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Abstract

Metabolic plasticity describes the ability of the cells to adapt their
metabolic status in response to changes in the external microenvironment
to support or allow rapid proliferation, continuous growth, and survival in
adverse conditions. The metabolic activities in quiescent cells are totally
different with respect to those of proliferating ones, in fact, under
quiescent conditions, cells have a basal rate of glycolysis, converting
glucose to pyruvate, which is then oxidized in the tricarboxylic acid cycle
(TCA) into acetyl-CoA and carbon dioxide (COz) within the mitochondria.
The acetyl-CoA then enters the TCA cycle (also known as the citric acid or
Krebs cycle) where it is fully oxidized to CO; and H>O, and produces huge
amounts of energy during the process of oxidative phosphorylation
(OXPHOS). Nevertheless, quiescent cells can also use fatty acids as
building blocks to fulfill their physiological function and to maintain their
structural integrity as well as redox and energy balance. On the contrary,
during proliferation, metabolism turns towards an anabolic metabolism,
with high glycolytic flux and lactate production. Tumor cells have a higher
rate of glucose metabolism than their normal counterparts and
preferentially use glycolysis instead of OXPHOS even under appropriate
oxygen concentrations (Aerobic glycolysis or Warburg Effect). During
aerobic glycolysis, glucose is converted to pyruvate, and the final product
of this reaction is lactate, which is exported out of the cell, contributing to
extracellular acidification. The resulting acidic environment promotes the
degradation of the extracellular matrix by proteinases and increases
angiogenesis through the release of vascular endothelial growth factor.
Recently, it has been demonstrated that most cancer cells to fulfill their

increased energy requests, can exploit other metabolic pathways, such as
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Abstract

Fatty Acid B —oxidation which represents one of the most crucial
mechanisms that can accompany cancer-associated metabolic
reprogramming. The use of fatty acids as energy substrates requires about
25 different enzymes and transport proteins, which carry out fatty acids,
import them into mitochondria, and facilitate the B-oxidation steps. In
particular, the Carnitine System (CS) is considered as a gridlock to finely
trigger the metabolic flexibility of cancer cells. The components of the CS
play a crucial role in tuning the switch between glucose and fatty acid
metabolism. Here, we report, in Canine Mammary Tumors (CMTs), the
expression of the CS components in both canine tissue samples derived
from bitches suffering from mammary tumors and CMT cell lines. In
particular, the analysis of CMTs and mammary gland control specimens
confirmed the aberrant expression of the four components involved in this
transporting system (CPT1A, CACT, CRAT e CPT2) in primary tumors
and especially in well-differentiated (grade 1) tumors in comparison to
moderately- (grade 2) and poorly- (grade 3) differentiated tumors. The role
of chemotherapy in bitches with malignant mammary tumors has not been
clearly defined for all tumor types and, therefore, we have also tested the
cytotoxic and proapoptotic effects of the CPTIA inhibitor ST1326 on
CMT cell lines obtained from bitches with different mammary
malignancies. Cell viability was evaluated in CMT cell lines (CMT-U3009,
P114, CMT-U27, CMT-U131 and CMT-U229) cells by using trypan blue
staining. The exposure of the CMT cell lines to increasing concentrations
of ST1326 [1-20 uM] for 48h has determined a significant reduced rate in
cell viability. Furthermore, we have also evaluated whether the compound

ST1326 is also able to induce cell death in CMT cell lines. CMT-U131 and
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Abstract

CMT-U229 have been the cells with the greater sensitivity to ST1326
treatment in comparison to the other cell lines tested. The ability of
ST1326 to induce apoptosis in CMT-U229 and CMT-U131 has been
examined by employing Annexin V-FITC Assay using Flow Cytometry.
The exposure of CMT-U229 cells to 10 uM ST1326 lead to a significant
increase (8.40%) of cells in early apoptotic phase and also a significant
increase (8.25%) at concentration of 20 uM in the late apoptotic phase,
respectively. The treatment of CMT-U131 has also displayed a significant
increase (13.8%) and (40.85%) in the late apoptotic phase at concentration
of 10 or 20 uM ST1326, respectively. Finally, by western blot analysis we
have investigated which molecular signaling pathways were involved in
ST1326-mediated cell death. Our results have shown that ST1326 reduces,
at least in part, the phosphorylated levels of serine/threonine- protein
kinase AktS™73 reduces the total levels of extracellular signal-related
kinase (ERK) protein as well as increases the phosphorylated levels of
ERK protein. Taken all together, our results identify CPT1A as a novel
target for CMTs treatment and suggest new druggable pathways for
prevention and treatment of these tumors, highlighting, for the first time, a
new and emerging deregulated biochemical pathway in canine tumor

metabolic reprogramming.
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Comparative Oncology: integrating human and veterinary medicine

1.1 Comparative oncology: integrating human and veterinary
medicine

Comparative oncology combines the study of naturally occurring cancers
in animals with the study of human cancer biology and therapy !. Like
humans, tumors in dogs are spontaneously occurring, rather than
genetically induced as they are in mice, so canine tumors may more
accurately mimic the situation in human cancer patients. The similarities
between dogs and humans—with respect to anatomy, physiology, and
tumor onset and progression—make canine tumor models a valuable tool
for identifying new cancer-associated genes and for enhancing

understanding of tumor molecular biology in humans 2

. With complete
sequencing of dog genome an increased number of compelling evidences
obtained from cross-species genomic studies confirm a high similarities
rate between genomic profiles in canine and human cancers, supporting the
idea that these illness share similarity also at genetic level °. Furthermore,
alterations in different gene expression profiles as well as activation of
different pathways associated with canine tumor progression have also
been identified and, surprisingly, they are highly analogous to those

identified in human counterparts *°.

Since dogs live in the same
environment as humans, they may also act as epidemiologic or etiologic
sentinels for the changing patterns of cancer development commonly seen
in humans ¢'°, Importantly, in comparison to rodent models, spontaneous
cancers in pet dogs recapitulate the biological complexity of human
cancers in that they occur in the presence of an intact immune system and

are characterized by tumor growth over long periods of time, inter-

individual and intra-tumoral heterogeneity, development of recurrent or
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resistant disease, and metastasis to relevant distant sites "!'''2. Most
common tumor types include non-Hodgkin lymphoma, osteosarcoma,
melanoma, prostate, lung, head and neck, and mammary carcinoma as well
as soft-tissue sarcoma '*"!°. The majority of these tumors appear to be very
similar to those of human counterparts, especially in relation to
histological aspects, tumor genetics, molecular signaling patways
alteration, biological behavior and response to conventional therapeutic
schemes as well 2°. In comparative oncology, one of the best-studied
examples of spontaneously occuring tumors is represented by tumors of
the mammary gland 2!, although in dogs it exists in two different forms,
namely simple and complex *2. During cancer progression, malignant
carcinomas are characterized by a decreased oestrogen and progesterone
recepor(s) expression 22% This feature makes this tumor very similar to
triple negative breast cancer Estrogen Receptor (ER) negative,
progesterone receptor (PR) negative, HER2 (Human Epidermal Growth
Factor 2) negative - normally found in human counterparts - known to

have a poor prognosis and limited treatment options >°.
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1.2 Anatomy of the canine mammary gland

The presence of mammary gland (MG), also known as (mamma, uber or
mastos) is unique to mammals and forms the glandular tissue of a mamma
2627 In the bitches, the MG originates along the so-called milk line that
extends parallel to the midline in the abdominal wall. Female dogs
typically have five pairs of MGs which are composed of a corpus mammae
(made up of 8—14 lobules, connective tissue, and skin) and a teat 2%. The
cranial two pairs are named cranial and caudal thoracic MGs, the middle
two pairs are termed cranial and caudal abdominal MGs, and the caudal

pair is referred to as the inguinal MGs ?® (Figure 1).
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Fig. 1. Anatomical location of mammary gland in canine

Based on their anatomy, MGs are modified apocrine sweat gland, made up

27,29

of a tubulo-alveolar structure , which is divided into lobules by

26



Comparative Oncology: integrating human and veterinary medicine

interlobular connective tissue. The MG is characterized by parenchyma
(alveoli), stroma (connective tissue), ducts, vessels and nerves 2*. Canine
MG is a dynamic organ susceptible of profound remodeling and
differentiation throughout their entire reproductive life. Indeed, its full
development is completed in the adult female, during pregnancy, where
ductal epithelial cell proliferation and lobuloalveolar differentiation occur.
At parturition, MG is characterized by a complex ductular-lobular-alveolar
structure, associated with alveolar secretion 2’.The epithelium of the
ductal-lobular system consists of a dual-cell population of Iuminal
epithelial and basal myoepithelial cells. Depending on the secretory
activity, secretory alveoli are characterized by simple cuboidal to columnar
secretory epithelium. Furthermore, the secretory epithelium is covered
with myoepithelial cells (MECs), which in turn are lined by a basal lamina.
Given their contractile force (due to the expression of the smooth muscle
actin isoform), MECs are also responsible for milk ejection during
lactation. MECs are also abundant in the ducts. Interalveolar tissue is
relatively sparse, well vascularized and contains a considerable content of
lymphocytes and plasma cells. Interlobular septa are characterized by
dense irregular connective tissue with many elastic fibres *°. Interlobular
ducts have different linings: larger ducts are covered with a bilayered
cuboidal to columnar epithelial lining, whereas the smaller ducts have a
single layer of cuboidal epithelium, which may be secretory in lactating
MGs 27. As previously stated, the canine MG is a hormone-dependent
organ whose cyclic activity is linked with consecutive development and
regression phases that differ between single glands and also within each

gland 3'°2, For example, during diestrus, it is possible to observe the
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complete mammary lobuloalveolar and secretory differentiation 3'-32,

which is related to the long-lasting and functional corpus luteum that is
able to produce high progesterone levels regardless to pregnancy 2. As
canine MG has homology with a single human breast 2 then similar

t 3. This feature, along with others,

developmental characteristics exis
makes the dog a reliable model for the study of human breast cancer

(HBC) *.

1.3 Incidence of CMTs

Canine mammary tumours (CMTs) are the most common type of cancer in
intact female dogs. They represent about 50% of all cancers and the second
most important tumor in the canine species, preceded exclusively by skin
tumors®*. A study focusing on the incidence of CMTs found tumors in
approximately 0.05% of females that were spayed before their first heat
cycle. This figure increased to 8% or 26% when the animals were spayed
after their first or second heat, respectively *>. When the animals are
spayed later, the risk of developing malignant tumors is the same as for an
intact bitch 3°. The real incidence of mammary cancer and the relationship
between benign and malignant lesions is difficult to determine because
small benign tumors escape the attention of the veterinary surgeon or are
not subjected to surgical removal. However, several lines of evidences
have reported an incidence rate of about 200 / 100 000 dogs’ year 37-°.
High prevalence rates (more than 70%) have been reported in Colorado,
United States of America (USA), in a life-span observation study including
672 female beagles that were experimentally exposed to radiation *°.

However, other results obtained from clinical cases in the USA also
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referred an incidence of 51% per year for CMTs °. Although these
evidences, it is to note that the incidence of CMTs is diminishing in the
USA, as well as in other and some countries in Western Europe, due to the
common practice of performing ovari(ohyster)ectomy at an early age,
varying from 8 weeks to 7-12 months of age *'*?. On the contrary, in
regions such as Scandinavia and Spain, the incidence of CMTs is much
more increased due to the fact the ovari(ohyster)ectomy practice is not

frequently performed *'***

. In fact, another study including more than
80,000 insured bitches has shown an incidence rate of approximately
111/10,000/dogs/year . In Europe, results obtained from clinical reports
about CMT, point out that the incidence rate ranging from 26.5% to 70% 3.
Dobson et al (2002) have also reported that, increased incidence rate (205
cases/100,000 dogs/year) has also been observed in the United Kingdom .
The increasing of malignant diagnoses can be linked to the environmental
pollution and to chemical exposure or to the habits of pet owners *.
Moreover, it is extremely probable that diet, body mass and estrogens may

be the cause of mammary tumours in female dogs, as in humans *.

1.4 Aetiopathogenesis and Risk Factors of CMTs

1.4.1 Hormonal Influence

The mammary tumours occurring both in dogs and humans are tightly
controlled by hormones, and similarities in “hormones addiction” can be
noted between HBC and CMTs *°. Under physiological conditions, ovarian
steroids (oestrogens and progesterone) may induce the growth of normal

mammary tissue both in bitches and in womens. Thus, the potential
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proliferative effect exerted by these hormones on the breast and mammary
epithelium generates the optimal conditions for neoplastic tranformation 4%
8 It has been reported that such event occurs at every oestral cycle making
the bitch strongly susceptible to tumorigenesis **->!. Oestrogens is involved
in the prolifeartion of ducts, while progestins are involved in the
lobuloalveolar development of the MG %2, The overexpression of growth
hormone (GH) production within the MG has been described as a possible

334 1t is also

mechanism involved in progesterone-induced CMTs
supposed that GH induces the proliferation of mammary stem cells during
the process of mammary carcinogenesis *>-°. The effect of ovarian steroids
in bitches is controlled by receptors expressed within the mammary tissue.
ER and PR are found in both normal and neoplastic tissues #2662,
Compelling evidences have shown that ER is higher expressed in benign
tumours with respect to malignant ones #-36-%61-64 " Similarly, PR
expression is found to be progressively decreased from
hyperplastic/dysplastic over benign to malignant canine mammary lesions
495759 The decreased expression of ER and PR has found to be also
inversely correlated with a worse prognosis **°%%3 but not all studies are
in agreement with these results. For example in another study, any
statistically significant correlation has been found between the loss of ER

and PR expression and a worse prognosis >

. Moreover, dogs that have
been spayed more than 2 years before tumour surgery are more likely to
have an ER-negative tumour and therfore to have a decreased benefit from
ovari(ohyster)ectomy at the time of tumour surgery *’. Bitches that are
spayed before the first oestrus have a 0.5% risk of developing mammary

tumours in comparison to sexually intact ones; those spayed before the
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second oestrus have an 8% risk, and those spayed after the second oestrus

and before two and a half years of age have a 26% risk >°.

1.4.2 Age

According to several studies, CMTs occur in middle-aged and old bitches
66-68 The median age of development ranging from 8 to 10 years %68 Ag
a matter of fact, a research involving a great closed beagle colony have
shown that mammary cancer develops mainly at 8 years of age "°. It has
been found also differences in the development of benign and malignant
neoplasia. Indeed, dogs with benign tumours have a mean age of 8.5 years,
while dogs with malignant neoplasia present a mean age of 9.5 ’!. The

presence of malignant tumours before 5 years of age is scarce '>7°

1.4.3 Breed Predisposition

As far as breed predisponition is concerned, purebred dogs have been
reported to have a higher representation among cases of CMTs compared
to mixed breed %7375 Several breeds, e.g. Poodles, English Springer
Spaniels, Brittany Spaniels, Cocker Spaniels, German Shepherds, Maltese,
Yorkshire Terriers and Dachshunds, seem to have an increased risk of
developing a mammary tumour ">7S, The English springer spaniel has an
incidence of 319 /10,000 dogs/ year, while the Rough Collie has an
incidence of 5/ 10,000 dogs/year *!. According to the studies, conflicting
results have been reported. For example, MacEwen and Withrow (1996)

report a decreased risk for Boxers, Chihuahuas and mixed breeds, instead
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others report Boxers as a high-risk breed and Collies, Shetland Sheepdog
and Bernese Mountain dogs as low-risk breeds 7*. In addition, Boxers and

Bernese Mountain dogs are represented as high-risk breeds ’.

1.4.4 Obesity

In dogs, obesity — especially at young age — represents a major problem
and a common risk factor for CMT development 78%°. Dogs diagnosed as
obese at one year of age or if they present a severe obesity at one year
before the diagnosis of CMT, have a higher prevalence of MG tumour with
respect to those that do not 7>, Dogs that are thin at 9—12 months of age
have decreased risk of CMT development ®. Obesity has been also
identified as risk factor for HBC development due to increasing local and
free circulating oestrogen ®12. Interestingly, obesity in dogs may influence
the development of MG tumour via the same mechanisms 7. Prolonged
beef intake, pork and a diet poor in consumption of chicken has been

linked to a high incidence of MG tumour in dogs %.

1.5 Clinical Presentation

Typically, the owner of the dog present their pet dogs to the veterinarian
after having observed the presence of lump(s) on the MG (Figure 2).
Along with these, other clinical signs such as ulceration around the
affected gland(s), anorexia, pyrexia, emaciation, change in gait, signs of
pain and other signs of systemic illnesses can occur. The glands most

frequently affected are represented by the caudal abdominal and inguinal
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MGs compared to other glands 7'. Furthermore, low incidence of MG
tumour in male dogs could be due to the absence of the influence of
ovarian hormones (oestrogen and progesterone) on the mammary tissue,
and a smaller amount of susceptible tissue, which are both characteristics
in female dogs "°. A dog could have more than one tumour in its MG,

freely movable or fixed, presented with ulcerative surface, small or large 2’.

Fig. 2. Example of spontaneously developed mammary gland tumour in dog.

1.6 Histopathology

Histopathology represents the “gold standard” method for obtaining an
accurate diagnosis for CMTs ®. Histopathology is routinely performed
using hematoxylin and eosin staining protocols, which - if adequately

performed — are appropiate for CMT diagnosis. However, since selected
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subtypes or histopathology variants of CMT exist, it is difficult to diagnose
them wusing routine staining and therefore special staining or
immunohistochemistry (IHC) techniques for an accurate diagnosis are
demanded ®°. In 1974 and in 1976, the World Health Organization (WHO)
presented the “International Histological Classification of Tumors of
Domestic Animals that included canine MG tumours and dysplasia. In
1999, a revision (Table 1) of the classification system of MG tumours was
published *%7 because, over the time, the knowledge in the veterinary
oncology field has been increased. These have been the basis for the
classification of tumours in domestic animals including CMTs. Recently,
several modifications to the classification systems for CMTs (Table 2)
have been proposed due to the need to include newly described histologic
subtypes of CMTs 22. The different tumour types according to the WHO

classification and a brief descrition are described below.
Table 1 The World Health Organization (WHO) classification (1999) of canine mammary gland

tumours
Tumour type Tumour sub-type
1. Malignant tumours 1.1 Non-infiltrating (in situ) carcinoma

1.2 Complex carcinoma

1.3 Simple carcinoma

1.3.1 Tubulopapillary carcinoma
1.3.2 Solid carcinoma

1.3.3 Anaplastic carcinoma

1.4 Special types of carcinomas
1.4.1 Spindle cell carcinoma
1.4.2 Squamous cell carcinoma
1.4.3 Mucinous carcinoma

1.4.4 Lipid rich carcinoma

1.5 Sarcoma

1.5.1 Fibrosarcoma

1.5.2 Osteosarcoma

1.5.3 Other sarcomas

1.6 Carcinosarcoma

1.7 Carcinoma or sarcoma in benign
tumour
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2. Benign tumours 2.1 Adenoma
2.1.1 Simple adenoma
2.1.2 Complex adenoma
2.1.3 Basaloid adenoma
2.2 Fibroadenoma
2.2.1 Low-cellularity fibroadenoma
2.2.2 High-cellularity fibroadenoma
2.3 Benign mixed tumour
2.4 Duct papilloma

3. Unclassified tumours

4. Mammary hyperplasia and 4.1 Ductal hyperplasia

dysplasia 4.2 Lobular hyperplasia
4.2.1 Epithelial hyperplasia
4.2.2 Adenosis
4.3 Cysts
4.4 Duct ectasia
4.5 Focal fibrosis (fibrosclerosis)
4.6 Gynecomastia

1.6.1 Benign Mammary Gland Tumours

Adenoma. This type of tumour is composed of well differentiated
epithelial or MEC:s. It is classified as simple tubular type. The solid nodes
are composed of fusocellular cells and are called myoepitheliomas. It is a

rare tumour in dogs.

Complex Adenomas or Adenomyoepitheliomas. The origin of this
tumour is from continuous proliferation of epithelial cells and MECs
without forming myxoid matrix. It is characterized by having a capsule, no

necrosis, atypia and low mitosis.
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Basaloid Adenoma. This type of tumour consists of uniform cords on
basaloid monomorphic epithelial cells nest. The cells of the periphery are
arranged side-by-side manner and are oriented against a thin basal lamina.

In most cases the tumours are small.

Fibroadenoma. This type of tumour originates from the proliferation of
stromal and epithelial elements. Two sub types are described as: (1)
pericanicular fibroadenoma (the stroma surrounds the epithelium) and (2)
intracanicular fibroadenoma (the stroma compresses and deforms the

epithelium).

Benign Mixed Tumour. This type of tumour consists of proliferated cells
that appear either fusiform or stellate, morphologically resembling
mesenchymal cells and epithelial components, producing adipose tissue
and/or cartilage and/or bone, sometimes with fibrous tissue. The cells are
sometimes embedded in abundant myxoid matrix. There is some level of

pleomorphism and atypia. It is the most common benign tumour in dogs.

Ductal Papilloma. This type of tumour is lobed or ramified in a distended
duct. There is proliferation of the epithelium of ducts on a fibro-vascular
axis. Cellular atypia is evident on the epithelium, and nuclear
hyperchromasia. There is minimal mitotic activity and the epithelium is

distributed as a single layer on a layer of MECs.

36



Comparative Oncology: integrating human and veterinary medicine

1.6.2 Malignant Mammary Gland Tumours

Ductal Carcinoma In Situ (DCIS). This is the most common of the two
types of carcinoma in situ, the other type is lobular ductal carcinoma in situ.
It is often associated with invasive canine mammary carcinomas. The
tumour develops in the extra- or intra-lobular ducts. DCIS is characterised
by the proliferation of epithelial cells in more than two ductal units in one
histological section. The cellular architecture of the cells is atypical,
characterized by connecting bridges in the ductal lumen. There is also
polarization of epithelial cells in a layer associated with another continuous
layer comprising MECs. There are micro-calcifications seen in the ductal

[umen.

