognosis [257][258][259]. PEs are also an important lipid family whose
homeostasis disruption might influence in the cell functionality [260]. In
our studies, we have found that the lipid pattern of PE also differs between
resistant cells, TNBC and the sensitive cell line MCF-7. According to
different studies where exhaustive plasma and urine analysis were
preformed, specific saturations such as PE (15:0/19:1) are closely related

to BC [261][262].

In this study we have observed a specific PE saturations pattern in TNBC
MDA-MB-231 that matches with the resistant cell lines MCF-7-Epi® and
MCF-7-TAX® whereas it differs from the PE signature of the sensitive MCF-
7. The most significant overrepresent PE saturations that we have found
in the resistant cell and TNBC in comparison to the sensitive cell line were
PE(P-34:2)///PE(P-16:1/18:1), PE(P-36:5)///PE(P-16:1/20:4), PE(P-
36:2)///PE(P-18:1/18:1),  PE(0-34:2)///PE(0-15:1/19:1) and  PE(P-
38:7)///PE(P-16:1/22:6). Therefore, this PE modifications might have a
crucial role in the tumorgenicity of BCCs by the improvement of their
metastatic abilities and resistance to a conventional chemotherapy.

However, not only modifications in these two lipid species have been
identified. SMs, with different saturations, such as SM(36:1), SM(39:3),
SM(42:2) or SM(42:1) are overrepresented in resistant and TNBC

compared to the sensitive cell line MCF-7.
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SMs have a central role in diverse biological processes such as death,
proliferation, and migration [263], suggesting the importance of the

homeostasis of this lipid specie.

Finally, ceramide family has similar alterations between the TNBC cells,
and both resistant cell lines compared to the drug sensitive Luminal-A
cells. This lipid family is closely related to inflammation, being a nexus to
different metabolic disorders [264][265]. In addition, these lipids
metabolism has also been associated with BC, being an important factor
in critical steps of cancer development [266]. Consequently, these data
suggest that resistance acquisition might be accompanied by an increase
in malignancy, switching the lipid signature. Thus, knowledge of specific
lipid signature from different BC molecular subtypes might lead to
understand the metabolic behavior of each one, opening new ways of
diagnosis and treatment in patients with unclear diagnosis. Moreover,
understanding the intercommunication between adipose tissue, tumor
cells and lipid metabolic pathways might let us to find new therapeutic

targets.

However, as tumor microenvironment is not composed only by these
adipocyte cells, but there are other cell types comprised, understanding
the crosstalk of all these elements is crucial for a good treatment. In the
tumor microenvironment, the immune system is a component that has
gained a notably importance during last decades because of its implication
in cancer progression. Infiltrated macrophages are one of the most studied
immune cell types within the tumor microenvironment. The aim of this
research was to understand the communication between all the different

elements within the tumor microenvironment, including adipocytes,
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tumor cells, and these immune system cells. As we have previously
demonstrated, BCCs are able to increase the delipidation of mature
adipocytes and the releasement of different lipid families to ECM in order
to supply the energetic demand of tumor cells. Moreover, this is
accompanied by an increment in the production and releasement of fatty

acid binding proteins FABP4, FABP5 and CD36.

Our next purpose was to understand the possible effects of these proteins
in the entire tumor microenvironment, including the immune system cells.
For this reason, we cultured the monocytic THP-1 cell line with different
conditioned media, including the adipocyte CM and the CCAs CM. Once
we analyzed the lipid incorporation in the monocytic cell line, we observed
a significant increment in the amount of lipid droplets in THP-1 cytoplasm
once they were cultured with adipocyte CM. Interestingly, this increment
was even higher once they were cultured with the CAAs CM. In addition,
we also observed an increment of FABP4 in the cytoplasm of these
monocytes. Bibliography have described an important role of FABP4
protein in lipid accumulation inside macrophage’s cytoplasm of arteries in
atherosclerosis disease [267]. Moreover, a novel study has demonstrated
that the expression of FABP4 in TAMs promotes breast cancer

progression[134].

One of the new cancer hallmarks is chronic inflammation of the tumor
microenvironment. In fact, some studies have stablished a relationship
between a chronic inflammation and cancer progression [268].
Accordingly, we have observed that mature adipocytes cultured with
different BCC lines CM suffered a significant increment at transcript levels

of IL-6 and MCP-1. The importance of these two cytokines in the
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inflammation process and cancer progression has been robustly
described[269][166][270]. MCP-1 as a chemoattract cytokine might
increase the infiltration of different immune cells, including circulating
monocytes. The presence of a proinflammatory status would promote the
differentiation of these monocytes into M1 macrophages increasing the

inflammatory status in the area.

