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Resumo

0 cancro da mama € uma doenca heterogénea que compreende uma grande variedade de
alteracées moleculares e diferentes tipos de resposta em termos clinicos. Esta diversidade
reside nos multiplos fatores que podem levar a transformacdo maligna das células, em
consequéncia da desregulacdo de diferentes processos fisiologicos.

A regucalcina (RGN) é uma proteina de ligacao ao calcio (Ca?*) e cuja principal funcao conhecida
¢ regular a homeostase do CaZ* intracelular, mas podendo também estar envolvida na regulacao
da proliferacao celular, apoptose e metabolismo das células. A RGN também foi identificada
como um gene regulado por hormonas, incluindo os esteroides sexuais como os androgénios.
Para além disso, foi anteriormente associada a determinadas patologias e tendo mesmo sido
identificada como uma proteina subexpressa em casos humanos de cancro da mama, prostata
ou figado. No figado, a subexpressao da RGN foi detetada em lesdes pré-neoplasicas, ou seja,
antes da aquisicao do fenotipo neoplasico, o que sugere que a sua diminuicao pode estar ligada
ao inicio do processo de transformacdo tumorigénico. Apesar destas evidéncias, os mecanismos
moleculares subjacentes as funcdes da RGN na mama permanecem por identificar. Nesta tese,
colocamos a hipdtese de que a sobreexpressao da RGN podera exercer uma acao protetora em
relacdo a carcinogénese mamaria. De modo a avaliar esta questdao, o composto 7,12
dimetilbenz[a]antraceneno, o qual é conhecido por induzir carcinogénese mamaria em rato,
foi administrado a ratos transgénicos que sobreepressam a RGN (Tg-RGN) e aos respetivos
controlos (Wt, do inglés wild-type). Os ratos Tg-RGN apresentaram, notavelmente, uma menor
incidéncia de tumores (25.8 %) comparativamente aos animais controlo (100 %). A classificacao
histologica também demonstrou uma clara resisténcia dos ratos Tg-RGN a tumorigénese, ao
serem bastante mais resistentes a progressdao dos tumores para estadios mais agressivos.
Verificou-se uma muito menor percentagem de tumores do tipo invasivo nos animais
transgénicos (3.8 % vs 45.8 % nos Wt). Para além disso, foi observado um aumento da atividade
proliferativa nos tumores nao-invasivos nos Wt comparativamente aos animais TG-RGN, o que
indica a menor capacidade invasiva. A avaliacdo metabdlica dos tumores benignos da glandula
demonstrou que os tumores de ratos Tg-RGN possuem uma menor expressao e atividade da
lactato desidrogenase (LDH), caracteristica que normalmente se encontra associada a uma
restricao da progressao tumoral e a um decréscimo da agressividade. Contudo, em tecido
mamario nao-neoplasico de ratos Tg-RGN observou-se uma restricao do metabolismo glicolitico,
o que ¢é indicativo de uma reducao dos niveis energéticos no tecido. Estes resultados podem ser
de extrema importancia para a diminuicao da proliferacdo celular e constituir um mecanismo
adicional, pelo qual a RGN previne o desenvolvimento tumoral. De facto, a sobreexpressao da
RGN originou uma diminuicao da expressao de genes envolvidos na regulacao ciclo celular e de
oncogenes na glandula mamaria de ratos Tg-RGN. Mais ainda, a expressdo do P53 e a atividade

da caspase-3 também foi encontrada aumentadas concomitantemente com a sobreexpressao
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da RGN, o que sugere uma acao protetora da RGN no aparecimento do tumor, a qual pode ser
mediada também pela regulacao das vias apoptoticas. Em contrapartida, a expressao da RGN
em células MCF-7 de cancro da mama diminui pela acdo do androgénio nao-aromatizavel 5a-
dihidrotestosterona, ao passo que a expressdo do canal de Ca?" do tipo L aumentou. Estes
resultados sustentam a diminuicao da viabilidade celular evidenciada nestas células e sugerem
o envolvimento destes modeladores do Ca?* no controlo da proliferacao celular mamaria, o que
no caso do canal de Ca?* do tipo L nunca antes tinha sido sugerido.