Lobular Carcinoma In Situ. In this type of tumour, epithelial proliferation
causes the filling and expansion of the terminal lobular units. About 50%
of the lobe is affected and the lumen is completely lost, but the basement
membrane is maintained. The cells have the same shape, with small and
spherical nuclei. The nuclei are small with discrete and uniform nucleoli.
There is noticeable invagination of the cytoplasmic membrane due to a

single vacuole around the nucleus.

Carcinoma in a Mixed Tumour. Mixed tumours exhibit a complex
histological pattern, having cellular components from epithelial and
mesenchymal origin. Some of the cells can turn malignant, giving rise to

carcinoma in mixed tumours. Carcinoma in mixed tumours composed of

37



Comparative Oncology: integrating human and veterinary medicine

nodules or foci of highly pleomorphic epithelial cells with atypical mitoses,

arising in benign mixed tumours.

Complex Carcinoma or Malignant Adenomyoepitheliomas. This
tumour is composed of epithelial and MECs proliferation. However,
myxoid matrix is not evident. Other features include atypia, necrosis, and
absence of a capsule and high mitotic activity.

Papillary Carcinoma. Papillary aborescent epithelial proliferation with a
central fibrovascular stroma characterizes this tumour. These lesions are
classified as papilloma, carcinoma in situ in papilloma, papillary
carcinoma in situ, invasive and non-invasive papillary carcinomas. In
benign tumours, neoplastic papillae contain MECs that could be observed
between basement membrane and the epithelial cells. This characteristic is

not seen in the malignant variant.

Tubular Carcinoma. Predominantly tubular arrangement of the
proliferated epithelial cells qualifies this type of tumour. The amount of
stroma is variable. With or without necrosis, peritumoural lymphocytes
can be observed. The rate of tissue and vessel invasion is high in these

tumours.

Solid Carcinoma. This is a common cancer of dogs that usually occurs
when the tumour has stayed for a long time without surgical intervention.
On histopathology, the epithelial cells are solidly arranged in chords,
sheets or clusters. The cells are not differentiated, with small

hyperchromatic nuclei with a high mitotic index. In some cases, the cells
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will show vacuolated cytoplasm. There is variable amount (small to

moderate) of stroma and areas of necrosis.

Micropapillary Carcinoma. Microscopically, in this tumour type it is
possible to note the presence of cystic spaces that look like lymphatic
vessels distributed within the MG tissue. Within the spaces, a
micropapillary pattern which is morule like, is assumed by clusters of
epithelial cells. The cytoplasm is eosinophilic and abundant. The nucleus is
vesicular and pleomorphic with prominent nucleoli. Lymph node

metastasis is common and the mitotic index results variable.

Invasive Lobular Carcinoma. This type of CMT shows small cells in a
linear arrangement, which are non-polar and are uniform in size. The
tumour is diffusely invasive with large amount of fibrous stroma. Solid
foci may be formed by the tumour cells, containing mucin and having a

signet appearance, or arranged around benign ducts in a parallel way.

Pleomorphic Lobular Carcinoma. This tumour type is a result of the
dispersal of epithelial cells in the stroma, or an irregular outline of the cells
in a linear pattern. The cytoplasm is abundant and eosinophilic with
accentric and pleomorphic nuclei. Cytoplasmic vacuoles are sometimes

seen.
Secretory Carcinoma. With fine needle aspiration biopsy (FNAB), the

cells are round to oval and in the form of clusters. The nucleoli are

fragmented and the chromatin is irregularly distributed. The cells have a

39



Comparative Oncology: integrating human and veterinary medicine

clear and abundant cytoplasm with the nucleus pushed to the periphery by
secretory vacuoles. Histopathologically, this tumour appears as an
infiltrative carcinoma, with the neoplastic cells showing peripherally
disloged nucleus by large vacuoles and a clear cytoplasm. The
proliferation pattern could be solid and/or tubular with eosinophilic spaces

filled with secretion.

Mucinous Carcinoma. The presence of abundant extracellular mucinous
material characterizes this tumour type. It is also known as gelatinous
carcinoma. The proliferated cells may form solid, tubular or papillary
structure. Large amount of mucinous eosinophilic secretions fill the spaces
in these structures. The secretion is also positive in diastase and alcian blue.
The accumulated mucin is mostly located in the intraductal structure.
When the mucoid content leaks from the intraductal structure, it then

becomes invasive mucinous carcinoma.

Lipid-rich Carcinoma. This tumour is uncommon in dogs and is
composed of an expansive growth. The stroma separates the nests and
cords of neoplastic cells. The cytoplasm of the cells is vacuolated and the
nuclei are round to flat. There may be peripheral displacement of the
nucleus by vacuoles. When 80% of the tumour cells are lipid producing,

the diagnosis is confirmed.
Squamous Cell Carcinoma. This tumour is composed of areas of

squamous differentiation in the solidly arranged sheets and cords of

tumour cells. Keratin layers are found in the centre of the more
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differentiated tumour. Invasion of the lymphatics in these tumours is not

uncommeon.

Spindle Cell Carcinoma. This tumour is not very common in dogs.
Histopathologycally, there is presence of spindle cells in bundles or in a
circular pattern. The cytoplasm of the cells appears eosinophilic and might
be vacuolated. The nuclei could also be vacuolated with a fragmented
chromatin. These features should be noted in at least 80% of the tumour

section in order to confirm the diagnosis.

Anaplastic Carcinoma. This histologic subtype of CMT is highly
aggressive with early metastasis and recurrence and is considered to have
the worst prognosis. This tumour is diffusely infiltrative. The proliferating
epithelial cells are large, atypical with linear outline. The stroma is loose,
abundant and reactive, with individual cells invading it. The cells are also
anaplastic, with one or two prominent nucleoli and chromatin
fragmentation. The tumour has a high mitotic index with marked
anisocytosis. Blood and lymphatic vascular structures invasion by
neoplastic cells could be observed and one of the peculiar features of this

tumour is inflammation.

Fibrosarcoma. These tumours are malignant and are characterized by
fibroblasts with varying amounts of collagen. Collagen-producing spindle-
shaped cells are arranged as reticular fibres form these tumours.
Fibrosarcomas are among the most encountered mammary sarcomas in the

dog.
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Osteosarcoma. This tumor type is composed of the formation of bone
and/or osteoid by the neoplastic cells. Osteosarcoma could occur as
combined or non-combined (pure). The combined shows both osseous and

cartilaginous malignant tissues. There is high mitoses and pleomorphism.

Carcinosarcoma. In the dog, the features of carcinosarcoma resemble
those described in humans. The cut surfaces of these tumours are firm to
bony with a clear delineation. The cells are epithelial-like and well
delineated. The type of differentiation varies including solid, adeno,
mucinous, anaplastic, squamous, and sarcomatous areas with fibroblastic,
chondroblastic and osteomatous differentiation. When present, metastasis

is of mixed type, sarcomatous or carcinomatous.

Other Sarcomas. Other sarcomas that could develop in the mammary
gland comprise chondrosarcoma, haemangiosarcoma and liposarcoma.
These are very uncommon and appear similar to those observed in other

organs.

Table 2. Proposed histologic Classification 2010 from Golschmidt >’

Malignant Epithelial Neoplasms

Carcinoma—in situ

Carcinoma—simple

a. Tubular

b. Tubulopapillary

c. Cystic-papillary

d. Cribriform

Carcinoma—micropapillary invasive

Carcinoma—solid

Comedocarcinoma

Carcinoma—anaplastic

Carcinoma arising in a complex adenoma/mixed tumor
—The benign counterpart is still detectable in the section.
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Carcinoma—complex type

—The epithelial component is malignant, and the
myoepithelium is benign.

Carcinoma and malignant myoepithelioma

—The epithelial and myoepithelial components are malignant.
Carcinoma—mixed type

—The epithelial component is malignant; the myoepithelial
mesenchymal component is benign; and the mesenchymal
component is cartilage or bone.

Ductal carcinoma—malignant counterpart of ductal adenoma
Intraductal papillary carcinoma—malignant counterpart of
intraductal papillary adenoma

Malignant Epithelial Neoplasms—Special Types

Squamous cell carcinoma

Adenosquamous carcinoma

Mucinous carcinoma

Lipid-rich (secretory) carcinoma

Spindle cell carcinomas

Malignant myoepithelioma

Squamous cell carcinoma—spindle cell variant
Carcinoma-—spindle cell variant

Inflammatory carcinoma

Malignant Mesenchymal Neoplasms—Sarcomas
Osteosarcoma

Chondrosarcoma

Fibrosarcoma

Hemangiosarcoma

Other sarcomas

Benign Neoplasms

Adenoma—simple

Intraductal papillary adenoma

Ductal adenoma

With squamous differentiation (keratohyaline granules)
Fibroadenoma

Myoepithelioma

Complex adenoma (adenomyoepithelioma)

Benign mixed tumor

Hyperplasia/Dysplasia
Duct ectasia
Lobular hyperplasia (adenosis)
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Regular With secretory activity (lactational)

With fibrosis—interlobular fibrous connective tissue
With atypia

Epitheliosis

Papillomatosis

Fibroadenomatous change

Gynecomastia

Neoplasms of the Nipple

Adenoma

Carcinoma

Carcinoma with epidermal infiltration
Hyperplasia/Dysplasia of the Nipple
Melanosis of the skin of the nipple

Carcinoma—Cribriform

Cribriform carcinoma, which is uncommon, is characterized by the
proliferation of a population of neoplastic epithelial cells forming a
sievelike arrangement. The lumina formed are very small and often round,
and they are surrounded by bridges of neoplastic cell. The surrounding
interstitial connective tissue is sparse. Neoplastic cells vary from columnar
to polygonal and often have scant homogeneous eosinophilic cytoplasm.
Anisokaryosis and anisocytosis are moderate, and the number of mitoses is

variable.

Carcinoma—Micropapillary Invasive

Micropapillary invasive carcinoma is a type of mammary neoplasm that
has been described in dogs. Within the mammary tissue are present one or
more nodules characterized by an intraductal neoplastic population
forming small intraluminal irregular aggregates and small papillae that do

not have a supporting fibrovascular stalk and are surrounded by empty
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lacunar spaces. The neoplastic cells grow along ductal walls and infiltrate
the periductal collagenous stroma. Cells are pleomorphic and cuboidal to
polygonal and have scant eosinophilic cytoplasm. The nuclear cytoplasmic
ratio is high, and nuclei are central and oval, with a large central nucleolus
and hyperchromatic granular chromatin. Anisokaryosis and anisocytosis
are moderate to severe, and the mitotic index is high. The infiltrating
micropapillary areas may be seen in association with tubulopapillary or
solid areas. This tumor frequently shows vascular invasion and possesses a

high metastatic potential.

Inflammatory Carcinoma

The term inflammatory carcinoma denotes a clinical entity characterized
by a very fast clinical course, edema, erythema, firmness, and warmth of
the mammary glands, with or without mammary nodules. Histologically,
the invasion of dermal lymphatic vessels by neoplastic emboli represents
the major characteristic feature. These neoplastic emboli cause a blockage

of the superficial lymphatics causing severe edema of the region.

Although many efforts have been made to find a correlation between
histologic type and clnical prognosis, no reliable criteria have yet been
established. The differences in the prognosis among histopathological
subtypes of adenocarcinomas are not significant. However, animal with
solid carcinomas, anaplastic carcinomas and squamous cell carcinomas
have a survival rates of less than 2 years. On the contrary, bitches with
tumors including a myoepithelial cell profliferation (complex type

carcinomas) have a significative higher survival rate than those with
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tumors consisting of secretory cells alone (simple carcinomas). Moreover
simple type carcinomas often invade the lymph vesses and frequently
metastatize to lymph nodes and distant organs, whereas complex

carcinomas less frequently give metastases.

1.7 Staging of CMTs

The TNM staging system is the most common way that veterinary
clinicians used in order to stage canine mammary gland tumours. TNM
stands for Tumour (describes the size of the tumor), Node (describes
spread of cancer to nearby lymph nodes), Metastasis (spread of cancer to
other parts of the body) 7>%%. The original WHO staging system of Owen
(1980) is more sophisticated because the T and M categories include an
additional subsection for fixation. In 1996, MacEwen and Withrow have
modified this original staging system that comprises five stages instead of
four as reported in the original system. Taking into consideration the
original staging system, dogs with a small tumour (T1) along with the
involvement of lymph nodes are categorized as stage II, as well as dogs
with a larger tumour (T2) regardless of the lymph node status. Moreover,
dogs with a large tumour (T3) are considered as stage 11, regardless of the
lymph node status. Dogs with distant metastasis are classified as stage IV,
independent of the tumour size or lymph node status. On the contrary,
according to the modified system, dogs without regional lymph node
involvement and without distant metastasis are categorized in stages I, II
and III, depending on their tumour size, respectively. Each patient with

regional lymph node involvement will be classified as stage IV and each
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patient with distant metastasis as stage V, regardless the tumour size 7>, It
has been reported that staging of CMT correlates with the prognosis of
disease, namely an advanced stage confers a worse prognosis *. For CMTs
classified as stage 1, namely small- non-invasive- or well-differentiated-
tumours, surgery alone represents a valid therapeutic treatment choice and
could be curative, whereas for larger tumours with advancing stage and ill-
defined margins need other forms of therapies such as, chemotherapy,

hormonal therapy and/or radiotherapy %’.

1.8 Histologic Grading of CMTs

Malignant CMTs are graded histopathologically to provide important
prognostic information to the clinician. Tumours with a higher grade have
a worse prognosis 2>°*°!. Even though any specific grading system (GS)
exists for CMT, different GSs are used in veterinary medicine. Gilbertson
et al. (1983) °2 adapted a human classification system °*. Misdorp (2002)
used a method similar to the Bloom and Richardson method, another
human grading method °*. Increasing growing body of works applies the
Elston and Ellis method *° (also called Nottingham method), a
modification of the Bloom and Richardson method, which is frequently
used in human medicine 99319 Gilbertson et al. (1983) based their
classification method on numeric grading of three parameters: the degree
of duct epithelial proliferation and of atypia in non-invasive neoplasms, the
degree of nuclear differentiation in malignant proliferative lesions and the
intensity of lymphoid cellular reactions °2. Both the Bloom and Richardson

and the FElston and Ellis methods apply similar parameters: tubule
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formation, nuclear pleomorphism and mitotic counts. The Elston and Ellis
method (1991)” represents the best method to choice because allow a
more specific and objective assessment of the various paramenters. Each
of the parameters is scored based on a scale from 1 to 3. The total score is
then converted to the grade of malignancy: 3-5: grade 1 (well-
differentiated carcinoma), 6-7: grade II (moderately differentiated
carcinoma) and 8-9: grade III (poorly differentiated carcinoma) °*.
These parameters have been shown to be of prognostic significance in the
evaluation of mammary carcinomas and their survival two years after
surgery. Karayannopoulou et al. found significant differences in survival

%l Survival is worse in dogs

between cases with different tumor grades
with grade III carcinomas than in those with grade I or grade II °!. Bitches
with simple carcinomas have a worse prognosis in comparison to other
carcinomas; any significant difference in survival between grade II and
grade III cases, since both have a poor prognosis °!. Less differentiated
carcinomas (grade III) present an increased risk of death when compared
with more differentiated carcinomas (grade I and 1II) °.
Lymphatic/vascular invasion and lymph node metastasis are obviously

related to a poor prognosis > .

1.9 Therapeutic Modalities for CMTs
The surgical excision of CMTs represents the “gold standard” procedure
and is regareded to be the single most effective method to achieve local

tumor control except for the presence of distant metastases. Apart from

improving survival time and quality of life in cancer patient, surgical
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removal or resection of tumours enables an accurate and detailed

101

histopathological observation '°'. The surgical procedures rely on the

12 The different surgical

tumour size, location and patient status
techniques used include lumpectomy, simple mastectomy, regional
mastectomy, unilateral mastectomy and bilateral mastectomy ', Although
the surgical removal of the entire mammary chain (mastectomy) is
recommended in order to prevent recurrence or even the development of a
newly tumor mass formation, it has been reported that the adopted kind of
surgery does not affect neither the recurrence rate nor survival time %1%,
When subjected to mastectomy, as in women, several dogs with malignant
CMTs present micrometastases, hence despite surgery, the disease move
forward °2. Although do not exist alternative established guidelines for
treatment apart from surgery, dogs with advanced-, metastatic- or
aggressive histological type of CMTs could take advantage from adjuvant
therapy such as radiotherapy, anti-Cox-2 treatment, chemotherapy,
desmopressin, hormonal therapy, chemotherapy or anti-angiogenic therapy
105-113 “ Carboplatin is another cytotoxic drug that have been employed in
the treatment of CMTs showing positive results especially for the
treatment of CMT with advanced clinical staging ''*. Another study has
reported the use of gemcitabine in the treatment of CMTs. In this study the
authors have demonstrated that high-dose gemcitabine treatment is well

tolerated with an unexpected low incidence of adverse effects and the

quality of life is maintained, if not improved in all treated dogs ''°.
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Metabolic alterations as hallmark of cancer

2.1 The Warburg Effect as a hallmark of cancer

Cancer is a complex disease consisting of distinct histological and genetic
features '!°. Nevertheless, all cancers share common biological traits
among which uncontrolled proliferation is the most important ones ''’.
Cancer cells undergo an extensive metabolic MR to fulfill the increased
demands of macromolecules and energy for proliferation !'8. Progressively,
the concept of altered metabolism as a distinctive characteristic of cancer
cells has become widely accepted and Hanahan and Weinberg edited the

list of cancer hallmark to include the reprogramming of energy metabolism

19 (Fig, 3).

Sustaining proliferative
signaling

Resisting
cell death

Enabling replicative
immortality

Deregulating cellular Avoiding immune
energetics destruction

Genome instability ay, Tumor-prometing
and mutation - Inflammation
Enabling Characteristics

Fig.3. Cancer hallmark as described by Hanahan and Weinberg in the year 2000 and
updated in 2011. From Hanahan and Weinberg '*°.

51



Metabolic alterations as hallmark of cancer

Metabolism consists of two distinct biochemical reactions that occur
within a cell or an entire organism, which are essential to sustain life '*°.
Cell metabolism can be divided into two major categories: catabolism,
which refers to the breakdown of molecules into smaller metabolites in
order to release energy and anabolism, which describes the consumption of
energy in order to build macromolecules needed for most cellular functions
120 The most common feature shared by the vast majority of cancer cells is
the propensity to show an altered metabolism '?!'?2, In particular, one of
the major hallmarks of cancer cells is the increased addiction on glucose
that represents the main fuel for mammalian cells, providing not only
energy but also metabolites for different anabolic processes '*. Glucose is
taken up into the cell by glucose transporters and subsequently converted
to pyruvate in the cytoplasm via the process of glycolysis, which allows
Adenosine Tryphosphate (ATP) production. In normal (quiescent) cells,
the glycolysis-derived pyruvate is predominantly imported into the
mitochondrial matrix where it is oxidized to acetyl coenzyme A (acetyl
CoA) which is then fed into the tricarboxylic acid (TCA) cycle, followed
by oxidative phosphorylation (OXPHOS) for high-efficiency ATP
generation. The full oxidation of one molecule of glucose produces up to
38 ATP molecules (including 2 ATP generated by glycolysis). The
hypothesis that cancer cell metabolism, in comparison to their normal
(non-transformed) counterparts is enhanced do not represent a novelty.
Indeed, it was only at the beginning of the 20" century, due to the
tremendous advances carried-out in the field of biochemistry, that the
energy demands of cell proliferation were initially taken into consideration.

The first that hypothesize such link was the German bacteriologist von
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Wassermann, who supposed that cancer cells are able to increase oxygen
consumption due to their increased proliferation rate. As a result of this
hypothesis, he sought to target cancer cells by using a derivative of
selenium, a drug that disrupts cell respiration '**. Despite very promising
results in rodents, this drug showed toxicity in humans, and other studies
also revealed that selenium was not as effective in killing cancer cells as
initially thought, suggesting that Wassermann’s observations were merely
coincidental '?°. Detailed study of cancer cell metabolism was performed
few years later through the meticolous work of the German physiologist
Otto Warburg. In his forays into research, Warburg observed that cancer
cells employ large amounts of glucose even in the presence of oxygen,
unlike differentiated cells which predominantly metabolize glucose to
carbon dioxide (CO2) by oxidation of glycolytic pyruvate in the
mitochondrial TCA cycle when oxygen is available. This reaction
produces Nicotinamide adenine dinucleotide (NADH), which subsequently
fuels OXPHOS to maximize ATP production, with minimal production of

lactate (Flg 4) Differentiated tissue Protl_lleralive Tumor
T issue
e B o %
+Oi/ \’:)z o -0,
Glucose Glucose Glucose
0, Pyruvate l Oz Pyruvate

Pyruvate

Lactate Lactate

Lactate

CO, CO,
Oxidative Anaerobic Aerobic
phosphorylation glycolysis glycolysis
-36 mol ATP/ 2 mol ATP/ (Warburg effect)
mol glucose mol glucose -4 mol ATP/mol glucose

Fig. 4. Schematic representation of the differences between oxidative phosphorylation,

anaerobic glycolysis, and aerobic glycolysis (Warburg effect). From Vander Heiden et al.
123
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Under anaerobic conditions, most differentiated cells produce large
amounts of lactate. Conversely, most cancer cells produce considerable
amounts of lactate despite the presence of adequate oxygen availability and
therefore their metabolism is often called “aerobic glycolysis” or Warburg
effect 12°. However, for Warburg this phenomenon remained unanswered
and unsolved. At the beginning, Warburg supposed that the lactate
production in cancer cells was caused by an impairment of OXPHOS due

to inherent defects in mitochondrial function ',

However, other
investigations revaled that mitochondrial function is not impaired in the
majority of cancer cells, proposing other explanations for aerobic
glycolysis in cancer cells '?"12°, As far as ATP production is concerned, it
is to note that aerobic glycolysis represents a less efficient metabolism,
generating only 4 mol of ATP/mol of glucose with respect to 36 mol/mol
generated by OXPHOS. Why cancer cells prefer a less efficient
metabolism in terms of ATP production? Different speculations have been
proposed for the maintenance of this apparently wasteful catabolic state.
One such speculation is that the mitochondrial respiration malfunction and
enhancement of glycolysis are believed to be a metabolic advantage under
the intermittent hypoxic conditions experienced by pre-malignant and

malignant tumor cells !30:13!