Firstly, we analyzed the effects of adipose tissue on the inflammatory
status of THP-1 cell lines. After the transcriptome analysis of the monocytic
cell line, previously treated with adipocyte CM, we observed that there
was a significant increment at transcriptional level of IL-6, IL-18, TNF-a. and
MCP-1. Interestingly, after analyzing the effects of CAAs conditioned
media, we could observe that the increment was significantly higher.
Moreover, we also observed that monocytes cultured with matured
adipocyte CM had an increment in phosphorylation forms of two of the
most studied inflammation-related proteins, such as NF-kB p65 and
MAPK-p38. Interestingly, the phosphorylation of both proteins was higher
once these monocytes were cultured with the different CAAs conditioned

media.

The extravasation and infiltration of monocytes in adipose tissue in obese
animals and human individuals has been described[271]. In tumor
microenvironment, infiltrated monocytes are able to activate different
pathways in cancer cells, modulating their biological function, hence
inducing cancer progression[272]. The activation of these extravasated
monocytes into active inflammatory macrophages leads to the generation
of a pro-inflammatory status in tumor microenvironment[273]. In this

study we have observed that monocytes cultured with mature adipocyte
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CM suffered a higher attachment to the plate than monocytes cultured in
control conditions. Interestingly, the attachment and morphology
modifications were even higher once the monocytic cell line was cultured
with CAA conditioned medias derived from MDA-MB-231, MCF-7 and it
drug resistant variants MCF-7-Epi® and MCF-7-TAXR,

Briefly, in vitro results, suggest that the intercommunication between
adipocytes and tumor cells might induce the chemoattraction of new
immune system cells by the increment of MCP-1 transcript and protein
levels in mature adipocytes. Moreover, the activation of inflammatory
proteins such as NF-kB and p38 MAPK as well as the induction of the
transcription of inflammatory genes such as IL-6, IL-18, TNF-a. and MCP-1
in infiltrated immune system cells might generate a pro-inflammatory

status in tumor microenvironment.

Our next objective was to corroborate this evidence in vivo. We wanted to
assess if breast cancer patients have an altered inflammatory status. *H-
NMR analysis of different serum components is one of the most advanced
techniques in the diagnosis field, including glycoprotein pattern detection.
Glyc-A and Glyc-B, are two NMR-detectable plasma glycoproteins that
belong to acute inflammation proteins family and they are released by the
liver under a pro-inflammatory status in the organism [274][275]. The
presence of these glycoproteins in plasma of breast cancer patients might
correlate to tumor microenvironment pro-inflammatory status.
Interestingly, once we analyzed plasma levels of both glycoproteins, we
observed that BC patients has a slight increment in Glyc-B plasma levels,
meanwhile the levels Glyc-A were notably increased compared to control

healthy women. According to bibliography, Glyc-A is a widely studied
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inflammation-related protein and there is evidence that correlate its
increment in plasma with different diseases, including cancer[276][277].
Moreover, these BC patients also presented an increment of serum CRP
levels compared to the control studied population. According to
bibliography, CRP is an acute inflammatory protein, being significantly
increased in plasma patients that suffer rheumatoid arthritis, some
cardiovascular diseases, and infection [278]. Our analysis demonstrated
that the increment of this well-known inflammatory protein was positively
correlated to the increment of Glyc-A in our BC cohort, thus supporting
previous in vitro results, where we suggested that cancer progression

might be positively correlated to the generation of an inflammatory status.

Moreover, as we had previously described, THP-1 monocytes present a
high amount of FABP4 in their cytoplasm. According to the important
association of this fatty acid transport protein in different diseases,
including atherosclerosis[279][280] or even kidney disease[281], it might
correlate to the inflammatory status in breast cancer patients.
Interestingly, previous analysis of our BC patients cohort revealed an
increment FABP4 in BC serum compared to control healthy women [172].
Consequently, by a simple linear correlation analysis, we detected that
27% of cases that presented an increment of Glyc-A could be explained by
an increment in FABP4 plasma levels. These results suggested that this
protein might have a crucial role in the generation of the inflammatory

status, hence in the development and progression of the disease.

Interestingly, we also observed that the lipid profile of breast cancer
patients was altered compared to control healthy women. Firstly, by

standard clinical chemistry quantification, we detected that our BC
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patients have higher plasma concentrations of total cholesterol, Apo B100
and triglycerides. Cholesterol, as central molecule of lipid metabolism, has
an essential role in membrane biogenesis, hormone biosynthesis as well
as in cell signaling transduction [282][283]. This lipid is carried on
lipoproteins, and it is incorporated into target cells. There are several
studies that have associated breast cancer, as well as many other cancer
with alterations in plasma lipoproteins [213][214]. However, the novelty
of this study is that we have analyzed the composition of these
lipoproteins in breast cancer patients and control healthy women, thus

leading to improve the diagnosis potential.