Em conclusdo, o trabalho apresentado nesta tese destaca a preponderancia da RGN numa
diversidade de mecanismos fisiologicos e fisiopatologicos na glandula mamaria. As evidéncias
biologicas aqui apresentadas confirmam o papel protetor da RGN na carcinogénese mamaria,
ao restringir processos bioldgicos reconhecidos como fundamentais para o desenvolvimento do
cancro, nomeadamente, a proliferacao celular e as alteracées no metabolismo celular, ao

mesmo tempo que aumenta a morte celular por apoptose.
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Resumo Alargado

0 cancro da mama € uma doenca heterogénea que compreende uma grande variedade de
alteracoes moleculares e diferentes tipos de resposta, em termos clinicos. Apesar da evolucao
clinica registada nos Ultimos anos, o cancro da mama continua a ser a segunda maior causa de
morte a nivel mundial, com cerca 1.7 milhdes de casos confirmados. A dificuldade na
compressao desta doenca reside, em boa parte, na ampla diversidade de fatores que podem
levar a transformacdo maligna das células, em consequéncia da desregulacdo de diferentes
processos fisioldgicos. Alguns dos fatores envolvidos nas alteracdes celulares e transformacao
neoplasica incluem hormonas, fatores de crescimento, oncogenes, genes supressores de
tumores, ou mesmo o estilo de vida, como por exemplo, a dieta, a obesidade ou a pratica de
exercicio fisico regular. Porém a prépria composicao estrutural da mama que, ao incluir células
epiteliais, células estaminais e constituintes do estroma como os fibroblastos, constitui uma
complexidade adicional para o desenvolvimento do cancro da mama. Esta heterogeneidade tem
levado a procura incessante de componentes que permitam uma melhoria na detecéo precoce
da doenca, na classificacao fenotipica tumoral, assim como no desenvolvimento de terapéuticas
mais eficazes.

A regucalcina (RGN) é uma proteina de ligacao ao calcio (Ca?*), cuja principal funcado conhecida
é regular a homeostase do Ca?* intracelular, ao atuar através da modulacao da atividade de
canais e transportadores de Ca?* na membrana celular, reticulo endoplasmatico e mitocondria.
Contudo, a RGN também esta envolvida na regulacado da proliferacao celular, apoptose, stress
oxidativo, metabolismo e sinalizacao celular, de forma independente ou dependente da
calmodulina. A RGN também foi identificada como um gene regulado por hormonas, incluindo
os esterdides sexuais como os androgénios, mas também pelo CaZ* ou mesmo pelo stress
oxidativo. Para além disso, a RGN foi anteriormente associada a determinadas patologias, como
a distrofia muscular ou a doenca de Parkinson e, determinante para este estudo, foi identificada
como uma proteina subexpressa em casos humanos de cancro da mama, prostata ou figado. No
figado, a subexpressdao da RGN foi detetada em lesdes pré-neoplasicas, ou seja, antes da
aquisicao do fendtipo neoplasico, o que sugere que a sua diminuicao pode estar ligada ao inicio
do processo de transformacdo tumorigénico. Apesar destas evidéncias, os mecanismos
moleculares subjacentes as funcdes da RGN na mama permanecem por identificar. Nesta tese,
colocamos a hipdtese de que a sobreexpressao da RGN podera exercer uma acao protetora em
relacdo a carcinogénese mamaria. De modo a avaliar esta questdao, o composto 7,12
dimetilbenz[a]antraceneno, o qual é conhecido por induzir carcinogénese mamaria em rato,
foi administrado a ratos transgénicos que sobreepressam a RGN (Tg-RGN) e aos respetivos
controlos (Wt, do inglés wild-type). Os ratos Tg-RGN apresentaram, notavelmente, uma menor
incidéncia de tumores (25.8 %) comparativamente aos animais controlo (100 %). A classificacao