. However, aerobic glycolysis is not only
encountred in cancer cells, but is also found in rapidly dividing normal
cells under conditions of normoxia as well '*2. Furthermore, it has been
also observed that the glycolysis rate enhances in order to satisfy the
increased anabolic needs of the rapidly proliferating cells for precursor
metabolites '?*. Nevertheless, a focus on the cell's anabolic needs alone

overlooks two important points: first, in addition to precursor metabolites,
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rapidily growing/proliferating cells need ATP to fulfill the energy requests
of biosynthetic pathways. Second, by definition, the Warburg effect
denotes the increase in the glycolysis rate resulting in the production of
lactate as final product, which is not involved in the production of
precursor metabolites. Actually the molecular mechanisms involved in the
enhanced aerobic glycolysis are increasingly well recognized. For example,
in physiological conditions, the phosphatidylinositol-3-kinase/Protein
Kinase B (PI3K)/(AKT) o signaling pathways play a critical role in
promoting aerobic glycolysis in activated T cells in response to growth

1

factors or cytokines stimulation '3*. During tumorigenesis, defects of

mitochondrial respiration due to mitochondrial DNA mutations/deletions

134137 Furthermore, the

represents a major important contributing factor
oncosuppressor p53, one of the most frequently cancer-related mutated
genes, can act both as a positive regulator of mitochondrial respiration '
as well as a negative regulator of glycolysis '*°. These events, along with
the concomitant activation of hypoxia-inducible factor la (HIF la), a
transcription factor activated by hypoxic-, oncogenic-, metabolic- and
oxidative stresses, often lead to the upregulation of the glucose transporters
to promote the retention of glucose inside cells in addition to upregulating
hexokinase 2, the enzyme that catalyzes the first step of glycolysis and
different glycolysis pathway enzymes or isozyme subtypes, thus
explaining the increased glucose uptake and altered utilization '*2!%°, The
studies carried-out till date suggest that the presence of aeroblic glycolysis

represents a peculiar feature of rapidly proliferating cells, and that also it

may give a growth advantage to both rapidly proliferating normal cells,
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e.g., during development and tissue regeneration, and to cancer cells

during tumor development.
2.2 The role of lipid metabolism in cancer

The study of cancer cell metabolism has grown exponentially during the
last decade and it is commonly accepted that cancer cells rely on increased
glycolytic activity and and impaired OXPHOS (Warburg effect) '*!.
However, intense researches - especially with the use of lipidomic-based
technologies - have shed-light of how lipid metabolism plays an important
role in cancer biology '**1%. To date, compelling evidences suggest that
the reprogramming of cellular lipid metabolism is directly involved in

malignant transformation and cancer progression 43146

. For example,
rapidily proliferating tumors, through de novo lipid synthesis (DNL), can
obtain a constant lipids supply for membrane biogenesis of new daughter
cells 47148 Furthermore, the upregulation of mitochondrial fatty acid P-
oxidation (FAO) can support tumor cell energetics and redox homeostasis
149" while lipid-derived messengers can regulate major signaling pathways
or coordinate immunosuppressive mechanisms 3132, Therefore, lipid
metabolism has been involved in a broad range of oncogenic processes,
such as metastatic colonization, drug resistance, and cell differentiation
ISLIS3-157 T ipids are heterogeneous biological molecules which comprhend
phospholipids, fatty acids, triglycerides, sphingolipids, cholesterol, and
cholesteryl esters '3, Lipids have a wide distribution in cellular organelles

and represent crucial components of all membranes '*°'%*, In addition to

their role as structural cell and organelle membrane elements, lipids also
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display many pivotal roles. For example, lipids can act as second
messengers to transduce signals within the cells, and can also serve as

d 165168 Lipids are

energy sources when nutrients availability is limite
intermediates and even signaling molecules of metabolic pathways that can
be broken down into bioactive lipid mediators in order to regulate a large
number of neoplastic processes, such as cell growth, cell migration and
metastasis formation '6%!7°, Mammalian cells were found to readily obtain
lipids by using two distinct mechanisms: 1.e., DNL synthesis and uptake.
While the DNL synthesis has found to be low in normal adult — except for
lipogenic tissues such as liver, adipose tissue, or mammary epithelium
during lactation) — a growing body of evidences have shown that lipid
metabolism is considerably reprogrammed in cancers "'’ On one hand,
the increased DNL synthesis not only facilitate the formation of membrane
lipid bilayers but also allows the cells to alter their membrane composition
in favor of oxidative damage-resistant saturated fatty acids as means of
adapting to oxidative stress '*’. Indeed, it has been also shown that rapidily
growing cancer cells show a strong lipid and cholesterol avidity, which
they fulfill by either increasing the uptake of exogenous lipids and
lipoproteins or overactivating their endogenous synthesis (lipogenesis and
cholesterol synthesis). High content of lipids and cholesterol in cancer
cells are stored in lipid droplets (LDs), and excessive amount of LDs and
stored-cholesteryl ester content in tumors have been considered as

hallmarks of cancer aggressiveness '7"1%* (Fig. 5).
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Fig. 5. A simplified map of the main altered lipid metabolic pathways in cancer cells.
Lipid metabolic network (blue) includes import/export and catabolic pathways (FAO) as
well as de novo synthesis pathways, such as lipogenesis (that is, synthesis of TGs and
PLs) and cholesterol synthesis. Glucose- and/or glutamine-derived citrate, provided by the
increased glycolysis and/or glutaminolysis, are common precursors of lipogenesis and
cholesterol synthesis. Cancer cells can also take up exogenous cholesterol, transported by
LDL and very-lowdensity lipoproteins (VLDL), to meet their cholesterol requirement.
When cholesterol, PLs and TGs are in excess in tumors, they are exported into circulation
as high-density lipoproteins (HDLs) or locally stored into LDs. Exogenous FAs taken up
by cancer cells are broken down to produce energy through mitochondrial FAO process.
TCA cycle, tricarboxylic acid cycle aKG, a-Ketoglutarate. From Beloribi-Djefaflia S et.
al, 2015 4,

Breast, prostate and colorectal cancer(s) are characterized by an aberrant

lipid metabolism which involves fatty acid synthesis (FAS) and FAO,
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upregulating fatty acid synthases (FANS), acetyl-CoA carboxylase (ACC)
and ATP citrate lyase (ACLY), respectively 167184185 (Fig 6).
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Fig. 6. Cancer cells obtain fatty acids (FAs) from de novo lipogenesis and exogenous
uptake. The exogenous uptake of FAs from the surrounding microenvironment is
facilitated by specialized transporters, including CD36, FATPs and FABPpm. FAs and
their synthetic products can be subsequently stored as LDs, and used for NADPH and
acetyl-CoA production through p-oxidation. In terms of carbon sources for de novo
lipogenesis, cancer cells rely on glucose, glutamine and acetate to synthesize citrate.
Palmitate is ultimately generated from citrate through the enzymatic activities of ACLY,
ACC and FASN, and can subsequently be desaturated and elongated to form a diverse
group of lipid species. An alternative pathway for palmitate desaturation exists, which
generates sapienate through FADS2, instead of palmitoleate. Abbreviations: GLUTI,
CD36,
differentiation 36; FATPs, fatty acid transport proteins; FABPpm, fatty acid-binding

glucose transporter 1; MCT, monocarboxylate transporter; cluster of

protein; GLS, glutaminase; IDHI/2, isocitrate dehydrogenase; ACLY, ATP—citrate lyase;

ACSS2, acyl-CoA synthetase short-chain family member 2; ACC, acetyl-CoA
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carboxylase; FASN, fatty acid synthase; MUFAs, monounsaturated fatty acids; PUFAs,
polyunsaturated fatty acids; SCD, stearoyl-CoA desaturase-1; FADS2, fatty acid
desaturase 2; ELOVLs, elongation of very long-chain fatty acid protein; PA, phosphatidic
acid; TAG, triacylglycerol; DAG, diacylglycerol; PE, phosphatidylethanolamine; PG,

phosphatidylglycerol; PS; phosphatidylserine. From Nikos Koundouros and George
0 186'

Poulogiannis, 202
The primary source for the initial step of DNL synthesis involves Citrate.
Its synthesis occurs in the mitochondrial TCA cycle involving a two-step
reaction: decarboxylation of pyruvate to form acetyl CoA with subsequent
condensation of the acetyl-group with oxaloacetate to form citrate (Fig. 6).
The synthesized citrate is excreted back into the cytosol where it reacts
with acetyl CoA via ACLY for the growing lipid acyl chains. In addition,
acetyl CoA can be synthesized from acetate via acetyl CoA synthetase 2
(ACCS2). The carboxylation of acetyl CoA to malonyl CoA (malonyl
Coenzyme A) by ACC represents the first reaction of fatty acid synthesis.
Subsequently, malonyl-CoA is converted by FASN through repeated
condensation reactions of acylgroups to form a 16-carbon saturated fatty
acid, namely palmitate. The latter can then be modified to give rise to other
saturated and unsaturated fatty acids with more than 16-carbons. The
desaturation process is catalyzed by stearoyl-CoA desaturase (SCD) '*7.
Acetyl CoA can also be used to generate cholesterol, an important building
block for steroid synthesis and membranes. Specific components of the
lipogenic machinery have been shown to play a protumorigenic role in
several cancers. For example, FASN results to be upregulated in several
human malignancies %31 thus suggesting its involvement in cancer

development and also a useful pharmacological target '®’. At the same time,
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it has been shown that ACLY plays a pivotal role in human breast cancer
since its involvement is required for transformation, migration and
invasion of breast cancer cells in vitro along with tumor growth in vivo 1.
Lipids uptake and storage are also upregulated in several malignant tumors
ISS178192,193 © For example, sterol regulatory element-binding proteins
(SREBPs) are key transcription factors that play a critical role in regulating
the expression of genes involved in both lipid synthesis (e.g, cholesterol
synthesis and uptake under physiological and pathological conditions!**1%¢,
Several lines of evidence suggest that SREBPs are involved in various
metabolic and cancer disease(s) '°>*°. However, while fatty acid synthesis
represents a well-investigated complex metabolic network, the specific
role of FAO, namely as source of energy and elements for sustained
proliferation, still remains a field to finely explore, especially in CMTs.

With respect to the lipogenic phenotype, the role of mitochondrial FAO in
tumors has been also investigated 2°'?°2, Although previous studies of
cancer bioenergetics have paid attention on the Warburg effect 12312°, FAO
also represents a major energy source in terms of ATP production 2.
Apart from this, another main function of FAO is the production of
cytosolic Nicotinammide Adenine Dinucleotide Phosphate (NADPH) 2%4,
an essential source reducing power to support biosynthesis and for
neutralizing oxidative stress 2%. FAO is a multi-step catabolic process
occurring in the mitochondria characterized by repeated series of reactions
to yield fatty acids shortened by two carbon atoms. The overall set of these
reactions ends up with the production of NADH, FADH?2 (Flavin Adenine
Dinucleotide) and acetyl CoA in each round, until the last cycle - where

the catabolism of a four-carbon fatty acid forms - two acetyl CoA
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molecules 2°. NADH and FADH2 generated by FAO process enter the
electron transport chain to produce ATP *7 (Fig. 7). Additionally, the
FAO-derived NADPH represents an essential element for cancer cells to

quench reactive oxidative stress 2%,

Fatty acids
1
\exeley

NADH/FADH,

Fig.7. FAO basics

Long chain fatty acids enter cells via fatty acid transport proteins and then shuttled into
the mitochondrion by the carnitine shuttle system. In the mitochondrion, fatty acids
undergo oxidative removal of successive 2-carbon unit in the form of acetyl-CoA. Acetyl-
CoA will be oxidized to CO2 through the TCA cycle. Both FAO and the TCA cycle
produce reduced electron carriers (NADH/FADH?2), which will pass electrons to ETC to
yield ATP. Apart from bioenergetic production, the carbon and hydrogen sources of
FAO-generated acetyl CoA can be exported out of the TCA cycle to the cytoplasm to
engage in NADPH and dNTP production. From Ma Yibao et.al, 2015 .

To date, it is well known that the so-called oxidative tumors (non-

glycolitic tumors), such as prostate and B-cell lymphoma need the FAO
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pathway to fulfill their energetic requests 2°!*!°. Moreover it has also been
reported that FAO can be considered as a druggable metabolic pathway for

t 209.

cancer treatmen For example, it has been reported that the

pharmacologic inhibition of FAO decreases energy metabolism in MYC-

211

overexpressing in triple-negative breast cancer cells “'°'. Again, the

inhibition of FAO induces apoptosis in leukaemia and glioblastoma cells
204212 Finally, FAO has been also implicated in several aspects of
metastaic process, due to its ability to promote invasion of tumor cells to
neighboring tissues, intravasation of cancer cells into blood or lymphatic
vessels, survival of cancer cells in the circulatory and lymphatic systems,
extravasation, colonization of cancer cells in other organs and for its

pivotal role in regulation of cancer stem cells '°.

2.3 The involvement of Carnitine System (CS) in Cancer

For being used as energy substrates, fatty acids require approximately 25
different enzymes and carrier proteins which are involved in different
functions, such as the cellular uptake and activation of fatty acids, their
import into the mitochondria and the FAO steps. Fatty acids must be
activated to fatty acyl Coenzyme (acyl CoA) by fatty acyl CoA synthetase
before they can be shuttled into the mitochondria. This is an important
prerequisite, as the mitochondrial inner membrane is impermeable to fatty
acyl CoA thioesters and, thus, the carnitine system (CS) is responible for
fatty acids tranport across mitochondrial membranes 2'3. CS is composed
of both enzyme able to catalyze the

acylCoA+carnitine<>CoA+acylcarnitines reaction and carrier(s) involved
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in the bi-directional transport of acyl moieties from cytosol to
mitochondria and vice-versa °%. Three components take part to this
system: the carnitine palmitoyltransferase 1 (CPT1), the carnitine
acylcarnitine translocase (CACT) and carnitine palmitoyltransferase 2
(CPT2). Furthermore, carnitine acetyltransferase (CrAT) closes the
carnitine cycle, allowing the acetyl CoA export produced during FAO as
acetylcarnitine in the cytosol (Fig. 8).

Carnitine Long-chain
AcylCoA CoASH

A - 2
Outer mitochondrial cetyk-camitine

membrane 1 oOCaaaTe

S

Long-chain
Acylcarnitine

Inner mitochondrial
membrane

Acetyl-carnitine Carnitine

Long-chain
Acylcarnitine

Carnitine
Carnitine Mitochondrial
matrix
CPT2
b —
Long-chain CoASH
Acyl-CoA

Fig. 8. Schematic view of carnitine system.
The long-chain fatty acid-CoAs are converted into the carnitine derivatives by CPTI,
located on the outer mitochondrial membrane of the contact sites. A specific carnitine-

acylcarnitine  translocase (CACT) catalyzes the mole-to-mole exchange of
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carnitine/acetylcarnitine and acylcarnitines promoting the import of the acylcarnitines
through the mitochondrial membranes. In the mitochondrial matrix, long-chain
acylcarnitines are reconverted to the respective long-chain acyl-CoAs by carnitine-
palmitoyltransferase-2 (CPT2) and undergo f-oxidation to produce acetyl-CoAs. Finally,
CrAT converts short-chain acetyl-CoAs to their membrane permeant acetylcarnitine
counterparts, allowing CACT to export them from mitochondrion to cytoplasm. From

Melone M.A.B et al., 2018 °%,

CPT1 localizes on the outer mitochondrial membrane and works by
converting long chain-fatty acyl CoA to fatty acylcarnitine derivatives.
Three subtypes of CPT1 exist: CPT1A is mainly expressed in liver 2!4,
whereas CPT1B is present in tissue characterized by a high rate of FAO
such as, muscle tissue and brown adipose tissue >'°. CPT1C represents the
third and final isoform, which is normally encountred only in the brain 2'°.
In physiological settings, all these three isoforms are inhibited by malonyl-
CoA, but due to the greater binding efficiency of CPT1A to malonyl CoA,
it is found to be the isoform with the greatest capacity to perform the rate-
limiting step of FAO 27218, CACT, grapples on the inner mitochondrial
membrane and acts by shuttling acylcarnitine into the mitochondrial matrix.
Mutations in CACT gene have been linked to a severe -carnitine-
acylcarnitine translocase deficiency, leading to pathological disorders
including muscle weakness, cardiac arrest, hypoglycemia, hepatic
dysfunction and hepatomegaly, which is even lethal in infants 2'°. In the
mitochondrial matrix, CPT2 acts reconverting long-chain acylcarnitines to
the respective long-chain acylCoAs. Lastly, CrAT acts by catalyzing the
reversible transfer of acyl groups from a short-chain acyl CoA thioester to

carnitine and regulates the ratio of acylCoA/CoA in the subcellular
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220 Defects in CRAT gene result in muscle insulin

compartments
resistance due to accumulation of long-chain acylcarnitines **!. Growing
body of evidences has linked CPT1 family members to tumorigenesis 2.
For example, the expression of CPT1A, CPT1B, and CPT2 has been found
to increase 3- to 4-fold in chronic lymphocytic leukemia cells compared to
normal stromal cells %22, Interestingly, the increased CPT1A expression
found in acute myeloid leukemia and ovarian cancer also correlates with
poor patient outcomes 2232**  Other studies have shown that
inhibition/depletion of CPT1 leads to apoptosis and suppression of cancer
cell proliferation and chemoresistance **°. Furthermore, Ricciardi MR et al.
(2015) in their elegant study have shown that the CPT1A inhibitor ST1326
possesses marked cytotoxic activity against different leukemia cell lines
and primary cells obtained from patients with hematologic malignancies
226 They have demonstrated that ST1326 inhibited FAO in leukemia cell
lines by causing a concentration- and time-dependent cell growth arrest,
mitochondrial damage, and apoptosis induction ?2°. Moreover, in another
study, Pacilli and coll. (2013) have shown that ST1326-mediated FAO
inhibition is due to the concomitant blocking of CPT1A- and CACT-
activity 2’. In closing, taken all toghether, these studies clearly point out
that FAO pathway is an emerging metabolic feature of certain tumor type,
especially for those with a “lipolytic phenotype” and a novel druggable

therapeutic target.
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3. Aim of the study

CMTs are the most common type of neoplasia in female dogs; 50% of
which are malignant *. Tumors originating from the mammary gland in
dogs and in humans display many clinical and molecular similarities '.
Therefore, spontaneous canine mammary cancer could represent an
excellent animal model for studying several complex molecular
mechanisms that occur during malignant transformation and thus, may be
helpful for improving prognosis and treatment of human breast cancer ',
Malignant transformation produces metabolic alterations that can
contribute to cancer development and progression. Metabolic
reprogramming refers to the ability of cancer cells to alter their metabolism
in order to support the increased energy requests due to continuous growth,

rapid proliferation, and other characteristics typical of neoplastic cells 2°°.