According to bibliography, high levels of LDL are associated with higher risk
of breast cancer [284]. In this study we have also demonstrated that higher
proportion of triglycerides and cholesterol in these particles are related to
BC. In concordance, LDL cholesterol, but not HDL cholesterol induces BCCs
proliferation and invasion [285]. In addition, we have also demonstrated
that alterations in LDL particles composition might also have a negative
impact in BC. Actually, we have found that the composition of HDL
lipoprotein in BC patients was notably altered, showing an increment in
the triglycerides and cholesterol levels compared to control healthy
women. Although many studies have associated high HDL plasma levels
with better breast cancer prognosis [284][286], alterations in HDL
composition might explain why the HDL protective effect is affected,
becoming a breast cancer risk biomarker. In fact, TG enriched-HDL
particles are positively correlated to an increment in metabolic and
cardiovascular risk [223]. Moreover, there is a strong correlation between
lipid alterations, higher serum triglycerides and chronic inflammation

[287][288][289]. Consequently, we wanted to assess the possible
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correlation of both parameters in our BC patients cohort. After a simple
correlation analysis, we detected that 49% of cases where Glyc-A plasma
levels are increased could be explained by the increment of total plasma

triglycerides.

A recent study has demonstrated a strong association between
triglycerides-enriched lipoproteins and Glyc-A [224]. Accordingly, as have
we demonstrated that BC patients have an altered composition in
lipoproteins, with increased levels of triglycerides, compared to control
healthy women [290], the analysis of this triglycerides enriched particles
has acquired a notable interest. The correlation between TG lipoprotein
composition and Glyc-A levels was also positive, suggesting that there is a
relationship between total triglycerides as well as TG enriched particles
and pro-inflammatory protein Glyc-A, hence with the inflammatory status

of the patient.

'H-NMR technology allows us to study deeply BC patients metabolomics
by the analysis of low molecular weight metabolites (LMWM). Aminoacids
metabolism is altered in cancer, as they are able to facilitate the survival
and proliferation of cancer cells under genotoxic, oxidative, and
nutritional stress [291]. The metabolic reprogramming, as one of cancer
hallmarks, includes amino acids metabolism. There are interconnections
between amino acids metabolism and other metabolic and signaling
pathways. Modifications in the aminoacids biosynthesis pathways would
lead to modifications of the different final products, hence, producing
alterations in multiple signaling cascades and metabolic signaling

pathways [292][293].
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In our BC patients cohort, we have found an increment of circulating
branched aminoacids, particularly, valine, leucine, and isoleucine. These
branched aminoacids have been described as a principal source of energy
for cancer growth and progression[294]. Moreover, metabolism
reprograming of these branched aminoacids can also induce cancer
progression [295]. Interestingly, we also observed modifications in
tyrosine and alanine in our BC patients cohort compared to control healthy
women. Altered metabolism of tyrosine in liver cancer has been described,
suggesting its importance in cancer development and cancer diagnosis
[296]. Alanine is one of the principal components of different proteins and,
although not published data suggest a clear correlation with cancer, it

might have a crucial role in cancer progression [297].

Summarizing, the study of the tumor microenvironment effects on cancer
development and progression, might open new strategies for BC cancer

treatment and diagnosis.
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The present thesis has the following conclusions:

1)

2)

3)

4)

5)

Adipose tissue releases a high number of factors that are internalized in
tumor cells, activating Akt and MAPK pathways, hence promoting tumor
proliferation. Moreover, crosstalk between adipose tissue and tumor
cells enhances chemoresistance, migration and invasiveness, thus

promoting cancer progression and malignancy.

FABP4, FABP5 and CD36 are increased in BC cell lines after their culture
with adipocyte CM. Concomitantly, an increment of cytoplasmatic lipid
droplets is observed, thus suggesting that these fatty acid transport
proteins might be partially responsible of lipid accumulation and cancer

hallmark acquisition.

Inhibition of FABP4 significantly reduces lipid transfer between adipose
tissue and tumor cells, thus reducing the different cancer hallmarks.
These results suggests that this fatty acid binding protein might have a

role in tumor microenvironment crosstalk, hence in cancer progression.

Tumor microenvironment crosstalk is bidirectional, hence BCCs modifies
surrounding adipose tissue behavior by the increment of lipolysis and

lipid uptake by the transport proteins FABP4, FABP5 and CD36.