To date, metabolic adaptations are considered a hallmark of cancer ''°.
Despite it has been proposed that altered oxidative stress and carbohydrate
metabolism represent a clear and defining metabolic network in CMTs 228,
it still remains unknown how and if other metabolic changes occur and
whether they confer the aggressive phenotype to tumor cells. In this study,
we aim to verify if the components of the Carnitine System (CS),
regulating fatty acid mitochondrial import/export, are expressed and
therefore implicated in CMTs metabolism. For this reason, we evaluated
CPT1A, CACT, CPT2, and CRAT expression in CMT cell lines and,
additionally in canine mammary specimens derived from bitches suffering

from CMTs. Furthermore, we have also tested the tumoricidal potential of

the CPTIA inhibitor ST1326 in CMT cell lines and also investigated the
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molecular signaling pathways involved in both cell apoptosis and survival
pathways. In closing, this thesis work aims to demonstate, for the first time,
the involvement of FAO pathway (via the CS components expression) in
CMTs. The results of this research also point out new druggable pathway
for the prevention and treatment of CMTs. In fact, the preclinical evidence
for the anticancer potential of CPTIA inhibitors may give a great
likelihood for those veterinary patients suffering from CMTs who do not

benefinit with conventional chemotherapeutics.
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4.1 Cell cultures

Cell lines used in this study were: P114 (canine mammary anaplastic cells),
CMT-U3009 (spindle-cell mammary tumor cells), CMT-U27 (simple ductal
mammary carcinoma cells), CMT-U229 (atypical benign mixed tumor),
CMT-U131 (infiltrating ductal carcinoma of scirrhous type), CF33 (canine
mammary carcinoma) and MDCK (normal canine epithelial cells). P114
cells were a kind gift of Dr. Gerard Rutteman (Department of Clinic
Science and Companion Animals, University of Utrecht, The Netherlands)
and cultured in Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-
12 Ham (DMEM/F12) (Euroclone, Milan, Italy). CMT-U309, CMT-U27,
CMT-U229 and CMT-U131 cells were a generous gift of Prof. Dr. Eva
Hellmen (Department of Anatomy, Physiology and Biochemistry, Uppsala
University, Sweden) and maintained in Roswell Park Memorial Institute
(RPMI) medium (Euroclone). MDCK and CF33 cells were a gift of Dr.
Serena Montagnaro (Department of Veterinary Medicine and Animal
Productions, University of Naples) and cultured in Dulbecco's Modified
Eagle's Medium (DMEM) (Euroclone). All the cell lines were
supplemented with 10% foetal bovine (FBS) serum (Euroclone), 1%
antibiotics (penicillin and streptomycin) (Euroclone) and 1% glutamine
(Euroclone). Cells were grown at 37 °C in a 95% air and 5% CO2

atmosphere.
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4.2 Mammary tissue samples

Detailed information is listed in Table 3. 47 CMT samples were used for
immunohistochemical analysis of CPT1A protein, whereas 22, 29 and 25
CMT samples were used for immunitochemical analysis of CACT, CPT2
and CRAT proteins, respectively. The CMT samples were obtained by
routine surgical excision, carried-out on 47, 22, 29 and 25 female dogs, for
tumor treatment with owner’s consent at the Veterinary Teaching Hospital
of the Naples Federico II University. The research protocol was approved
by the Ethical Animal Care and Use Committee of the University of
Naples Federico II (Prot. N° PG/2019/0121361). Immediately after the
surgical resection, the specimens were routinely divided into two aliquots
and stored under appropriate conditions based on the diagnostic analyses to
be performed. In addition, and as controls, six macroscopically and
histologically normal mammary gland (NMG) tissue samples were used
which were excised routinely during tumor surgery according to the
standard surgical treatment protocol; these control tissues, were obtained
from those cases where the entire chain of MGs was excised. For
hematoxylin and eosin staining and immunohistochemical analysis,
samples were fixed in 10% neutral buffered formalin and then paraffin-
embedded, while for western blot (WB) analysis, samples were weighed,
washed in Phosphate Buffered Saline (PBS) and stored at -80°C.
Histological diagnosis and grading on mammary tissue samples were
performed according to Goldschmidt’s updated classification and criteria 2.

Tumors were divided in 3 malignancy grades: 14 well (G1), 14 moderately
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(G2) and 14 poorly (G3) differentiated. For CPT1A protein expression five

benign tumors were also included in this study.

Table 3: Main characteristics of normal and neoplastic canine mammary tissues and

CPT1A immunoreactivity cells, staining intensity and immunoreactive (IR) score

o Age . Tumor . CPTIA . Staining
N Breed (years) Histotype grade lmmulclzlli:actlve intensity IR score|
T | e e | | o |
I I i i 7 I T N I
A e e [
4 | POODLE 1 NORM%LLXSQAMARY Ng‘;;g‘;] 0% 0 0
N S I I
[ [ e [
7 A%AE%;IICE?{N 6 ADENOMA SIMPLE | Benign 75% 3 12
8 | Meio 11 |COMPLEX ADENOMA | Benign 56,.4% 3 9
9 | aerh 8 ADENOMA SIMPLE | Benign 70,8 % 2 8
10 gﬁ’éﬁg 9 BEN}%I;\’ABOAII{XED Benign 523% 3 6
1 Y(;ERFRSE%{E 10 |COMPLEX ADENOMA | Benign 52,6 % 3 9
12| preep | ° CARCINOMA ! 27,5 % 3|6
13 | BEAGLE 6 | SIMPLE CARCINOMA | 1 784 % 3 12
4] ganm | 0 | Caremoma | ! 754% s e
15 | NED 14 RO 1 70,4 % 3 12
o] e | [ e | |
17 | NeED 11 | SIMPLE CARCINOMA | 1 51,9 % 2 6
18 | SHIHTZU 9 ng;ﬁgﬁgﬁﬁm 1 87,5 % 3 12
19 [RISH SETTER| 7 O Oy 1 90,0 % 3 12
21 | PINSCHER 9 chgggg\ﬁla 1 69,5 % 3 12
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» | “terriR | CARCINOMA 524 % °
2 | "terrier | % | CARCINOMA 43 % 12
% | prep | 7 | CARCINOMA 345 % ’
% | preep | ° | CARCINOMA 392% 6
27 | "reron | © | carciNoma- 123% 4
#| prep | 6 | carcmowma 473 6
| seamer | ' | carcmoma 9% ’
31 g/ggg 9 SOLID CARCINOMA 32,1% 6
2| T | e, 6
AR AR i
34 | SHIH TZU 9 CXEE&%GA 21,2% 6
s | g | o | TUomm ;
o | SockeR o | o z
v | sreep | "0 | CARCINOMA 65.7% 12
%| R | P | carcmoma 720% 12
39 | POODLE 15 Cg%ﬁéﬁ%ﬁf 90,0% 8
©| Breep | | carcmoma 519% ¢
| Breep | 2 | caromoma 120% o
2| prep | " | “Carcinoma 64% 2
43 | SHIH TZU 9 cgg&&gg\gls 7,4% 1
“| preep | 2 | carcmoma 102% 2
45 |GREYHOUND 9 Sgg{%ﬁggﬁ% 5,7% 3
o || e |
a1 | MR 9 CA&%?}%:NA%ND 284% 4
MYOPITHELIOMA
48 | PINSCHER 7 Cgf}%ﬁg\){{:}a 8,2% 1
9| preep | " | carcmoma 27.7% y
50 Sgﬁglg\] 11 |COMEDOCARCINOMA 5.6% 1
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GERMAN TUBULAR )

51 | SHEPHERD 4 CARCINOMA 3 32,6% 1 3
TUBULAR )

52 | BRACLE 6 CARCINOMA 3 31,0% 2 6

4.3 Immunohistochemistry (IHC)

Mammary tissue sections were dewaxed in xylene, dehydrated in graded
alcohols and washed in 0.01 M PBS pH 7.2-7.4. Endogenous peroxidase
was blocked with hydrogen peroxide 0.3% in absolute methanol for 30 min.
The immunohistochemical procedure (streptavidin biotin-peroxidase
method LSAB Kit; Dako, Glostrup, Denmark) was described elsewhere 2%°.
Primary mouse anti-human CPTI1A or primary rabbit anti-human CACT,
CPT2, or CRAT antibodies were diluted in an antibody diluent (Dako) and
applied for two hours at RT. The immunolabelling procedure included
negative control sections incubated with normal serum IgG (Dako) instead
of the primary antibody. A mixture of biotinylated anti-mouse and anti-
rabbit immunoglobulins (LSAB Kit; Dako), in PBS, were used as
secondary antibody and applied for 30 min. After washing in PBS, sections
were incubated in streptavidin conjugated to horseradish peroxidase in
Tris—Cl buffer containing 0.015% sodium azide (LSAB Kit; Dako) for 30
min. To reveal immunolabelling, diaminobenzidine tetrahydrochloride was

used as a chromogen and hematoxylin and used as counterstain.
4.3.1 Scoring of immunoreactivity
Immunohistochemical analysis was carried-out by semiquantitative

method in which the intensity and the percentage of cells showing positive
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staining were taken into consideration. The scoring was performed blinded
by two pathologists (BR and MS). The percentage of immuno-positive
cells weas obtained from 10 random fields per case and per section, using
a 40 x objective lens and quantified by counting the number of CPT1A,
CACT, CPT2 or CRAT positive cells and by arbitrarily assigning scores as
follows: score 0: no positive cells, score 1: < 10% positive cells, score 2:
10-30% positive cells, score 3: 31-60% positive cells, score 4: > 60%
positive cells, as previously reported 2**?3!. Staining intensity was scored:
1 for weak, 2 for moderate and 3 for strong staining. Then, a combined
immunoreactivity (IR) score, ranging from 0 to 12, was calculated for each

specimen by multiplying the values of these two categories (Table 2).
4.4 Samples preparation, protein extraction and western blot (WB)

WB analysis, carried out in order to validate antibody cross-reactivity,
employed complementary tissues from three canine NMGs and 11 CMTs
(4 G1, 4 G2 and 3 G3) that were snap frozen upon collection and stored at
—80°C. Cells were resuspended in lysis buffer containing: 25mM Tris-Cl
pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate and 1x protease/phosphatase inhibitors
(Roche, Basel, Switzerland). Mammary tissues were homogenized, using
an ultra Turrax ™ (Ika-Werke GmbH, Staufen, Germany), in the same
lysis buffer and sonified 3 x 15 s and kept on ice for 30 min. Then, the
tissue or cell lysates were spun at 16,000 x g for 20 min and protein
content was determined using the BCA assay kit (Thermo Fisher Scientific,

Waltman, USA). Equal amounts of protein lysates were separated by 8-
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15% Sodium Dodecyl Sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to nitrocellulose membrane (Perkin Elmer,
Boston, USA). After blotting, membranes were blocked for 60 min with
Tris Buffered Saline-Bovine Serum Albumin (TBS-BSA) solution
containing 25 mM Tris pH 7.4, 150 mM NaCl and 5% BSA. Thereafter,
membranes were incubated with the primary antibodies against CPT1A
(8F6AE9 Abcam, Massachusetts, USA), SLC25A20 (CACT) (NBPI-
86690, Novus Biological, Colorado, USA), CPT2 (NBP1-85471, Novus
Biologicals), CRAT (ab153699, Abcam), p-ERK Thr202/Tyr204 (#9101,
Cell Signaling Technology Inc., Danvers, MA), total ERK (#9102, Cell
Signaling Technology), p-Akt Ser 473 (#9271, Cell Signaling Technology
Inc.), total Akt (#9272, Cell Signaling Technology Inc.), Vinculin (sc-7649,
Santa Cruz Biotechnology Inc.), B-actin or GAPDH (Santa Cruz
Biotechnology, California, USA) at room temperature (RT) for 60 min or
overnight at 4°C on a rocker. Subsequently, membranes were washed three
times with TBS buffer containing 0.05% Tween® 20 and incubated with
the horseradish peroxidase-conjugated secondary antibody (1: 10000) at
RT for 60 min. Immunoreactive bands were visualized by using an
enhanced chemiluminescent kit (Thermo Scientific, Rockville, USA) and
quantified by using Image J software (National Institutes of Health,
Bethesda, USA).
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4.5 Isolation of RNA and quantitative reverse transcription

polymerase chain reaction (QRT-PCR)

Total RNA was isolated from CMT cell lines and normal epithelial cell
lines and extracted according to Trizol procedure. The quality and the
quantity of total RNA were assessed by using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltman, USA). Briefly, 1
pg total RNA was reverse-transcribed into complementary DNA (cDNA)
by using QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA,
USA) following the manufacturer recommendations. The resulted cDNA
was amplified in 96-well plates on LightCycler 480 RT-PCR System with
SensiFAST SYBR® Hi-ROX Kit (Bio-Line, London, UK). Primers used
were: CPTIA-Fw-5-TTCCATTCTTTCCCTTTCCAC-3,, CPT1A-Rv-5-
GTCTCCGTCCTCCCTTCG-3,  HPRT-Fw-5-TGCTCGAGATGTGATGAAGG-3,,
HPRT-Rv-5-TCCCCTGTTGACTGGTCATT-3" Both genes were amplified by
using the following thermal cycling conditions: 2 minutes of incubation at
95°C, followed by 40 cycles of 5 sec. denaturation at 95°C and 15 sec.
annealing and elongation at 60°C. Data were collected at the end of
elongation step. The relative changes in gene expression were calculated

2-AACT

using the method >*. Primers for qRT-PCR analysis were designed

using Primer3 software (http://bioinfo.ut.ee/primer3/).

4.6 Assessment of Cell Viability by Trypan blue assay

For the determination of cell viability, CMT-U309, P114, CMT-U27,
CMT-U229 and CMT-U131 CMT cells were seeded at appropriate density
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in 24 well tissue culture plate and cultured for 24h hours at 37°C.
Thereafter, the cells were treated with increasing amounts of ST1326 (1-20
uM) in a medium containing 1% FBS for further 48 hours. The cultures
were harvested and washed twice with PBS; the cell pellet was then
suspended with 0.5 ml PBS. Then 20 pl of cells was mixed with equal
volume of 0.4 % trypan blue (Sigma-Aldrich, USA). Cell counts were
performed in triplicates using a digital cell counter (Bio Rad TC20,
Hercules, CA, USA) with trypan blue 0.4% v/v exclusion dye to identify
viable cells. The total numbers of viable cells in each experiment were
compared with those of the parallel-untreated control cell counts

performed simultaneously in three independent experiments.
4.7 Evaluation of Apoptosis by Flow Cytometry (FCM)

The apoptosis rate of CMT-U229 and CMT-U131 cells induced by
ST1326 was measured by using FCM. Cells were double stained with Kit
Annexin V-Fluorescein Isothiocyanate (Annexin V-FITC) and Propidium
Iodide (PI) apoptosis assay (Dojindo Molecular Technologies Inc., Munich,
Germany). Cells were seeded into 100 mm dishes at density of 6 x 10° and
4 x 10° in RPMI medium containing 10% FBS, respectively. After 24h, the
cells were treated with increasing amount of ST1326 (1-5-10-20 uM) in a
medium supplemented with 1% FBS for 48 h. After that, the cells were
detached with trypsin and centrifuged at 400 x g for 5 min, washed twice
with 1 mL PBS, and the supernatant was discarded. Subsequently, the cells
were resuspended with 400 pL of binding buffer. Then, 5 uL of Annexin
V-FITC and 5 pL PI staining solution were added into the suspension and
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incubated at RT for 15 min. The apoptosis rate of the cells was analyzed
within 30 min with BD FACSCanto II system and elaborated using the
DIVA software (BD Biosciences, Milan, Italy). For each condition, at least

10,000 events were recorded.
4.8 Statistical analysis

Statistical analysis was carried-out by using GraphPad Prism v5.0
Software (La Jolla, California, USA). Data are presented as mean +
standard error mean (SEM) of indicated replicate experiments. Data
analysis was performed using Student’s ¢ test for the comparison between
two groups, whereas one-way Analysis of Variance (ANOVA) with
Tukey’s post test was used for the comparison of multiple groups. Results

with p < 0.05 were considered statistically significant.
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5.1 Carnitine System in Canine Mammary Tumors (CMTs)
5.1.1 CPTIA is overexpressed in CMT cell lines

We have examined CPT1A expression by WB analysis in CMT cell lines
and we have found higher levels of CPT1A expression in all three CMT
cell lines analyzed (CMT-U27, P114 and CMT-U309) compared to the
immortalized normal epithelial cell line MDCK (Fig. 9a). MDCK cells
have beel used as comparator according to a previous paper which used
this cell line as control ¥, Densitometric analysis of WB has revealed a
significant increase in CPT1A by 7.31-, 5.26- and 7.53-fold in CMT-U3009,
P114 and CMT-U27 cells, respectively (Fig. 9b). In addition, we have also
verified whether the changes observed in protein expression are also
detected at mRNA levels. Specifically, as shown in Fig. 9c, we have found
that, in comparison to MDCK cells, the CPTIA mRNA expression
increases of 15.1-, 8.8- and 12.3-fold in CMT-U309, P114 and CMT-U27

cells, respectively.
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Fig.9. Expression of CPT1A protein and mRNA in canine mammary cell lines

a) Representative western blot analysis and b) densitometric values of CPTIA protein
expression in normal epithelial cells (MDCK) and three canine mammary tumor cells
(CMT-U309, P114 and CMT-U27). GAPDH was used as an internal control to verify
equal protein loading. Each bar represents the mean + SEM of repeated independent
experiments (ANOVA) *p<0.05 **p<0.01 and ***p<0.001 vs control (MDCK cells); o
p<0.05 vs P114 cells b) Representative gqRT-PCR analysis of CPT1A mRNA expression
in normal epithelial cells (MDCK) and three canine mammary tumor cells (CMT-U309,
P114 and CMT-U27). Each bar represents the mean + SEM of repeated independent
experiments (ANOVA); **p<0.01 ***p<0.001 vs control (MDCK cells); oo p<0.01, o
p<0.05vs P114 cells.

80



5.1.2 CPTIA protein expression correlates with malignancy grades in

CMT specimens

Considering our results on CMT cancer cells, we have then assessed the
expression of CPT1A in CMT and in NMG specimens. WB analysis has
revealed higher CPT1A protein expression levels in CMT samples
compared to those of canine NMG (Fig. 10a) being the CPT1A protein
expression 55-fold higher in cancerous tissues compared to healthy ones
(Fig.10b). IHC analysis has revealed that only ductal and lobular epithelial
cells showed positive CPT1A immunostaining. Moreover, MECs cells are
negative whereas inflammatory cells have showed a weak CPTI1A
immunoreactivity. Specifically, four out of six NMGs (67%) showed
moderate (mean immunoreactive (IR) score = 4.83£1.60, range 0-9)
CPT1A immunostaining characterized by few and small cytoplasmic
granules (Fig. 10c). All benign tumors (5/5; 100%) showed strong (mean
IR score 8.80+0.970) CPTI1A immunostaining with few and small
cytoplasmic granules (Fig.10d). All G1 carcinomas (14/14; 100%)
displayed strong (mean IR score 9.43+0.724, range 4-12) CPTIA
immunoreactivity characterized by large granules throughout the
cytoplasm and mostly present in several intra-tumoral areas (Fig. 10e). All
G2 carcinomas (14/14; 100%) showed strong (mean IR score = 6.79+0.757,
range 2-12) immunoreactivity for CPT1A but restricted to regions where
mammary glandular morphology was still preserved (Fig. 10f). Thirteen
out of 14 poorly G3 differentiated tumors (92%) (mean IR score =
3.00+0.593, range 0-6) were weakly stained for CPT1A even if a moderate

immunostaining was present in less phenotypically aggressive
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counterparts (Fig. 10g). Interestingly, in four out of 14 G3 carcinomas
(29%), strong CPT1A immunoreactivity was observed only in neoplastic
cells infiltrating the surrounding tissue (Fig. 10h). Based on a semi-
quantitative assessment of CPT1A immunoreactive cells, the CPTIA

protein expression levels correlates inversely with the degree of tumour

differentiation (Fig. 101).
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Fig.10. Expression of CPTI1A in canine mammary samples. a) Western blot analysis of
CPTIA protein expression in three normal mammary glands (NMGs) versus 11 canine

mammary tumor tissues (CMTs). p-actin was used as control to verify equal protein
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loading. b) Graph shows the Mean + SEM of relative CPTIA protein expression in CMTs
vs NMGs (Student’s-t-test). c-h) Immunohistochemical labelling of CPTIA in canine
normal and neoplastic mammary glands: c¢) normal mammary gland tissue. IR
(immunoreactive) score=8: CPTIA moderate immunostaining characterized by few and
small cytoplasmic granules are evident in epithelial cells. Stromal and myoepithelial cells
are negative. d) Simple adenoma case number 9, IR score=8: strong CPTIA
immunostaining characterized by few and small cytoplasmic granules is evident in 70.8%
of neoplastic cells. e) G1 Mixed Type Carcinoma, case number 12, IR score=9: CPTIA
diffuse cytoplasmic strong immunostaining is observed in 52.4% of neoplastic epithelial
cells and mainly localized in some neoplastic areas. f) G2 Cystic-Papillary Carcinoma,
case number 15 IR score=6: 39.2% neoplastic cells with moderate CPTIA
immunostaining surround a central tubule-papillar area with strong CPTIA
immunostaining. g) G3 Tubular, case number 41, IR score=6: more differentiated
neoplastic area with CPTIA strong immunostaining (left part) and less differentiated
neoplastic area (right part) with CPT1A weak immunostaining are shown. h) G3 Mixed
Type Carcinoma, case number 38, IR score=6: strong CPTIA immunostaining in
peripheric infiltrating neoplastic cells is shown. i) Graph shows the Mean + SEM of
Immunoreactive (IR) score for the expression of CPTIA in normal and tumoral samples
with different malignancy grade (ANOVA) * p<0.05 NMGs vs Gl carcinomas, ##
p<0.001 between benign tumors vs G3 carcinomas; °°° p<0.0001 between GI vs G3
carcinomas, 38 p<0.001 between G2 vs G3 carcinomas.

NMG: normal mammary gland; BT: benign tumor; G1: grade 1 carcinomas; G2: grade 2

carcinomas; G3: grade 3 carcinomas.

5.1.3 Expression of CACT in CMTs

Antibody cross-reactivity was assessed on three NMGs and seven CMTs
with different histological grades by WB. Immunoreactive bands were
observed at the expected molecular weight range (around 33 kDa), with
different signal intensities, both in normal and in mammary tumor tissues

(Fig. 11a). Furthermore, WB analysis has also revealed that the expression
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of CACT protein was higher in CMT samples compared to NMG ones (Fig.
11b). Different signal intensities have been also observed in CMT cell
lines (CF33, CMT-U27, CMT-U309 and P114) used as in vitro model (Fig.
11c). Upon immunohistochemical analysis, all G1 carcinomas (15/15,
100%; mean IR score=6.67+1.01 range 1-12) showed strong CACT
immunostaining diffused throught the cell cytoplasm (Fig. 11d) whereas
all G2 (8/8 100%; mean IR score=4.63%1.24 range 1-12) (Fig. 11e) as well
as three out of six (50%) (mean IRS=1.83%1.45 range 0-9) were weakly
immunostained for CACT protein showed lower IR score values compared
to G1 carcinomas (Fig. 11f). Based on a semi-quantitative assessment of
CACT immunoreactive cells, the CACT protein expression levels

correlates inversely with the degree of tumour differentiation (Fig. 11g).
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Fig. 11. Expression of CACT in CMT samples and CMT cell lines
a) Western blot analysis of CACT protein expression in three normal mammary glands

(NMGs) versus seven canine mammary tumor tissues (CMTs). f-actin has been used as

86



control to verify equal protein loading. b) Graph shows the Mean + SEM of relative
CACT protein expression in CMTs vs NMGs (Student’s-t-test). (b, left panel)
Representative western blotting showing expression of CACT protein in four CMT cell
lines of different tumor origin (CF33: mammary adenocarcinoma; CMT-U27: simple
ductal carcinoma; CMT-U309: spindle-cell carcinoma and P114: anaplastic carcinoma).
(b, right panel) Densitometric analysis of CACT protein expression levels expressed as
CACT/B-actin densitometric ratios for each cell line. f-actin has been used as loading
control. c) Representative CACT immunohistochemical expression in CMT glands.
Cytoplasmic expression of CACT in ductal epithelial cells of Gl carcinomas (d), G2
carcinomas (e), G3 carcinomas (f). (g) Graph shows the Mean + SEM of Immunoreactive
(IR) score for the expression of CACT in tumoral samples with different malignancy
grade (ANOVA) * p<0.05 G3 vs GI carcinomas; G1: grade 1 carcinomas; G2: grade 2

carcinomas,; G3: grade 3 carcinomas.

5.1.4 Expression of CPT2 in CMTs

Antibody cross-reactivity was assessed on three NMGs and seven CMTs
with different histological grades by WB. Immunoreactive bands have
been observed at the expected molecular weight range (around 71 kDa),
with different signal intensities, both in normal and in mammary tumor
tissues. (Fig. 12a). Furthermore, WB analysis has also revealed a slightly
increase of CPT2 protein in CMT samples compared to NMG ones (Fig.
12b). Different signal intensities were also observed in CMT cell lines
(CF33, CMT-U27, CMT-U309 and P114) used as in vitro model (Fig. 12c¢).
Upon immunohistochemical analysis, all G1 carcinomas (9/9, 100%; mean
IR score=7.33%+1.14 range 2-12) showed strong CPT2 immunostaining
diffused throught the cell cytoplasm (Fig. 12d) whereas all G2 (5/6 83%;

mean IR score=2.83+0.87 range 1-6) (Fig. 12¢) as well as one out of seven
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(14%) (mean IR score=1.29+1.29 range 0-9) are weakly immunostained
for CPT2 protein showed lower IR score values compared to Gl
carcinomas (Fig. 12f). Based on a semi-quantitative assessment of CPT2
immunoreactive cells, the CPT2 protein expression levels correlates

inversely with the degree of tumour differentiation (Fig. 12g).
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Fig. 12. Expression of CPT2 in CMT samples and CMT cell lines
a) Western blot analysis of CPT2 protein expression in three normal mammary glands
(NMGs) versus seven canine mammary tumor tissues (CMTs). f-actin has been used as

control to verify equal protein loading. b) Graph shows the Mean = SEM of relative CPT2
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protein expression in CMTs vs NMGs (Student’s-t-test). (b, left panel) Representative
western blotting showing expression of CPT2 protein in four CMT cell lines of different
tumor origin (CF33: mammary adenocarcinoma;, CMT-U27: simple ductal carcinoma;
CMT-U309: spindle-cell carcinoma and P114: anaplastic carcinoma). (b, right panel)
Densitometric analysis of CPT2 protein expression levels expressed as CPT2/p-actin
densitometric ratios for each cell line. f-actin has been used as loading control. c)
Representative CPT2 immunohistochemical expression in CMT glands. Cytoplasmic
expression of CPT2 in ductal epithelial cells of GI carcinomas (d), G2 carcinomas (e),
G3 carcinomas (f). (g) Graph shows the Mean + SEM of Immunoreactive (IR) score for
the expression of CPT2 in tumoral samples with different malignancy grade (ANOVA) *
p<0.05 G2 vs Gl carcinomas;, ** p<0.01 G3 vs Gl carcinomas; GIl: grade 1

carcinomas; G2: grade 2 carcinomas; G3: grade 3 carcinomas.

5.1.5 Expression of CrAT in CMTs

Antibody cross-reactivity has been assessed on three NMGs and seven
CMTs with different histological grades by WB. Immunoreactive bands
have been observed at the expected molecular weight range (around
71 kDa), with different signal intensities, both in normal and in mammary
tumor tissues. (Fig. 13a). Furthermore, WB analysis also revealed a
marked increase of CRAT protein in CMT samples compared to NMG
ones (Fig. 13b). Different signal intensities were also observed in CMT
cell line (CF33, CMT-U27, CMT-U309 and P114) used as in vitro model
(Fig. 13¢). Upon immunohistochemical analysis, all G1 carcinomas (6/7,
85%; mean IR score=6.1+1.56 range 3-12) have showed strong CrAT
immunostaining diffused throught the cell cytoplasm (Fig. 13d) whereas
all G2 (8/9 89%; mean IR score=3.7+0.99 range 1-9) (Fig. 13e) as well as

four out of nine (44%) (mean IR score=1.1+0.48 range 2-4) are weakly
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immunostained for CrAT protein showed lower IR score values compared
to G1 carcinomas (Fig. 13f). Based on a semi-quantitative assessment of
CRAT immunoreactive cells, the CRAT protein expression levels

correlates inversely with the degree of tumour differentiation (Fig. 13g).
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Fig. 13. Expression of CrAT in CMT samples and CMT cell lines. a) Western blot

analysis of CrAT protein expression in three normal mammary glands (NMGs) versus
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seven canine mammary tumor tissues (CMTs). p-actin has been used as control to verify
equal protein loading. b) Graph shows the Mean + SEM of relative CrAT protein
expression in CMTs vs NMGs (Student ’s-t-test). (b, left panel) Representative western
blotting showing expression of CrAT protein in four CMT cell lines of different tumor
origin (CF33: mammary adenocarcinoma; CMT-U27: simple ductal carcinoma; CMT-
U309: spindle-cell carcinoma and Pl14: anaplastic carcinoma). (b, right panel)
Densitometric analysis of CrAT protein expression levels expressed as CrAT/p-actin
densitometric ratios for each cell line. f-actin has been used as loading control. c)
Representative CrAT immunohistochemical expression in CMT glands. Cytoplasmic
expression of CrAT in ductal epithelial cells of G1 carcinomas (d), G2 carcinomas (e),
G3 carcinomas (f). (g) Graph shows the Mean + SEM of Immunoreactive (IR) score for
the expression of CRAT in tumoral samples with different malignancy grade (ANOVA) **
p<0.01 G3 vs GI carcinomas; Gl: grade 1 carcinomas; G2: grade 2 carcinomas, G3:

grade 3 carcinomas.

5.2 The CPT1A inhibitor ST1326 exerts cytotoxic effects on CMT cell

lines

Cytotoxic effect of ST1326 has been assessed in five CMT cell lines
(CMT-U309, P114, CMT-U27, CMT-U229 and CMT-U131). Cells were
treated with increasing concentrations of ST1326 (1-20 uM) for 48 h and
the cytotoxic effect on cell viability has been evaluated by using Trypan
blue assay. Results showed that ST1326 possesses cytotoxic effect on all
the five CMT cell lines used. In particular, ST1326 at concentrations of 5,
10, and 20 pM reduced the viability (ICso = 14.9+ 0.053) of CMT-U309
cells by 21, 32, and 67%, respectively (Fig. 14a). At concentrations of 10
and 20 uM, ST1326 diminished the viability (ICso = 15.49 + 0.123) of
P114 cells by 51, and 69%, respectively (Fig. 14b). Furthermore, ST1326
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at concentrations of 5, 10 and 20 uM also diminished the viability (ICso =
15.42 £ 0.044) of CMT-U27 cells by 15, 41, and 62%, respectively (Fig.
14c). At the same concentrations, ST1326 reduced the viability (ICso =
1.42+ 0.127) of CMT-U229 cells by 65, 82, and 90%, respectively (Fig.
14d). Finally, ST1326, at the concentration ranging from 1 to 20 puM,
reduced the viability (ICso = 5.95 = 0.220) of CMT-U131 cells by 24, 55,
67, and 84%, respectively (Fig. 14e). Representative WB analysis of
CPT1A protein expression in the CMT cell lines used is also showed (Fig.
14f). According to the ICso estimation, it emerges that CMT-U229 and
CMT-U131 show a higher sensitivity to ST1326 compared to CMT-U309,
P114 and CMT-U27 cells, respectively. Thus, we considered CMT-U229
and CMT-UI131 to further investigate the mechanisms through which
ST1326 decreased cell viability of CMT cells.
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Fig. 14. Effect of ST1326 on viability of CMT cell lines. Cytotoxic effects of ST 1326 (1—
20 uM, 48 h exposure) in CMT-U309 (a), P114 (b), CMT-U27 (c), CMT-U229 (d), CMT-
U131 (e) cells. Viability (expressed as percentage of cell viability) rate was investigated
by using Trypan blue assay. Each bar represents the mean = SEM of three independent

experiments. *p < 0.05, **p < 0.01, and *** p < 0.001 vs. control (untreated cells).
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5.3 ST1326 induces morphological changes in CMT cell lines

Microscopy observation of ST1326-treated CMT-U229 and CMT-U131
cells has revealed different morphological changes induced by this
compound. As shown in Fig. 15, CMT-U229 or CMT-U131 cells treated
with different concentrations of ST1326 (5, 10 and 20 uM) have undergone
morphological changes visible after 48 h of treatment. A subpopulation of
treated cells, at concentration of 5 uM exhibited a senescence-like
phenotype characterized by elongated and flattening shape compared to
control cells (Fig. 15 b, f). Moreover, CMT-U229 and CMT-U131 treated
cells at concentration of 10 uM also reveal cytoplasmic vacuolation (Fig.
15 c, g). Finally, at concentration of 20 uM, CMT-U229 and CMT-U131
treated cells appear smaller and completely rounded, particular features of

dying cells (Fig. 15 d,h).
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Fig. 15 Morphological changes observed in CMT-U229 and CMT-U309 cells after 48 h of

treatment with various concentration of ST1326.
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5.4 ST1326 triggers apoptosis in CMTcell lines

Because cytotoxicity assay (Fig. 13) has shown that ST1326 induce
marked cell death in CMT-U229 and CMT-U131 cells, we decided to
investigate whether this is linked to the induction of apoptosis. To address
this aim, Annexin V/PI staining has been used to determine the percentage
of apoptotic cells induced by ST1326 after 48 h of treatment. The exposure
of CMT-U229 to 10 uM of ST1326 led to a significant increase (8.40%) in
early stage apoptotic population (Annexin V'/PI") along with an increase
(8.25%) in the late stage apoptotic/necrotic population (Annexin V'/PI").
The same cells treated with 20 uM of ST1326 also shown a more marked
increase (32.45%) in the late apoptotic/necrotic phase (Annexin V/PI")
(Fig 16 a,b). Similarly, CMT-U131 cells treated with 10 uM or 20 uM of
ST1326 shown a significant increase (13.80%) and (40.85%) of the cells in
the late apoptotic/necrotic phase (Annexin V'/PI"), respectively (Figure 16
c,d).
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Figure 16. Determination of apoptosis in ST1326-treated cells. Induction of apoptosis in
CMT-U229 cells (a—b) and in CMT-U131 (c-d). Representative dot plots showing cells in
necrosis (Q1), late apoptosis (Q2), live cells (03), and early apoptosis (04). Annexin V
binding was carried-out using Annexin V and PI apoptosis assay (Dojindo Molecular
Technologies Inc., Munich, Germany). Cells were treated with or without increasing
concentrations of ST1326 for 48 h. Detached and adherent cells were collected and
stained with Annexin V/PI and then the events for early and late apoptotic cells were
counted with the use of FACSCanto Cell Analyzer as described in Materials and Methods.
Data represent the mean = SEM of repeated independent experiments. Statistical analysis
was performed using ANOVA followed by Tukey’s Post-Hoc test to determine the
significance (***p < 0.001).

To further investigate the molecular mechanisms by which ST1326 induce
apoptosis in CMT cells, CMT-U229 and CMT-U131 have been subjected
to a time-course stimulation with 10 uM of ST1326 and the expression of
Extracellular signal-Regulated Kinase (ERK), p-ERK, AKT and p-AKT
has been analyzed using western blot analysis. AKT signaling pathway is
one of the most important pathways that promote protein synthesis, cell
metabolism, cell proliferation, apoptosis, and cell survival 2**. As shown in
Fig. 17a, the levels of p-AKT markedely reduce in both CMT-U229 and
CMT-U131 (Fig. 17c) after 3-, 6- and 12-h ST1326 treament. The
expression levels of total AKT for both the cell lines, together with the
internal control (vinculin) do not change at any time point (Fig. 17a,c).
Mitogen-Activated Protein Kinase families play an important role in
different cellular functions such as proliferation, differentiation,
development, transformation, and also apoptosis 2*°>. Upon treatment with
10 uM of ST1326, the levels of p-ERK in CMT-U229 (Fig. 17b) and
CMT-U131 (Fig. 17d) markedly increase upon 1 hr for up to 12-h ST1326
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treatment, while the levels of total ERK decreased (Fig 17b,d) suggesting
that ST1326 acts by inducing apoptosis.
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Fig. 17. Inhibition of the PI3K/Akt pathway and activation of MAPK pathways triggers
apotosis in CMT cell lines. a-c) Western blotting analysis of p-AKT and AKT expression
STq326-treated CMT-U229 and CMT-U131 cells; b-d)Western blotting analysis of p-ERK
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and ERK expression in CMT-U229 and CMT-Ul131 cells. Cells were treated with or
without 10 uM of ST1326 for 48 h, then whole cell lysates were extracted and subjected to
western blot analysis for the abovementioned proteins. Vinculin was used to verify equal
protein loading. The western blots shown are representative of at least three independent

experiments.
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6. Discussion

Within the tumor microenvironment cancer cells reprogram their metabolic

203 Moreover, recent

patterns to fuel cell growth and proliferation
observations have demonstrated that the FAO pathway could represent an
alternative energy source for anabolic processes in different tumors,
therefore appearing promising for therapeutic purposes *2®?’. Our results
demonstrate, for the first time, the presence and the increase expression of
CS components (CPT1A, CACT, CPT2, and CRAT) in CMT cells and
normal/tumor tissues. First, by using WB and qRT-PCR analyses we have
found CPT1A protein and mRNA levels being significantly overexpressed
in CMT cell lines (CMT-U309, P114 and CMT-U27) as compared to
MDCK cells. This is consistent with previous works reporting an increase
of CPT1A protein and/or mRNA expression levels in HBC cells 2*6237. It
has been reported that CPTIA is overexpressed in several human
malignancies originating from different tissues 2°1-21%2!1 According to this,
by WB analysis, after having confirmed the species cross-reactivity of
CPT1A antibody used, we found that independently from tumor
malignancy grade, CPT1A levels were higher in CMT tissue samples than
in healthy control tissues. By IHC, CPT1A was found to be more
expressed in well-differentiated G1 carcinomas than in NMGs. On the
other hand, CPTIA protein expression correlated with the decrease of
tumor differentiation, showing poorly differentiated G3 carcinomas lower
CPT1A levels in comparison to NMGs, benign, GI and moderately
differentiated G2 tumors. Consistent with these results, we also found

reduced CPTIA protein levels in highly aggressive P114 cells derived
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from an anaplastic canine tumor 2*®. These results share similarities with
the findings of Louie & coll. (2013) which demonstrated that aggressive
cancer cells possess lower levels of CPTIA expression compared with
their non-aggressive counterparts suggesting that CPTIA and FAO were
attenuated during cancer progression to shunt fatty acid from FAO
pathway to generate more structural and oncogenic lipids 2*°. Therefore,
the strong CPT1A expression evidenced in some G3 carcinomas mostly by
malignant cells infiltrating the surrounding tissue, may suggest that
neoplastic cells use FAO as a source of energy for maintaining the
mitochondrial membrane integrity 2*°. On one hand, the decreased CPT1A
protein expression found in less differentiated G3 tumors could be
explained by the harsh and hypoxic microenvironment that may generate a
stimulus towards a return to a glycolytic metabolic pathway, since
aggressive breast cancer subtypes depend on increased glycolytic
metabolism 2*1**2. Moreover, it has been also reported that FAO could be
mainly relevant to tumors that grow in adipocyte-rich environments, such
as breast cancer 2*3. Therefore, we hypothesize that CMT cells - in the
same way as HBC cells - can use lipids stored in neighboring adipocytes as
a source of energy for FAO and as building blocks for tumor cell growth
244 To date, the correlation between CACT and cancer has received little
attention, and only a few studies have reported a link between the altered
expression of CACT and cancer. However, by using WB technique, we
have also demonstrated that CACT is expressed at high levels in CMT
samples with respect to NMGs and these results have been also confirmed
in CMT cell lines (CF33, CMT-U27, CMT-U309 and P114) which express
high levels of this protein. By IHC, CACT expression has been found to be
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more expressed in G1 carcinomas than in NMGs. On the other hand,
CACT protein expression correlate with the decrease of tumor
differentiation, showing G3 carcinomas lower CPTI1A levels in
comparison to NMGs, G1, and G2 tumors. Our results are in line with
Valentino et al.’s work (2017), which have demonstrated that in human
prostate cancer (PC) specimens as well as androgen-dependent and -
independent PC cells, the overexpression and the increased activity of
CACT is a hallmark of PC ?*. However, our results also share similarities
with Kim et al.’s work (2016), in which the authors have shown that in
human bladder cancer patients the expression of carnitine enzymes such as
CACT has significantly deregulated in tumor tissues compared to normal
bladder tissues 2*°. As far as CPT2 expression is concerned, our results
have also demonstrated that CPT2 is slightly expressed in CMT samples in
comparison to NMGs. These results have been also confirmed in CMT cell
lines (CF33, CMT-U27, CMT-U309 and P114), which express different
levels of this protein. By IHC, CPT2 expression has been found to be more
expressed in G1 carcinomas than in NMGs. On the other hand, CPT2
protein expression correlate with the decrease of tumor differentiation,
showing G3 carcinomas lower CPT1A levels in comparison to NMGs, G1,
and G2 tumors. Compared to CPT1A isoform, less is known about CPT2
deregulation in cancer; nevertheless, a recent study has reported that this
enzyme could be considered as an independent prognostic factor in
colorectal cancer patients *’. Another study has analyzed the expression of
several enzymes involved in fatty acid metabolism in the leukemia cells
compared to normal cells. Interestingly, the results have shown that

leukemia cells present a higher expression of most CPT isoforms,
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including CPT2, suggesting that chronic lymphocytic leukemia cells are
highly active in fatty acid catabolism *??>. As far as CRAT expression is
concerned, by using WB analysis, we have shown that CrAT is markedly
expressed in CMT samples with respect to healthy mammary gland. These
results have been confirmed by assessing CrAT protein expression in CMT
cells, in which this protein is expressed at different levels. However, also
in this case, by IHC, CRAT expression has been found to be more
expressed in Gl carcinomas than in NMG. On the other hand, CRAT
protein expression correlate with the decrease of tumor differentiation,
showing G3 carcinomas lower CPT1A levels in comparison to NMGs, G1,
and G2 tumors. Our results share similarities with Valentino et al.’s
findings (2017), in which the authors found both in PC biopsy and PC cells
(PC3 and LNCaP, androgen-dependent and androgen-independent,
respectively) increased levels of this protein 24, Intringuingly, studies in
CrAT knockout mice have demonstrated that CrAT deficiency leads to
abnormal fuel selection, which results in a perturbation of glucose
homeostasis and suggests that deficits in CrAT activity might contribute to
diet-induced metabolic inflexibility by exacerbating the Randle glucose-
fatty acid cycle >**. The higher CrAT exppression observed both in well
differentiated CMT specimens and CMT cell lines (CF33, CMT-U3009,
CMT-U27 and P114) may highlight the importance of CrAT to contribute
to maintaining a high metabolic plasticity of CMTs. The key enzymes or
regulators of FAO have also emerged as promising targets for cancer
therapy 2!1226227 The focus on FAO in cancer cells has mostly been driven
by experimental findings related to CPT1A 2%, The assumption has been
that increased CPT1A expression and sensitivity to CPT1A inhibition
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represents a demand for FAO. Therefore, in the last years, several efforts
have been made by many researchers to develop inhibitors of CPT1A as
anticancer agents. Among them, etomoxir, a non-selective irreversible
CPT1A inhibitor is able to exert anti-proliferative effects against tumor
cell lines 2122%7_ It has been reported that etomoxir is able to reduce FAO in
the human body and is clinically well tolerated 2*°. However, etomoxir
clinical use has been stopped due to its detrimental cardiac and hepatic side
effects 23!, Therefore, etomoxir is no longer under clinical development,
and there are no relevant clinical informations available from oncology

clinical trials %2

. Following this, an aminocarnitine derivative named
ST1326 has been developed to selectively inhibit CPT1A activity and it
has been reported to be safer in comparison to etomoxir 2>3*34, Several
studies have shown that this novel CPT1A inhibitor possesses anti-tumor
activity in hematologic malignancies, such as acute myeloid leukemia,
Burkitt’s lymphoma and chronic lymphocytic leukemia cells 22422725, Our
results also suggest that CPT1A could be considered as a potential
pharmacological target even for CMTs, since the trypan blue exclusion
assay has shown the reduction of CMT cells viability in a dose dependent
manner after treatment with CPT1A inhibitor ST1326. Notewhorthy, the
light microscopic observation has shown significant morphological
changes such as shrinkage, elongated and flattened phenotype and reduced
cell size or detachment of cells from the surface in CMT-U229 and CMT-
U131 treated cells as compared to non-treated cells. Flow cytometry
analysis has shown that treatment with ST1326 for 48 h induces apoptotic
cell death on both CMT-U229 and CMT-UI131 cells, respectively.