Lipid synthesis profile of studied BCC lines significantly differs between

them, thus explaining their different tumorigenicity grade.
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6)

7)

8)

9)

MCF-7 drug resistant cells switch their lipid metabolism signature to
TNBC cell line MDA-MB-231, hence explaining the augmented
malignancy of these cell lines compared to their precursor sensitive cell

line MCF-7.

BCCs generate a pro-inflammatory status in the surrounding adipose
tissue by the increment of certain pro-inflammatory cytokines such as
IL-6 and MCP-1. The chemoattraction of new immune system cells, lipid
droplets increment and FABP4 uptake as well as the activation of the
NF-kB and p38 MAPK pathways, partially mediated by the crosstalk
between BCCs and adipose tissue, induce the generation of an inflamed

microenvironment.

This pro-inflammatory status is notably reflected in BC patients, whose
CRP serum values were significantly increased compared to control

healthy women.

The biomolecule Glyc-A might be used as a new pro-inflammatory

biomarker, as is positively correlated with CRP in our cohort of study.

10) CRP and Glyc-A serum levels are positively correlated with the protein

levels of FABP4 in our BC patients’ cohort. These results plus the
association of FABP4 with the overactivation of the THP-1 monocytic cell
line, suggest a possible association of FABP4 with the generation of a

pro-inflammatory status in the tumor microenvironment.
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11) BC patients undergo modifications in the lipoprotein profile
composition, presenting a significant triglycerides and cholesterol

enrichment, compared to control healthy women lipoproteins.

12) Total triglycerides as well as the triglycerides enriched-lipoproteins
increment in BC patients are positively associated with CRP and Glyc-A
serum levels increment, thus suggesting alterations in lipid metabolism

and the generation of a pro-inflammatory status in BC.

13) Metabolism deregulation, as a new cancer hallmark, includes alterations
in aminoacids metabolism. BC patients have elevated levels of LMWMs
valine, leucine, isoleucine, tyrosine and alanine, important protein

scaffold molecules as well as important signal mediators.

14) Advanced NMR profiling allows to identify relevant altered metabolites
in breast cancer serum samples to uncover specific metabolic signatures

for early and reliable BC patient diagnosis and prognosis.
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Breast cancer incidence and mortality is notably increasing, and it is
expected to rise to 24 million new cases per year in 2035. BC mortality
raised to 9.5 million of deaths in 2018. Moreover, the incidence of obesity
in modern society is notably elevated, as well as their related deaths. The
relationship between obesity and cancer has been deeply studied,
stablishing a close link of both diseases. Effects of adipose tissue in cancer
progression has also been demonstrated and corroborated in this
doctoral thesis. In fact, we have demonstrated that FABP4 might be a key
protein in some cancer hallmarks. Knowledge of the action mechanisms
of this protein in the tumor microenvironment crosstalk might open new
therapeutic strategies. Accordingly, in this research we have
demonstrated the effect of FABP4 inhibition by the blockade of the

communication between adipose tissue and tumor cells.

However, although we have demonstrated that FABP4 can induce the
proliferative and survival pathways of Akt and MAPK, as there is not a
total reversion of adipocyte CM suppose that there are other action
mechanisms that underlined the adipocyte and tumor crosstalk, and they

must be investigated.

Moreover, as a limitation of this study, our research was performed
mainly in vitro conditions. However, we are collecting tumoral and

peritumoral BC samples for further studies, in order to analyze the effects
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of crosstalk between the different tumor microenvironment elements in

tumor progression.

Understanding that tumor microenvironment crosstalk is bidirectional
opens a new action perspective. The alteration of the tumor
microenvironment might become a new action strategy in the future. In
this research we have demonstrated that mature adipocytes suffer a
higher delipidation and an increment in the fatty acid transporters
releasement, partially mediated by BCCs influence. Identification of those
tumor released factors that alter the metabolism behavior of the
peritumoral adipose tissue might be a plausible strategy in cancer

progression attenuation.

In addition, the metabolic profile of the different cell lines, hence of the
different molecular subtype of BC might be a reflection of their
tumorigenicity. Understanding the upregulated lipid pathways in most

malignant cell lines might open new therapeutic targets.

Besides, in this doctoral thesis, we have demonstrated that crosstalk
between adipocytes, tumor cells and immune system macrophages
generates a pro-inflammatory status in tumor microenvironment as well
as in BC patients. As a new cancer hallmark, the enhancement of a pro-
inflammatory behavior, hence its modulation, might be a potential

treatment of this disease.
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