Interestingly the CMT-U229 cells at 10 uM of ST1326 have shown a 2-
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fold increase in both early and late stage apoptotic cell population. The
same cells treated with 20 uM of ST1326 have shown a 4-fold increase in
the late apoptotic/necrotic phase. The same results have also been observed
in CMT-U131 treated cells at 10 uM ST1326 (2-fold increase) or 20 uM
of ST1326 (7-fold increase) in the late apoptotic/necrotic phase,
respectively. These results are in agreement with the work of Ricciardi and
coll. (2015), in which the authors have documented that ST1326 inhibits
leukemia cell growth in a dose- and time-dependent manner with a
concomitant induction of apoptosis cell death 2?6, Moreover, our results
also have shown similarites with Gugiatti et al.’s study (2018), in which
the authors have also found that CPT1A inhibitor ST1326 possesses
cytotoxic activity and induces apoptosis in chronic lymphocytic leukemia
cells 2. We have demonstrated that the reduction of cell viability is at
least in part due to the enhancement of apoptotic mechanisms as shown by
the results obtained by FCM analysis. To corroborate signaling pathways
of apoptosis induction, we analyzed AKT and ERK pathways by western
blotting analysis. The induction of apoptosis observed in both cell lines
could be ascribed to downregulation of p-AKT, a well-known pro-survival
protein kinase that antagonizes apoptosis by affecting several cellular
processes 2**. This result is also confirmed by the increased levels of p-
ERK along with a decreased of total ERK that have been also reported to
induce apoptotic process >*°. Even if mastectomy is still regarded as the
most effective treatment for CMTs, our findings open the avenue for
additional therapeutic modalities such as the use of cell metabolism-
modifying therapies especially for less aggressive or low grade tumors 2%°.

From this point of view, molecules able to specifically inhibit CPT1A
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function and/or activity may represent an alternative to currently available
therapies for CMTs treatment. In closing, the similarity of CPT1A
expression between HBCs and CMTs confirms the role of dog as animal
model for spontaneous neoplastic disease and also for new therapy

modalities employing CTP1A inhibitors in either species.

109



Discussion

110



Bibliography

Chapter 7

Bibliography



Bibliography

7. Bibliography

1 Paoloni, M. & Khanna, C. Translation of new cancer treatments
from pet dogs to humans. Nature reviews. Cancer 8, 147-156,
doi:10.1038/nrc2273 (2008).

2 Gardner, H. L., Fenger, J. M. & London, C. A. Dogs as a Model for
Cancer. Annual review of animal biosciences 4, 199-222,
doi:10.1146/annurev-animal-022114-110911 (2016).

3 Lindblad-Toh, K. ef al. Genome sequence, comparative analysis
and haplotype structure of the domestic dog. Nature 438, 803-819,
doi:10.1038/nature04338 (2005).

4 Fowles, J. S., Denton, C. L. & Gustafson, D. L. Comparative
analysis of MAPK and PI3K/AKT pathway activation and
inhibition in human and canine melanoma. Veterinary and
comparative oncology 13, 288-304, doi:10.1111/vco.12044 (2015).

5 Wei, B. R. et al. Synergistic targeted inhibition of MEK and dual
PI3K/mTOR diminishes viability and inhibits tumor growth of
canine melanoma underscoring its utility as a preclinical model for
human mucosal melanoma. Pigment cell & melanoma research 29,
643-655, doi:10.1111/pcmr.12512 (2016).

6 Kelsey, J. L., Moore, A. S. & Glickman, L. T. Epidemiologic
studies of risk factors for cancer in pet dogs. Epidemiologic reviews
20, 204-217, doi:10.1093/oxfordjournals.epirev.a017981 (1998).

7 Hayes, H. M., Jr., Hoover, R. & Tarone, R. E. Bladder cancer in pet
dogs: a sentinel for environmental cancer? American journal of
epidemiology 114, 229-233,
doi:10.1093/oxfordjournals.aje.al 13186 (1981).

8 Glickman, L. T., Schofer, F. S., McKee, L. J., Reif, J. S. &
Goldschmidt, M. H. Epidemiologic study of insecticide exposures,
obesity, and risk of bladder cancer in household dogs. Journal of
toxicology and environmental health 28, 407-414,
doi:10.1080/15287398909531360 (1989).

9 Bukowski, J. A., Wartenberg, D. & Goldschmidt, M.
Environmental causes for sinonasal cancers in pet dogs, and their
usefulness as sentinels of indoor cancer risk. Journal of toxicology
and environmental health. Part A 54, 579-591,
doi:10.1080/009841098158719 (1998).

10 Hayes, H. M., Jr. & Fraumeni, J. F., Jr. Epidemiological features of
canine renal neoplasms. Cancer research 37, 2553-2556 (1977).

111



Bibliography

11 Khanna, C. et al. The dog as a cancer model. Nature biotechnology
24, 1065-1066, doi:10.1038/nbt0906-1065b (2006).

12 Gordon, I., Paoloni, M., Mazcko, C. & Khanna, C. The
Comparative Oncology Trials Consortium: using spontaneously
occurring cancers in dogs to inform the cancer drug development
pathway. PLoS medicine 6, ¢1000161,
doi:10.1371/journal.pmed.1000161 (2009).

13 Gillard, M. et al. Naturally occurring melanomas in dogs as models
for non-UV pathways of human melanomas. Pigment cell &
melanoma research 27, 90-102, doi:10.1111/pcmr.12170 (2014).

14 Vail, D. M. & MacEwen, E. G. Spontaneously occurring tumors of
companion animals as models for human cancer. Cancer
investigation 18, 781-792, doi:10.3109/07357900009012210
(2000).

15 Fenger, J. M., London, C. A. & Kisseberth, W. C. Canine
osteosarcoma: a naturally occurring disease to inform pediatric
oncology. ILAR journal 55, 69-85, doi:10.1093/ilar/ilu009 (2014).

16 Withrow, S. J. & Wilkins, R. M. Cross talk from pets to people:
translational osteosarcoma treatments. /LAR journal 51, 208-213,
doi:10.1093/ilar.51.3.208 (2010).

17 Marconato, L., Gelain, M. E. & Comazzi, S. The dog as a possible
animal model for human non-Hodgkin lymphoma: a review.
Hematological oncology 31, 1-9, doi:10.1002/hon.2017 (2013).

18 Knapp, D. W. et al. Urinary bladder cancer in dogs, a naturally
occurring model for cancer biology and drug development. /LAR
Jjournal 55, 100-118, doi:10.1093/ilar/ilu018 (2014).

19 Liu, D. et al. Molecular homology and difference between
spontaneous canine mammary cancer and human breast cancer.
Cancer research 74, 5045-5056, doi:10.1158/0008-5472.CAN-14-
0392 (2014).

20 Uva, P. et al. Comparative expression pathway analysis of human
and canine mammary tumors. BMC genomics 10, 135,
doi:10.1186/1471-2164-10-135 (2009).

21 Markkanen, E. Know Thy Model: Charting Molecular Homology
in Stromal Reprogramming Between Canine and Human Mammary

Tumors. Frontiers in cell and developmental biology 7, 348,
do1:10.3389/1cell.2019.00348 (2019).

112



Bibliography

22 Goldschmidt, M., Pena, L., Rasotto, R. & Zappulli, V.
Classification and grading of canine mammary tumors. Veterinary
pathology 48, 117-131, doi:10.1177/0300985810393258 (2011).

23 Brankovic-Magic, M., Jankovic, R., Neskovic-Konstantinovic, Z.
& Nikolic-Vukosavljevic, D. Progesterone receptor status of breast
cancer metastases. Journal of cancer research and clinical
oncology 128, 55-60, doi:10.1007/s00432-001-0299-9 (2002).

24 Allemanti, C. et al. Prognostic value of morphology and hormone
receptor status in breast cancer - a population-based study. British

journal of cancer 91, 1263-1268, doi:10.1038/sj.bjc.6602153
(2004).

25 Mehanna, J., Haddad, F. G., Eid, R., Lambertini, M. & Kourie, H.
R. Triple-negative breast cancer: current perspective on the
evolving therapeutic landscape. International journal of women's
health 11, 431-437, doi:10.2147/IJWH.S178349 (2019).

26 Constantinescu, G., Schaller, O. lllustrated Veterinary Anatomical
Nomenclature., (1992).

27 Sorenmo, K. U., Rasotto, R., Zappulli, V. & Goldschmidt, M. H.
Development, anatomy, histology, lymphatic drainage, clinical
features, and cell differentiation markers of canine mammary gland
neoplasms. Veterinary pathology 48, 85-97,
doi:10.1177/0300985810389480 (2011).

28 Silver, I. A. The anatomy of the mammary gland of the dog and cat.
The Journal of small animal practice 7, 689-696,
doi:10.1111/5.1748-5827.1966.tb04394.x (1966).

29 Vos, J. H. et al. Immunohistochemistry with keratin, vimentin,
desmin, and alpha-smooth muscle actin monoclonal antibodies in
canine mammary gland: normal mammary tissue. The veterinary
quarterly 15, 102-107, doi:10.1080/01652176.1993.9694383
(1993).

30 Barone, R. Mamelles. Tome 4 Splanchnologie II. Editions vigot,
edn, (1990).

31 Rehm, S., Stanislaus, D. J. & Williams, A. M. Estrous cycle-
dependent histology and review of sex steroid receptor expression
in dog reproductive tissues and mammary gland and associated
hormone levels. Birth defects research. Part B, Developmental and
reproductive toxicology 80, 233-245, doi:10.1002/bdrb.20121
(2007).

113



Bibliography

32 Santos, M., Marcos, R. & Faustino, A. M. Histological study of
canine mammary gland during the oestrous cycle. Reproduction in
domestic animals = Zuchthygiene 45, e146-154,
doi:10.1111/5.1439-0531.2009.01536.x (2010).

33 Pena, L. ef al. Canine mammary tumors: a review and consensus of
standard guidelines on epithelial and myoepithelial phenotype
markers, HER2, and hormone receptor assessment using
immunohistochemistry. Veterinary pathology 51, 127-145,
doi:10.1177/0300985813509388 (2014).

34 Lutful Kabir, F. M., Alvarez, C. E. & Bird, R. C. Canine Mammary
Carcinomas: A Comparative Analysis of Altered Gene Expression.
Veterinary sciences 3, doi:10.3390/vetsci3010001 (2015).

35 Salas, Y., Marquez, A., Diaz, D. & Romero, L. Epidemiological
Study of Mammary Tumors in Female Dogs Diagnosed during the
Period 2002-2012: A Growing Animal Health Problem. PloS one
10, e0127381, doi:10.1371/journal.pone.0127381 (2015).

36 Schneider, R., Dorn, C. R. & Taylor, D. O. Factors influencing
canine mammary cancer development and postsurgical survival.
Journal of the National Cancer Institute 43, 1249-1261 (1969).

37 Dobson, J. M., Samuel, S., Milstein, H., Rogers, K. & Wood, J. L.
Canine neoplasia in the UK: estimates of incidence rates from a
population of insured dogs. The Journal of small animal practice
43, 240-246, doi:10.1111/j.1748-5827.2002.tb00066.x (2002).

38 Merlo, D. F. et al. Cancer incidence in pet dogs: findings of the
Animal Tumor Registry of Genoa, Italy. Journal of veterinary
internal medicine 22, 976-984, doi:10.1111/5.1939-
1676.2008.0133.x (2008).

39 Vascellari, M., Baioni, E., Ru, G., Carminato, A. & Mutinelli, F.
Animal tumour registry of two provinces in northern Italy:
incidence of spontaneous tumours in dogs and cats. BMC
veterinary research 5, 39, doi:10.1186/1746-6148-5-39 (2009).

40 Benjamin, S. A., Lee, A. C. & Saunders, W. J. Classification and
behavior of canine mammary epithelial neoplasms based on life-
span observations in beagles. Veterinary pathology 36, 423-436,
do1:10.1354/vp.36-5-423 (1999).

41 Egenvall, A. et al. Incidence of and survival after mammary tumors
in a population of over 80,000 insured female dogs in Sweden from
1995 to 2002. Preventive veterinary medicine 69, 109-127,
doi:10.1016/j.prevetmed.2005.01.014 (2005).

114



Bibliography

42 Moe, L. Population-based incidence of mammary tumours in some
dog breeds. Journal of reproduction and fertility. Supplement 57,
439-443 (2001).

43 Perez Alenza, M. D., Tabanera, E. & Pena, L. Inflammatory
mammary carcinoma in dogs: 33 cases (1995-1999). Journal of the
American Veterinary Medical Association 219, 1110-1114,
doi:10.2460/javma.2001.219.1110 (2001).

44 Andrade, F. H., Figueiroa, F. C., Bersano, P. R., Bissacot, D. Z. &
Rocha, N. S. Malignant mammary tumor in female dogs:
environmental contaminants. Diagnostic pathology S, 45,
doi:10.1186/1746-1596-5-45 (2010).

45 Thuroczy, J. et al. Immunohistochemical detection of progesterone
and cellular proliferation in canine mammary tumours. Journal of
comparative pathology 137, 122-129,
doi:10.1016/j.jcpa.2007.05.005 (2007).

46 Queiroga, F. L. et al. Role of steroid hormones and prolactin in
canine mammary cancer. The Journal of steroid biochemistry and
molecular biology 94, 181-187, doi:10.1016/j.jsbmb.2004.12.014
(2005).

47 Sorenmo, K. U., Shofer, F. S. & Goldschmidt, M. H. Effect of
spaying and timing of spaying on survival of dogs with mammary
carcinoma. Journal of veterinary internal medicine 14, 266-270,
doi:10.1892/0891-6640(2000)014<0266:e0sato>2.3.co0;2 (2000).

48 Thomas, D. B. Do hormones cause breast cancer? Cancer 53, 595-
604, doi:10.1002/1097-0142(19840201)53:3+<595::aid-
cncr2820531304>3.0.co;2-y (1984).

49 Chang, C. C. et al. Evaluation of hormone receptor expression for
use in predicting survival of female dogs with malignant mammary
gland tumors. Journal of the American Veterinary Medical
Association 235, 391-396, doi:10.2460/javma.235.4.391 (2009).

50 Rutteman, G. R. Hormones and mammary tumour disease in the
female dog: an update. In vivo 4, 33-40 (1990).

51 Stovring, M., Moe, L. & Glattre, E. A population-based case-
control study of canine mammary tumours and clinical use of
medroxyprogesterone acetate. APMIS : acta pathologica,
microbiologica, et immunologica Scandinavica 105, 590-596,

doi:10.1111/5.1699-0463.1997.tb05057.x (1997).

115



Bibliography

52

53

54

55

56

57

58

59

60

Toniti, W. et al. Immunohistochemical determination of estrogen
and progesterone receptors in canine mammary tumors. Asian
Pacific journal of cancer prevention : APJCP 10, 907-911 (2009).
Mol, J. A., van Garderen, E., Rutteman, G. R. & Rijnberk, A. New
insights in the molecular mechanism of progestin-induced
proliferation of mammary epithelium: induction of the local
biosynthesis of growth hormone (GH) in the mammary glands of
dogs, cats and humans. The Journal of steroid biochemistry and
molecular biology 57, 67-71, doi:10.1016/0960-0760(95)00251-0
(1996).

Queiroga, F. L. et al. Crosstalk between GH/IGF-I axis and steroid
hormones (progesterone, 17beta-estradiol) in canine mammary
tumours. The Journal of steroid biochemistry and molecular
biology 110, 76-82, doi:10.1016/.jsbmb.2008.02.005 (2008).

van Garderen, E. ef al. Expression and molecular characterization
of the growth hormone receptor in canine mammary tissue and
mammary tumors. Endocrinology 140, 5907-5914,
doi:10.1210/endo.140.12.7189 (1999).

de Las Mulas, J. M., Millan, Y. & Dios, R. A prospective analysis
of immunohistochemically determined estrogen receptor alpha and
progesterone receptor expression and host and tumor factors as
predictors of disease-free period in mammary tumors of the dog.
Veterinary pathology 42, 200-212, doi:10.1354/vp.42-2-200 (2005).
Geraldes, M., Gartner, F. & Schmitt, F. Imnmunohistochemical
study of hormonal receptors and cell proliferation in normal canine
mammary glands and spontaneous mammary tumours. 7he
Veterinary record 146, 403-406, doi:10.1136/vr.146.14.403 (2000).
MacEwen, E. G., Patnaik, A. K., Harvey, H. J. & Panko, W. B.
Estrogen receptors in canine mammary tumors. Cancer research 42,
2255-2259 (1982).

Millanta, F. et al. Comparison of steroid receptor expression in
normal, dysplastic, and neoplastic canine and feline mammary
tissues. Research in veterinary science 79, 225-232,
doi:10.1016/j.rvsc.2005.02.002 (2005).

Nieto, A. et al. Immunohistologic detection of estrogen receptor
alpha in canine mammary tumors: clinical and pathologic
associations and prognostic significance. Veterinary pathology 37,
239-247, doi:10.1354/vp.37-3-239 (2000).

116



Bibliography

61

62

63

64

65

66

67

68

69

70

Rutteman, G. R., Misdorp, W., Blankenstein, M. A. & van den
Brom, W. E. Oestrogen (ER) and progestin receptors (PR) in
mammary tissue of the female dog: different receptor profile in
non-malignant and malignant states. British journal of cancer 58,
594-599, doi:10.1038/bjc.1988.266 (1988).

Yang, W. Y. et al. Proliferative activity, apoptosis and expression
of oestrogen receptor and Bcl-2 oncoprotein in canine mammary
gland tumours. Journal of comparative pathology 134, 70-79,
doi:10.1016/j.jcpa.2005.07.002 (2006).

Donnay, 1. et al. Comparison of estrogen and progesterone receptor
expression in normal and tumor mammary tissues from dogs.
American journal of veterinary research 56, 1188-1194 (1995).
Illera, J. C. et al. Steroids and receptors in canine mammary cancer.
Steroids 71, 541-548, doi:10.1016/j.steroids.2005.11.007 (2006).
Gama, A., Alves, A. & Schmitt, F. Identification of molecular
phenotypes in canine mammary carcinomas with clinical
implications: application of the human classification. Virchows
Archiv : an international journal of pathology 453, 123-132,
doi:10.1007/s00428-008-0644-3 (2008).

Chang, S. C., Chang, C. C., Chang, T. J. & Wong, M. L. Prognostic
factors associated with survival two years after surgery in dogs
with malignant mammary tumors: 79 cases (1998-2002). Journal of
the American Veterinary Medical Association 227, 1625-1629,
doi:10.2460/javma.2005.227.1625 (2005).

Dorn, C. R., Taylor, D. O., Schneider, R., Hibbard, H. H. &
Klauber, M. R. Survey of animal neoplasms in Alameda and
Contra Costa Counties, California. II. Cancer morbidity in dogs and
cats from Alameda County. Journal of the National Cancer
Institute 40, 307-318 (1968).

Hellmen, E. et al. Prognostic factors in canine mammary tumors: a
multivariate study of 202 consecutive cases. Veterinary pathology
30, 20-27, doi:10.1177/030098589303000103 (1993).

Schneider, R. Comparison of age, sex, and incidence rates in
human and canine breast cancer. Cancer 26, 419-426,
doi:10.1002/1097-0142(197008)26:2<419::aid-
cncr2820260225>3.0.co;2-u (1970).

Taylor, G. N. ef al. Mammary neoplasia in a closed beagle colony.
Cancer research 36, 2740-2743 (1976).

117



Bibliography

71

72

73

74

75

76

77

78

79

80

Sorenmo, K. U. ef al. Canine mammary gland tumours; a
histological continuum from benign to malignant; clinical and
histopathological evidence. Veterinary and comparative oncology 7,
162-172, doi:10.1111/5.1476-5829.2009.00184.x (2009).

MacEwen EG , W. S. Tumors of the mammary gland. Small Animal
Oncology. Saunders Company, Philadelphia. pp. 356-372. (1996).
Perez Alenza, M. D., Pena, L., del Castillo, N. & Nieto, A. .
Factors influencing the incidence and prognosis of canine
mammary tumours. The Journal of small animal practice 41, 287-
291, doi:10.1111/5.1748-5827.2000.tb03203.x (2000).

Dorn, C. R. & Schneider, R. Inbreeding and canine mammary
cancer: a retrospective study. Journal of the National Cancer
Institute 57, 545-548, doi:10.1093/jnci/57.3.545 (1976).

Philibert, J. C. et al. Influence of host factors on survival in dogs
with malignant mammary gland tumors. Journal of veterinary
internal medicine 17, 102-106, doi:10.1892/0891-
6640(2003)017<0102:iohfos>2.3.co;2 (2003).

Itoh, T. et al. Clinicopathological survey of 101 canine mammary
gland tumors: differences between small-breed dogs and others.
The Journal of veterinary medical science 67, 345-347,
doi:10.1292/jvms.67.345 (2005).

Bronden, L. B., Rutteman, G. R., Flagstad, A. & Teske, E. Study of
dog and cat owners' perceptions of medical treatment for cancer.
The Veterinary record 152, 77-80, doi:10.1136/vr.152.3.77 (2003).
Perez Alenza, D., Rutteman, G. R., Pena, L., Beynen, A. C. &
Cuesta, P. Relation between habitual diet and canine mammary
tumors in a case-control study. Journal of veterinary internal
medicine 12, 132-139, doi:10.1111/j.1939-1676.1998.tb02108.x
(1998).

Shofer, F. S., Sonnenschein, E. G., Goldschmidt, M. H., Laster, L.
L. & Glickman, L. T. Histopathologic and dietary prognostic
factors for canine mammary carcinoma. Breast cancer research
and treatment 13, 49-60, doi:10.1007/bf01806550 (1989).
Sonnenschein, E. G., Glickman, L. T., Goldschmidt, M. H. &
McKee, L. J. Body conformation, diet, and risk of breast cancer in
pet dogs: a case-control study. American journal of epidemiology
133, 694-703, doi:10.1093/oxfordjournals.aje.al 15944 (1991).

118



Bibliography

81 Cleary, M. P. & Grossmann, M. E. Minireview: Obesity and breast
cancer: the estrogen connection. Endocrinology 150, 2537-2542,
doi:10.1210/en.2009-0070 (2009).

82 Cleary, M. P., Grossmann, M. E. & Ray, A. Effect of obesity on
breast cancer development. Veterinary pathology 47, 202-213,
doi:10.1177/0300985809357753 (2010).

83 Stephenson, G. D. & Rose, D. P. Breast cancer and obesity: an
update. Nutrition and cancer 45, 1-16,
doi:10.1207/S15327914NC4501 1 (2003).

84 Rasotto, R., Zappulli, V., Castagnaro, M. & Goldschmidt, M. H. A
retrospective study of those histopathologic parameters predictive
of invasion of the lymphatic system by canine mammary
carcinomas. Veterinary pathology 49, 330-340,
doi:10.1177/0300985811409253 (2012).

85 Matos, A. J., Baptista, C. S., Gartner, M. F. & Rutteman, G. R.
Prognostic studies of canine and feline mammary tumours: the
need for standardized procedures. Veterinary journal 193, 24-31,
doi:10.1016/j.tvjl.2011.12.019 (2012).

86 Hampe, J. F. & Misdorp, W. Tumours and dysplasias of the
mammary gland. Bulletin of the World Health Organization 50,
111-133 (1974).

87 Misdorp W, E. R., Hellmén E, Lipscomb TP. Histological
Classification of Mammary Tumors of the Dog and the Cat, 2nd
edn. Armed Forces Institute of Pathology, Washington D.C.
(1999).

88 Owen, L. N. The TNM Classification of Tumors in Domestic
Animals, 1st edn. World Health Organization, Geneva, pp. 20—80.
(1980).

89 Yamagami, T., Kobayashi, T., Takahashi, K. & Sugiyama, M.
Prognosis for canine malignant mammary tumors based on TNM
and histologic classification. The Journal of veterinary medical
science 58, 1079-1083, doi:10.1292/jvms.58.11 1079 (1996).

90 Elston, C. W. & Ellis, 1. O. Pathological prognostic factors in
breast cancer. I. The value of histological grade in breast cancer:
experience from a large study with long-term follow-up.
Histopathology 19, 403-410, doi:10.1111/5.1365-
2559.1991.tb00229.x (1991).

91 Karayannopoulou, M., Kaldrymidou, E., Constantinidis, T. C. &
Dessiris, A. Histological grading and prognosis in dogs with

119



Bibliography

mammary carcinomas: application of a human grading method.
Journal of comparative pathology 133, 246-252,
doi:10.1016/j.jcpa.2005.05.003 (2005).

92 Gilbertson, S. R., Kurzman, 1. D., Zachrau, R. E., Hurvitz, A. 1. &
Black, M. M. Canine mammary epithelial neoplasms: biologic
implications of morphologic characteristics assessed in 232 dogs.
Veterinary pathology 20, 127-142,
doi:10.1177/030098588302000201 (1983).

93 Black, M. M., Barclay, T. H. & Hankey, B. F. Prognosis in breast
cancer utilizing histologic characteristics of the primary tumor.
Cancer 36, 2048-2055, doi:10.1002/cncr.2820360919 (1975).

94 Misdorp, W. Tumors of the mammary gland. In: Meuten DJ (ed.),
Tumors in Domestic Animals, 4th edn. lowa State Press, Ames, pp.
575-606. (2002).

95 Dutra, A. P., Granja, N. V., Schmitt, F. C. & Cassali, G. D. c-erbB-
2 expression and nuclear pleomorphism in canine mammary tumors.
Brazilian journal of medical and biological research = Revista
brasileira de pesquisas medicas e biologicas 37, 1673-1681,
doi:10.1590/s0100-879x2004001100013 (2004).

96 Van der Auwera, 1. et al. Tumor lymphangiogenesis in
inflammatory breast carcinoma: a histomorphometric study.
Clinical cancer research : an official journal of the American
Association for Cancer Research 11, 7637-7642,
doi:10.1158/1078-0432.CCR-05-1142 (2005).

97 Clemente, M., Perez-Alenza, M. D., Illera, J. C. & Pena, L.
Histological, immunohistological, and ultrastructural description of
vasculogenic mimicry in canine mammary cancer. Veterinary
pathology 47, 265-274, doi:10.1177/0300985809353167 (2010).

98 Clemente, M., Perez-Alenza, M. D. & Pena, L. Metastasis of
canine inflammatory versus non-inflammatory mammary tumours.
Journal of comparative pathology 143, 157-163,
doi:10.1016/j.jcpa.2010.02.002 (2010).

99 Millanta, F., Caneschi, V., Ressel, L., Citi, S. & Poli, A. Expression
of vascular endothelial growth factor in canine inflammatory and
non-inflammatory mammary carcinoma. Journal of comparative
pathology 142, 36-42, doi:10.1016/j.jcpa.2009.06.004 (2010).

100  Santos, A. A. et al. Immunohistochemical expression of vascular
endothelial growth factor in canine mammary tumours. Journal of

120



Bibliography

comparative pathology 143, 268-275,
doi:10.1016/j.jcpa.2010.04.006 (2010).

101  Selmic, L. E. & Ruple, A. A systematic review of surgical margins
utilized for removal of cutaneous mast cell tumors in dogs. BMC
veterinary research 16, 5, doi:10.1186/s12917-019-2227-8 (2020).

102 Fossum T.W; Hedlund, C. S. Mammary neoplasia. In: Duncan L
(ed.), Small Animal Surgey. Don Ladig, St-Louis, pp. 539-544.
(1997).

103 MacEwen, E. G. et al. Evaluation of effects of levamisole and
surgery on canine mammary cancer. Journal of biological response
modifiers 4, 418-426 (1985).

104  Misdorp, W. & Hart, A. A. Canine mammary cancer. II. Therapy
and causes of death. The Journal of small animal practice 20, 395-
404, doi:10.1111/5.1748-5827.1979.tb06744.x (1979).

105  Clemente, M., De Andres, P. J., Pena, L. & Perez-Alenza, M. D.
Survival time of dogs with inflammatory mammary cancer treated
with palliative therapy alone or palliative therapy plus
chemotherapy. The Veterinary record 165, 78-81,
doi:10.1136/vetrec.165.3.78 (2009).

106  Hermo, G. A. et al. Perioperative desmopressin prolongs survival
in surgically treated bitches with mammary gland tumours: a pilot
study. Veterinary journal 178, 103-108,
doi:10.1016/j.tvjl.2007.06.015 (2008).

107  Hunley, D. W., Mauldin, G. N., Shiomitsu, K. & Mauldin, G. E.
Clinical outcome in dogs with nasal tumors treated with intensity-
modulated radiation therapy. The Canadian veterinary journal =
La revue veterinaire canadienne 51, 293-300 (2010).

108  Klijn, J. G., Setyono-Han, B. & Foekens, J. A. Progesterone
antagonists and progesterone receptor modulators in the treatment
of breast cancer. Steroids 65, 825-830, doi:10.1016/s0039-
128x(00)00195-1 (2000).

109  Lombardi, P., Florio, S., Pagnini, U., Crispino, A. & Avallone, L.
Ovarian function suppression with a GnRH analogue: D-
ser(But[t])[6]-Arzgly[10]-LHRH (Goserelin) in hormone
dependent canine mammary cancer. Journal of veterinary
pharmacology and therapeutics 22, 56-61, doi:10.1046/j.1365-
2885.1999.00184.x (1999).

121



Bibliography

110  Morris, J. S., Dobson, J. M. & Bostock, D. E. Use of tamoxifen in
the control of canine mammary neoplasia. The Veterinary record
133, 539-542, doi:10.1136/vr.133.22.539 (1993).

111 Simon, D., Schoenrock, D., Baumgartner, W. & Nolte, 1.
Postoperative adjuvant treatment of invasive malignant mammary
gland tumors in dogs with doxorubicin and docetaxel. Journal of
veterinary internal medicine 20, 1184-1190, doi:10.1892/0891-
6640(2006)20[1184:patimm]2.0.co0;2 (2006).

112 Sorenmo, K. Canine mammary gland tumors. The Veterinary
clinics of North America. Small animal practice 33, 573-596,
doi:10.1016/50195-5616(03)00020-2 (2003).

113 Wedam, S. B. et al. Antiangiogenic and antitumor effects of
bevacizumab in patients with inflammatory and locally advanced
breast cancer. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology 24, 769-777,
doi:10.1200/JC0O.2005.03.4645 (2006).

114 Lavalle, G. E., De Campos, C. B., Bertagnolli, A. C. & Cassali, G.
D. Canine malignant mammary gland neoplasms with advanced
clinical staging treated with carboplatin and cyclooxygenase
inhibitors. /n vivo 26, 375-379 (2012).

115  Marconato, L., Lorenzo, R. M., Abramo, F., Ratto, A. & Zini, E.
Adjuvant gemcitabine after surgical removal of aggressive
malignant mammary tumours in dogs. Veterinary and comparative
oncology 6, 90-101, doi:10.1111/j.1476-5829.2007.00143.x (2008).

116  Greaves, M. & Maley, C. C. Clonal evolution in cancer. Nature
481, 306-313, doi:10.1038/nature10762 (2012).

117  DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G. & Thompson, C.
B. The biology of cancer: metabolic reprogramming fuels cell
growth and proliferation. Cell metabolism 7, 11-20,
doi:10.1016/j.cmet.2007.10.002 (2008).

118  Lunt, S. Y. & Vander Heiden, M. G. Aerobic glycolysis: meeting
the metabolic requirements of cell proliferation. Annual review of
cell and developmental biology 27, 441-464, doi:10.1146/annurev-
cellbio-092910-154237 (2011).

119  Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next
generation. Cell 144, 646-674, doi1:10.1016/j.cell.2011.02.013
(2011).

120  Ghashghaeinia, M., Koberle, M., Mrowietz, U. & Bernhardt, 1.
Proliferating tumor cells mimick glucose metabolism of mature

122



Bibliography

human erythrocytes. Cell cycle 18, 1316-1334,
doi:10.1080/15384101.2019.1618125 (2019).

121 Hsu, P. P. & Sabatini, D. M. Cancer cell metabolism: Warburg and
beyond. Cell 134, 703-707, doi:10.1016/j.cell.2008.08.021 (2008).

122 Kroemer, G. & Pouyssegur, J. Tumor cell metabolism: cancer's
Achilles' heel. Cancer cell 13, 472-482,
doi:10.1016/j.ccr.2008.05.005 (2008).

123 Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B.
Understanding the Warburg effect: the metabolic requirements of
cell proliferation. Science 324, 1029-1033,
doi:10.1126/science.1160809 (2009).

124 Wassermann, A. V., Keysser, F., & Wassermann, M. Beitra“ge zum
problem: Geschwu™ Iste von der blutbahn aus therapeutisch zu
beeinflussen. Deutsche Medizinische Wochenschrift, 37(51), 2389—
2391. (1911).

125  Sugiura, K. B., Stanley R. The action of certain dyestuffs on the
growth of transplantable tumors. The Journal of Cancer Research,
13(4), 340-358. (1929).

126 ~ Warburg, O. On the origin of cancer cells. Science 123, 309-314,
doi:10.1126/science.123.3191.309 (1956).

127  Fantin, V. R., St-Pierre, J. & Leder, P. Attenuation of LDH-A
expression uncovers a link between glycolysis, mitochondrial
physiology, and tumor maintenance. Cancer cell 9, 425-434,
doi:10.1016/j.ccr.2006.04.023 (2006).

128  Moreno-Sanchez, R., Rodriguez-Enriquez, S., Marin-Hernandez, A.
& Saavedra, E. Energy metabolism in tumor cells. The FEBS
journal 274, 1393-1418, doi:10.1111/j.1742-4658.2007.05686.x
(2007).

129  Weinhouse, S. The Warburg hypothesis fifty years later. Zeitschrift
Sfur Krebsforschung und klinische Onkologie. Cancer research and
clinical oncology 87, 115-126, doi:10.1007/bf00284370 (1976).

130  Brahimi-Horn, M. C., Chiche, J. & Pouyssegur, J. Hypoxia
signalling controls metabolic demand. Current opinion in cell
biology 19, 223-229, doi:10.1016/j.ceb.2007.02.003 (2007).

131  Gatenby, R. A. & Gillies, R. J. Why do cancers have high aerobic
glycolysis? Nature reviews. Cancer 4, 891-899,
doi:10.1038/nrc1478 (2004).

123



Bibliography

132

133

134

135

136

137

138

139

140

141

142

Zu, X. L. & Guppy, M. Cancer metabolism: facts, fantasy, and
fiction. Biochemical and biophysical research communications 313,
459-465, doi:10.1016/j.bbrc.2003.11.136 (2004).

Wieman, H. L., Wofford, J. A. & Rathmell, J. C. Cytokine
stimulation promotes glucose uptake via phosphatidylinositol-3
kinase/Akt regulation of Glut1 activity and trafficking. Molecular
biology of the cell 18, 1437-1446, doi:10.1091/mbc.e06-07-0593
(2007).

Carew, J. S. et al. Mitochondrial DNA mutations in primary
leukemia cells after chemotherapy: clinical significance and
therapeutic implications. Leukemia 17, 1437-1447,
doi:10.1038/sj.1eu.2403043 (2003).

Copeland, W. C., Wachsman, J. T., Johnson, F. M. & Penta, J. S.
Mitochondrial DNA alterations in cancer. Cancer investigation 20,
557-569, doi:10.1081/cnv-120002155 (2002).

Nomoto, S., Sanchez-Cespedes, M. & Sidransky, D. Identification
of mtDNA mutations in human cancer. Methods in molecular
biology 197, 107-117, doi:10.1385/1-59259-284-8:107 (2002).
Pelicano, H. et al. Mitochondrial respiration defects in cancer cells
cause activation of Akt survival pathway through a redox-mediated
mechanism. The Journal of cell biology 175, 913-923,
doi:10.1083/jcb.200512100 (2006).

Matoba, S. et al. p53 regulates mitochondrial respiration. Science
312, 1650-1653, doi:10.1126/science.1126863 (2006).

Bensaad, K. et al. TIGAR, a p53-inducible regulator of glycolysis
and apoptosis. Cell 126, 107-120, doi:10.1016/j.cell.2006.05.036
(2006).

Christotk, H. R. et al. The M2 splice isoform of pyruvate kinase is
important for cancer metabolism and tumour growth. Nature 452,
230-233, doi:10.1038/nature06734 (2008).

Diaz-Ruiz, R., Rigoulet, M. & Devin, A. The Warburg and
Crabtree effects: On the origin of cancer cell energy metabolism
and of yeast glucose repression. Biochimica et biophysica acta
1807, 568-576, doi:10.1016/j.bbabi0.2010.08.010 (2011).

Ma, X. et al. Identification and quantitation of lipid C=C location
isomers: A shotgun lipidomics approach enabled by photochemical
reaction. Proceedings of the National Academy of Sciences of the
United States of America 113, 2573-2578,

doi:10.1073/pnas. 1523356113 (2016).

124



Bibliography

143 Shevchenko, A. & Simons, K. Lipidomics: coming to grips with
lipid diversity. Nature reviews. Molecular cell biology 11, 593-598,
doi:10.1038/nrm2934 (2010).

144  Yang, K. & Han, X. Lipidomics: Techniques, Applications, and
Outcomes Related to Biomedical Sciences. Trends in biochemical
sciences 41, 954-969, doi:10.1016/].tibs.2016.08.010 (2016).

145  Beloribi-Djefaflia, S., Vasseur, S. & Guillaumond, F. Lipid
metabolic reprogramming in cancer cells. Oncogenesis 5, €189,
doi:10.1038/0oncsis.2015.49 (2016).

146  DeBerardinis, R. J. & Chandel, N. S. Fundamentals of cancer
metabolism. Science advances 2, 1600200,
doi:10.1126/sciadv.1600200 (2016).

147  Rysman, E. et al. De novo lipogenesis protects cancer cells from
free radicals and chemotherapeutics by promoting membrane lipid
saturation. Cancer research 70, 8117-8126, doi:10.1158/0008-
5472.CAN-09-3871 (2010).

148  Zalba, S. & Ten Hagen, T. L. Cell membrane modulation as
adjuvant in cancer therapy. Cancer treatment reviews 52, 48-57,
doi:10.1016/j.ctrv.2016.10.008 (2017).

149  Jeon, S. M., Chandel, N. S. & Hay, N. AMPK regulates NADPH
homeostasis to promote tumour cell survival during energy stress.
Nature 485, 661-665, doi:10.1038/nature11066 (2012).

150  Ayala, A., Munoz, M. F. & Arguelles, S. Lipid peroxidation:
production, metabolism, and signaling mechanisms of
malondialdehyde and 4-hydroxy-2-nonenal. Oxidative medicine
and cellular longevity 2014, 360438, doi:10.1155/2014/360438
(2014).

151  Keckesova, Z. et al. LACTB is a tumour suppressor that modulates
lipid metabolism and cell state. Nature 543, 681-686,
doi:10.1038/nature21408 (2017).

152  Wang, D. & Dubois, R. N. Eicosanoids and cancer. Nature reviews.
Cancer 10, 181-193, doi:10.1038/nrc2809 (2010).

153  Hendrich, A. B. & Michalak, K. Lipids as a target for drugs
modulating multidrug resistance of cancer cells. Current drug
targets 4, 23-30, doi:10.2174/1389450033347172 (2003).

154  Luo, X. et al. Emerging roles of lipid metabolism in cancer
metastasis. Molecular cancer 16, 76, doi:10.1186/s12943-017-
0646-3 (2017).

125



Bibliography

155  Pascual, G. ef al. Targeting metastasis-initiating cells through the
fatty acid receptor CD36. Nature 541, 41-45,
doi:10.1038/nature20791 (2017).

156  Tadros, S. et al. De Novo Lipid Synthesis Facilitates Gemcitabine
Resistance through Endoplasmic Reticulum Stress in Pancreatic
Cancer. Cancer research 77, 5503-5517, doi:10.1158/0008-
5472.CAN-16-3062 (2017).

157  Viswanathan, V. S. ef al. Dependency of a therapy-resistant state of
cancer cells on a lipid peroxidase pathway. Nature 547, 453-457,
doi:10.1038/nature23007 (2017).

158  Rolim, A. E., Henrique-Araujo, R., Ferraz, E. G., de Araujo Alves
Dultra, F. K. & Fernandez, L. G. Lipidomics in the study of lipid
metabolism: Current perspectives in the omic sciences. Gene 554,
131-139, doi:10.1016/j.gene.2014.10.039 (2015).

159  Holthuis, J. C. & Menon, A. K. Lipid landscapes and pipelines in
membrane homeostasis. Nature 510, 48-57,
doi:10.1038/nature13474 (2014).

160  Maxfield, F. R. Plasma membrane microdomains. Current opinion
in cell biology 14, 483-487, doi:10.1016/s0955-0674(02)00351-4
(2002).

161  Mukherjee, S. & Maxfield, F. R. Membrane domains. Annual
review of cell and developmental biology 20, 839-866,
doi:10.1146/annurev.cellbio.20.010403.095451 (2004).

162 Pomorski, T., Hrafnsdottir, S., Devaux, P. F. & van Meer, G. Lipid
distribution and transport across cellular membranes. Seminars in
cell & developmental biology 12, 139-148,
doi:10.1006/s¢db.2000.0231 (2001).

163 van Meer, G. Membranes in motion. EMBO reports 11, 331-333,
doi:10.1038/embor.2010.60 (2010).

164  van Meer, G., Voelker, D. R. & Feigenson, G. W. Membrane
lipids: where they are and how they behave. Nature reviews.
Molecular cell biology 9, 112-124, doi:10.1038/nrm2330 (2008).

165 Efeyan, A., Comb, W. C. & Sabatini, D. M. Nutrient-sensing
mechanisms and pathways. Nature 517, 302-310,
doi:10.1038/nature14190 (2015).

166  Guo, D., Bell, E. H. & Chakravarti, A. Lipid metabolism emerges
as a promising target for malignant glioma therapy. CNS oncology
2, 289-299, doi:10.2217/cns.13.20 (2013).

126



Bibliography

167  Menendez, J. A. & Lupu, R. Fatty acid synthase and the lipogenic
phenotype in cancer pathogenesis. Nature reviews. Cancer 7, 763-
777, doi:10.1038/nrc2222 (2007).

168  Zechner, R., Strauss, J. G., Haemmerle, G., Lass, A. &
Zimmermann, R. Lipolysis: pathway under construction. Current
opinion in lipidology 16, 333-340,
doi:10.1097/01.mo01.0000169354.20395.1¢ (2005).

169  Kunkel, G. T., Maceyka, M., Milstien, S. & Spiegel, S. Targeting
the sphingosine-1-phosphate axis in cancer, inflammation and
beyond. Nature reviews. Drug discovery 12, 688-702,
doi:10.1038/nrd4099 (2013).

170  Nakanishi, M. & Rosenberg, D. W. Multifaceted roles of PGE2 in
inflammation and cancer. Seminars in immunopathology 35, 123-
137, doi:10.1007/s00281-012-0342-8 (2013).

171  Abramson, H. N. The lipogenesis pathway as a cancer target.
Journal of medicinal chemistry 54, 5615-5638,
doi:10.1021/jm2005805 (2011).

172 Grossi-Paoletti, E., Paoletti, P. & Fumagalli, R. Lipids in brain
tumors. Journal of neurosurgery 34, 454-455,
doi:10.3171/jns.1971.34.3.0454 (1971).

173 Podo, F. Tumour phospholipid metabolism. NMR in biomedicine
12, 413-439, doi:10.1002/(sici)1099-1492(199911)12:7<413::aid-
nbm587>3.0.co;2-u (1999).

174  Rohrig, F. & Schulze, A. The multifaceted roles of fatty acid
synthesis in cancer. Nature reviews. Cancer 16, 732-749,
doi:10.1038/nrc.2016.89 (2016).

175  Santos, C. R. & Schulze, A. Lipid metabolism in cancer. The FEBS
Jjournal 279, 2610-2623, doi:10.1111/j.1742-4658.2012.08644.x
(2012).

176  Schulze, A. & Harris, A. L. How cancer metabolism is tuned for
proliferation and vulnerable to disruption. Nature 491, 364-373,
doi:10.1038/nature11706 (2012).

177  Abramczyk, H. et al. The role of lipid droplets and adipocytes in
cancer. Raman imaging of cell cultures: MCF10A, MCF7, and
MDA-MB-231 compared to adipocytes in cancerous human breast
tissue. The Analyst 140, 2224-2235, doi:10.1039/c4an01875c¢
(2015).

178  Accioly, M. T. et al. Lipid bodies are reservoirs of cyclooxygenase-
2 and sites of prostaglandin-E2 synthesis in colon cancer cells.

127



Bibliography

Cancer research 68, 1732-1740, doi:10.1158/0008-5472.CAN-07-
1999 (2008).

179  Bozza, P. T. & Viola, J. P. Lipid droplets in inflammation and
cancer. Prostaglandins, leukotrienes, and essential fatty acids 82,
243-250, doi:10.1016/j.plefa.2010.02.005 (2010).

180  de Gonzalo-Calvo, D. et al. Intratumor cholesteryl ester
accumulation is associated with human breast cancer proliferation
and aggressive potential: a molecular and clinicopathological study.
BMC cancer 15, 460, doi:10.1186/s12885-015-1469-5 (2015).

181  Guillaumond, F. et al. Cholesterol uptake disruption, in association
with chemotherapy, is a promising combined metabolic therapy for
pancreatic adenocarcinoma. Proceedings of the National Academy
of Sciences of the United States of America 112, 2473-2478,
doi:10.1073/pnas. 1421601112 (2015).

182  Qiu, B. et al. HIF2alpha-Dependent Lipid Storage Promotes
Endoplasmic Reticulum Homeostasis in Clear-Cell Renal Cell
Carcinoma. Cancer discovery S, 652-667, do1:10.1158/2159-
8290.CD-14-1507 (2015).

183  Yue, S. ef al. Cholesteryl ester accumulation induced by PTEN loss
and PI3K/AKT activation underlies human prostate cancer
aggressiveness. Cell metabolism 19, 393-406,
doi:10.1016/j.cmet.2014.01.019 (2014).

184  Chavarro, J. E. ef al. Blood levels of saturated and
monounsaturated fatty acids as markers of de novo lipogenesis and
risk of prostate cancer. American journal of epidemiology 178,
1246-1255, doi:10.1093/aje/kwt136 (2013).

185  Milgraum, L. Z., Witters, L. A., Pasternack, G. R. & Kuhajda, F. P.
Enzymes of the fatty acid synthesis pathway are highly expressed
in in situ breast carcinoma. Clinical cancer research : an official
Jjournal of the American Association for Cancer Research 3, 2115-
2120 (1997).

186  Koundouros, N. & Poulogiannis, G. Reprogramming of fatty acid
metabolism in cancer. British journal of cancer 122, 4-22,
do1:10.1038/s41416-019-0650-z (2020).

187  Ntambi, J. M. & Miyazaki, M. Regulation of stearoyl-CoA
desaturases and role in metabolism. Progress in lipid research 43,
91-104, doi:10.1016/s0163-7827(03)00039-0 (2004).

188  Li, J. N., Mahmoud, M. A., Han, W. F., Ripple, M. & Pizer, E. S.
Sterol regulatory element-binding protein-1 participates in the

128



Bibliography

regulation of fatty acid synthase expression in colorectal neoplasia.
Experimental cell research 261, 159-165,
doi:10.1006/excr.2000.5054 (2000).

189  Swinnen, J. V. et al. Selective activation of the fatty acid synthesis
pathway in human prostate cancer. International journal of cancer
88, 176-179, doi:10.1002/1097-0215(20001015)88:2<176::aid-
1j¢5>3.0.c0;2-3 (2000).

190  Yoon, S. ef al. Up-regulation of acetyl-CoA carboxylase alpha and
fatty acid synthase by human epidermal growth factor receptor 2 at
the translational level in breast cancer cells. The Journal of
biological chemistry 282, 26122-26131,
doi:10.1074/jbc.M702854200 (2007).

191  Lucenay, K. S. et al. Cyclin E Associates with the Lipogenic
Enzyme ATP-Citrate Lyase to Enable Malignant Growth of Breast
Cancer Cells. Cancer research 76, 2406-2418, doi:10.1158/0008-
5472.CAN-15-1646 (2016).

192 Zhao, J. et al. Exogenous lipids promote the growth of breast
cancer cells via CD36. Oncology reports 38, 2105-2115,
doi:10.3892/01.2017.5864 (2017).

193  Gaida, M. M. et al. Expression of the bitter receptor T2R38 in
pancreatic cancer: localization in lipid droplets and activation by a
bacteria-derived quorum-sensing molecule. Oncotarget 7, 12623-
12632, doi:10.18632/oncotarget.7206 (2016).

194  Horton, J. D., Goldstein, J. L. & Brown, M. S. SREBPs: activators
of the complete program of cholesterol and fatty acid synthesis in
the liver. The Journal of clinical investigation 109, 1125-1131,
doi:10.1172/JCI15593 (2002).

195  Horton, J. D. ef al. Combined analysis of oligonucleotide
microarray data from transgenic and knockout mice identifies
direct SREBP target genes. Proceedings of the National Academy
of Sciences of the United States of America 100, 12027-12032,
doi:10.1073/pnas. 1534923100 (2003).

196  Horton, J. D., Shimomura, I., Ikemoto, S., Bashmakov, Y. &
Hammer, R. E. Overexpression of sterol regulatory element-
binding protein-1a in mouse adipose tissue produces adipocyte
hypertrophy, increased fatty acid secretion, and fatty liver. The
Journal of biological chemistry 278, 36652-36660,
doi:10.1074/jbc.M306540200 (2003).

129



Bibliography

197

198

199

200

201

202

203

204

205

206

207

Ettinger, S. L. et al. Dysregulation of sterol response element-
binding proteins and downstream effectors in prostate cancer
during progression to androgen independence. Cancer research 64,
2212-2221, doi:10.1158/0008-5472.can-2148-2 (2004).

Guo, D. et al. EGFR signaling through an Akt-SREBP-1-dependent,

rapamycin-resistant pathway sensitizes glioblastomas to
antilipogenic therapy. Science signaling 2, ra82,
doi:10.1126/scisignal.2000446 (2009).

Jeon, T. I. & Osborne, T. F. SREBPs: metabolic integrators in
physiology and metabolism. Trends in endocrinology and
metabolism: TEM 23, 65-72, doi:10.1016/j.tem.2011.10.004 (2012).
Shao, W. & Espenshade, P. J. Expanding roles for SREBP in
metabolism. Cell metabolism 16, 414-419,
doi:10.1016/j.cmet.2012.09.002 (2012).

Caro, P. et al. Metabolic signatures uncover distinct targets in
molecular subsets of diffuse large B cell lymphoma. Cancer cell 22,
547-560, doi:10.1016/j.ccr.2012.08.014 (2012).

Wu, X., Daniels, G., Lee, P. & Monaco, M. E. Lipid metabolism in
prostate cancer. American journal of clinical and experimental
urology 2, 111-120 (2014).

Melone, M. A. B. et al. The carnitine system and cancer metabolic
plasticity. Cell death & disease 9, 228, doi:10.1038/s41419-018-
0313-7 (2018).

Pike, L. S., Smift, A. L., Croteau, N. J., Ferrick, D. A. & Wu, M.
Inhibition of fatty acid oxidation by etomoxir impairs NADPH
production and increases reactive oxygen species resulting in ATP
depletion and cell death in human glioblastoma cells. Biochimica et
biophysica acta 1807, 726-734, doi:10.1016/j.bbabio.2010.10.022
(2011).

Fernandez-Marcos, P. J. & Nobrega-Pereira, S. NADPH: new
oxygen for the ROS theory of aging. Oncotarget 7, 50814-50815,
doi:10.18632/oncotarget.10744 (2016).

Qu, Q., Zeng, F., Liu, X., Wang, Q. J. & Deng, F. Fatty acid
oxidation and carnitine palmitoyltransferase I: emerging
therapeutic targets in cancer. Cell death & disease 7, 2226,
doi:10.1038/cddis.2016.132 (2016).

Carracedo, A., Cantley, L. C. & Pandolfi, P. P. Cancer metabolism:
fatty acid oxidation in the limelight. Nature reviews. Cancer 13,
227-232, doi1:10.1038/nrc3483 (2013).

130



Bibliography

208  Phan, L. M., Yeung, S. C. & Lee, M. H. Cancer metabolic
reprogramming: importance, main features, and potentials for
precise targeted anti-cancer therapies. Cancer biology & medicine
11, 1-19, doi:10.7497/j.issn.2095-3941.2014.01.001 (2014).

209  Ma, Y. et al. Fatty acid oxidation: An emerging facet of metabolic
transformation in cancer. Cancer letters 435, 92-100,
doi:10.1016/j.canlet.2018.08.006 (2018).

210  Liu, Y. Fatty acid oxidation is a dominant bioenergetic pathway in
prostate cancer. Prostate cancer and prostatic diseases 9, 230-234,
doi:10.1038/sj.pcan.4500879 (2006).

211 Camarda, R. et al. Inhibition of fatty acid oxidation as a therapy for
MY C-overexpressing triple-negative breast cancer. Nature
medicine 22, 427-432, doi:10.1038/nm.4055 (2016).

212 Samudio, I. ef al. Pharmacologic inhibition of fatty acid oxidation
sensitizes human leukemia cells to apoptosis induction. 7The
Journal of clinical investigation 120, 142-156,
doi:10.1172/JC138942 (2010).

213 Bastin, J. Regulation of mitochondrial fatty acid beta-oxidation in
human: what can we learn from inborn fatty acid beta-oxidation
deficiencies? Biochimie 96, 113-120,
doi:10.1016/j.biochi.2013.05.012 (2014).

214 Weis, B. C., Esser, V., Foster, D. W. & McGarry, J. D. Rat heart
expresses two forms of mitochondrial carnitine
palmitoyltransferase I. The minor component is identical to the
liver enzyme. The Journal of biological chemistry 269, 18712-
18715 (1994).

215  vander Leij, F. R. ef al. Structural and functional genomics of the
CPTI1B gene for muscle-type carnitine palmitoyltransferase I in
mammals. The Journal of biological chemistry 277, 26994-27005,
doi:10.1074/jbc.M203189200 (2002).

216  Carrasco, P. et al. Carnitine palmitoyltransferase 1C deficiency
causes motor impairment and hypoactivity. Behavioural brain
research 256, 291-297, doi:10.1016/5.bbr.2013.08.004 (2013).

217  Casals, N. ef al. Carnitine palmitoyltransferase 1C: From cognition
to cancer. Progress in lipid research 61, 134-148,
doi:10.1016/j.plipres.2015.11.004 (2016).

218  McGarry, J. D. & Brown, N. F. The mitochondrial carnitine
palmitoyltransferase system. From concept to molecular analysis.

131



Bibliography

European journal of biochemistry 244, 1-14, doi:10.1111/j.1432-
1033.1997.00001.x (1997).

219  Soni, M. S. et al. Downregulation of carnitine acyl-carnitine
translocase by miRNAs 132 and 212 amplifies glucose-stimulated
msulin secretion. Diabetes 63, 3805-3814, doi:10.2337/db13-1677
(2014).

220  Miyata, Y. & Shimomura, I. Metabolic flexibility and carnitine
flux: The role of carnitine acyltransferase in glucose homeostasis.
Journal of diabetes investigation 4, 247-249, doi:10.1111/jd1.12064
(2013).

221  Berg, S. M., Beck-Nielsen, H., Faergeman, N. J. & Gaster, M.
Carnitine acetyltransferase: A new player in skeletal muscle insulin
resistance? Biochemistry and biophysics reports 9, 47-50,
doi:10.1016/j.bbrep.2016.11.010 (2017).

222 L, P. P. et al. Elimination of chronic lymphocytic leukemia cells
in stromal microenvironment by targeting CPT with an antiangina
drug perhexiline. Oncogene 35, 5663-5673,
doi:10.1038/0nc.2016.103 (2016).

223 Shao, H. et al. Carnitine palmitoyltransferase 1A functions to
repress FoxO transcription factors to allow cell cycle progression in
ovarian cancer. Oncotarget 7, 3832-3846,
doi:10.18632/oncotarget.6757 (2016).

224 Shi, J. et al. High Expression of CPT1A Predicts Adverse
Outcomes: A Potential Therapeutic Target for Acute Myeloid
Leukemia. EBioMedicine 14, 55-64,
doi:10.1016/j.ebiom.2016.11.025 (2016).

225  Li, J. et al. Inhibition of lipolysis by mercaptoacetate and etomoxir
specifically sensitize drug-resistant lung adenocarcinoma cell to
paclitaxel. PloS one 8, €74623, doi:10.1371/journal.pone.0074623
(2013).

226  Ricciardi, M. R. et al. Targeting the leukemia cell metabolism by
the CPT1a inhibition: functional preclinical effects in leukemias.
Blood 126, 1925-1929, doi:10.1182/blood-2014-12-617498 (2015).

227  Pacilli, A. et al. Carnitine-acyltransferase system inhibition, cancer
cell death, and prevention of myc-induced lymphomagenesis.
Journal of the National Cancer Institute 105, 489-498,
doi:10.1093/jnci/d;jt030 (2013).

228  Jayasri, K., Padmaja, K. & Saibaba, M. Altered oxidative stress and
carbohydrate metabolism in canine mammary tumors. Veterinary

132



Bibliography

world 9, 1489-1492, doi:10.14202/vetworld.2016.1489-1492
(2016).

229  Restucci, B., Martano, M. & Maiolino, P. Expression of
endothelin-1 and endothelin-1 receptor A in canine mammary
tumours. Research in veterinary science 100, 182-188,
doi:10.1016/j.rvsc.2015.03.008 (2015).

230  Fedchenko, N. & Reifenrath, J. Different approaches for
interpretation and reporting of immunohistochemistry analysis
results in the bone tissue - a review. Diagnostic pathology 9, 221,
doi:10.1186/s13000-014-0221-9 (2014).

231  Burrai, G. P. ef al. A first immunohistochemistry study of
transketolase and transketolase-like 1 expression in canine
hyperplastic and neoplastic mammary lesions. BMC veterinary
research 13, 38, doi:10.1186/s12917-017-0961-3 (2017).

232 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) Method. Methods 25, 402-408,
doi:10.1006/meth.2001.1262 (2001).

233 Altamura, G. et al. Expression and activation of platelet-derived
growth factor beta receptor, mitogen-activated protein/extracellular
signal-regulated kinase kinase (MEK) and extracellular signal-
regulated kinase (ERK) in canine mammary tumours. Research in
veterinary science 110, 29-33, do1:10.1016/j.rvsc.2016.10.014
(2017).

234  Szymonowicz, K. ef al. Restraining Aktl Phosphorylation
Attenuates the Repair of Radiation-Induced DNA Double-Strand
Breaks and Reduces the Survival of Irradiated Cancer Cells.
International journal of molecular sciences 19,
doi:10.3390/ijms 19082233 (2018).

235  Zhang, W. & Liu, H. T. MAPK signal pathways in the regulation
of cell proliferation in mammalian cells. Cell research 12, 9-18,
doi:10.1038/sj.cr.7290105 (2002).

236  Linher-Melville, K. ef al. Establishing a relationship between
prolactin and altered fatty acid beta-oxidation via carnitine
palmitoyl transferase 1 in breast cancer cells. BMC cancer 11, 56,
doi:10.1186/1471-2407-11-56 (2011).

237  Balaban, S. et al. Adipocyte lipolysis links obesity to breast cancer
growth: adipocyte-derived fatty acids drive breast cancer cell

133



Bibliography

238

239

240

241

242

243

244

245

246

proliferation and migration. Cancer & metabolism 5, 1,
doi:10.1186/s40170-016-0163-7 (2017).

Van Leeuwen, 1. S., Hellmen, E., Cornelisse, C. J., Van den Burgh,
B. & Rutteman, G. R. P53 mutations in mammary tumor cell lines
and corresponding tumor tissues in the dog. Anticancer research 16,
3737-3744 (1996).

Louie, S. M., Roberts, L. S., Mulvihill, M. M., Luo, K. & Nomura,
D. K. Cancer cells incorporate and remodel exogenous palmitate
into structural and oncogenic signaling lipids. Biochimica et
biophysica acta 1831, 1566-1572,
doi:10.1016/j.bbalip.2013.07.008 (2013).

Delgofte, G. M. & Powell, J. D. Sugar, fat, and protein: new
insights into what T cells crave. Current opinion in immunology 33,
49-54, doi:10.1016/j.c01.2015.01.015 (2015).

Ahn, S. G. et al. Standardized uptake value of (1)(8)F-
fluorodeoxyglucose positron emission tomography for prediction of
tumor recurrence in breast cancer beyond tumor burden. Breast
cancer research : BCR 16, 502, doi:10.1186/s13058-014-0502-y
(2014).

Liberti, M. V. & Locasale, J. W. The Warburg Effect: How Does it
Benefit Cancer Cells? Trends in biochemical sciences 41, 211-218,
doi:10.1016/j.tibs.2015.12.001 (2016).

Manabe, Y., Toda, S., Miyazaki, K. & Sugihara, H. Mature
adipocytes, but not preadipocytes, promote the growth of breast
carcinoma cells in collagen gel matrix culture through cancer-
stromal cell interactions. The Journal of pathology 201, 221-228,
doi:10.1002/path.1430 (2003).

Blucher, C. & Stadler, S. C. Obesity and Breast Cancer: Current
Insights on the Role of Fatty Acids and Lipid Metabolism in
Promoting Breast Cancer Growth and Progression. Frontiers in
endocrinology 8, 293, doi:10.3389/fend0.2017.00293 (2017).
Valentino, A. et al. Deregulation of MicroRNAs mediated control
of carnitine cycle in prostate cancer: molecular basis and
pathophysiological consequences. Oncogene 36, 6030-6040,
doi:10.1038/0nc.2017.216 (2017).

Kim, W. T. et al. Metabolic Pathway Signatures Associated with
Urinary Metabolite Biomarkers Differentiate Bladder Cancer
Patients from Healthy Controls. Yonsei medical journal 57, 865-
871, doi:10.3349/ymj.2016.57.4.865 (2016).

134



Bibliography

247  Guo, H. et al. Integrated transcriptomic analysis of distance-related
field cancerization in rectal cancer patients. Oncotarget 8, 61107-
61117, doi:10.18632/oncotarget.17864 (2017).

248  Muoio, D. M. et al. Muscle-specific deletion of carnitine
acetyltransferase compromises glucose tolerance and metabolic
flexibility. Cell metabolism 15, 764-777,
doi:10.1016/j.cmet.2012.04.005 (2012).

249  Hinderling, V. B., Schrauwen, P., Langhans, W. & Westerterp-
Plantenga, M. S. The effect of etomoxir on 24-h substrate oxidation
and satiety in humans. The American journal of clinical nutrition
76, 141-147, doi:10.1093/ajcn/76.1.141 (2002).

250  Cabrero, A. et al. Down-regulation of acyl-CoA oxidase gene
expression in heart of troglitazone-treated mice through a
mechanism involving chicken ovalbumin upstream promoter
transcription factor I1. Molecular pharmacology 64, 764-772,
doi:10.1124/mol.64.3.764 (2003).

251  Holubarsch, C. J. et al. A double-blind randomized multicentre
clinical trial to evaluate the efficacy and safety of two doses of
etomoxir in comparison with placebo in patients with moderate
congestive heart failure: the ERGO (etomoxir for the recovery of
glucose oxidation) study. Clinical science 113, 205-212,
doi:10.1042/CS20060307 (2007).

252  Martinez-Outschoorn, U. E., Peiris-Pages, M., Pestell, R. G., Sotgia,
F. & Lisanti, M. P. Cancer metabolism: a therapeutic perspective.
Nature reviews. Clinical oncology 14, 11-31,
doi:10.1038/nrclinonc.2016.60 (2017).

253  Conti, R. et al. Selective reversible inhibition of liver carnitine
palmitoyl-transferase 1 by teglicar reduces gluconeogenesis and
improves glucose homeostasis. Diabetes 60, 644-651,
doi:10.2337/db10-0346 (2011).

254  Rufer, A. C., Thoma, R. & Hennig, M. Structural insight into
function and regulation of carnitine palmitoyltransferase. Cellular
and molecular life sciences : CMLS 66, 2489-2501,
doi:10.1007/s00018-009-0035-1 (2009).

255  QGugiatti, E. ef al. A reversible carnitine palmitoyltransferase
(CPT1) inhibitor offsets the proliferation of chronic lymphocytic
leukemia cells. Haematologica 103, e531-e536,
doi:10.3324/haematol.2017.175414 (2018).

135



	5.4 ST1326 triggers apoptosis in CMTcell lines