histologica dos tumores também demonstrou a clara resisténcia dos ratos Tg-RGN a
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tumorigénese, ao serem bastante mais resistentes a progressao dos tumores para estadios mais
agressivos. Verificou-se uma muito menor percentagem de tumores do tipo invasivo nos animais
transgénicos (3.8 % vs 45.8 % nos Wt), e estes foram os Unicos a desenvolverem tumores com
caracteristicas de lesdes pré-neoplasicas. Nenhum animal Wt apresentou lesdes pré-neoplasicas
da glandula mamaria. Para além disso, foi observado um aumento da atividade proliferativa
nos tumores nao-invasivos nos Wt, comparativamente aos animais TG-RGN, o que indica a
menor capacidade invasiva. A avaliacdo metabdlica dos tumores benignos da glandula
demonstrou que os tumores de ratos Tg-RGN possuem uma menor expressao e atividade da
lactato desidrogenase (LDH), caracteristica que normalmente se encontra associada a uma
restricao da progressao tumoral e a um decréscimo da agressividade. Estes resultados estao de
acordo com a diminuicdo do indice proliferativo, avaliado pela marcacao do Ki67 nestes tumores
nao-invasivos. Contudo, em tecido mamario nao-neoplasico de ratos Tg-RGN observou-se uma
restricdo do metabolismo glicolitico, ao se verificar uma menor concentracao de glucose no
tecido, que se supde dever-se a diminuicdo da expressao do transportador de glucose 3. Para
além disso, o decréscimo dos niveis de expressao e atividade da fosfofructocinase, uma enzima
limitante da glicolise, na glandula mamaria dos ratos Tg-RGN, sugere uma restricido do
metabolismo glicolitico e é indicativo de uma reducao dos niveis energéticos no tecido.
Adicionalmente, em tecido mamario ndo-neoplasico foram encontrados niveis elevados de
lactato, o que se pensa poder estar associado ao decréscimo de expressdao de um dos
transportadores, o MCT4, e ao aumento da atividade da LDH. Niveis intracelulares elevados de
lactato estao descritos como podendo promover a inibicao da glicolise. Assim, estas alteragdes
metabodlicas podem ser de extrema importancia para a diminuicdo da proliferacao celular e
constituir assim um mecanismo adicional, pelo qual a RGN previne o desenvolvimento tumoral.
De facto, a sobreexpressao da RGN originou uma diminuicao da expressao de genes envolvidos
na regulacao ciclo celular, como a Cdk1 e o oncogene Myc, na glandula mamaria de ratos Tg-
RGN. Mais ainda, a expressao do P53 e a atividade da caspase-3 também se encontraram
aumentadas concomitantemente com a sobreexpressao da RGN, o que sugere uma acao
protetora da RGN no aparecimento do tumor, a qual pode ser mediada também pela regulacdo
das vias apoptoticas. Em contrapartida, a expressao da RGN em células MCF-7 de cancro da
mama diminui pela acdo do androgénio ndo-aromatizavel 5a-dihidrotestosterona, ao passo que
a expressao do canal de Ca?* do tipo L aumentou. Estes resultados sustentam a diminuicao da
viabilidade celular evidenciada nestas células e sugerem o envolvimento destes modeladores
do Ca?" no controlo da proliferacdo celular mamaria, o que no caso do canal de Ca?* do tipo L
nunca antes tinha sido sugerido.

Em conclusdo, o trabalho apresentado nesta tese destaca a preponderancia da RGN numa
diversidade de mecanismos fisiologicos e fisiopatologicos na glandula mamaria. As evidéncias
biologicas aqui apresentadas confirmam o papel protetor da RGN na carcinogénese mamaria,
ao restringir processos bioldgicos reconhecidos como fundamentais para o desenvolvimento do
cancro, nomeadamente, a proliferacao celular e as alteracées no metabolismo celular, ao

mesmo tempo que aumenta a morte celular por apoptose.



Abstract

Breast cancer is a heterogeneous disease that comprises a wide variety of molecular alterations
and divergent clinical behaviors. This diversity resides in a plethora of factors that can drive
cell malignant transformation, by the deregulation of basic physiological pathways that are
recognized as the cancer hallmarks. Regucalcin (RGN) is a calcium (Ca?*)-binding protein known
to play an important role in intracellular Ca** homeostasis, but it is also involved in the
regulation of multiple intracellular signaling pathways such as cell proliferation, apoptosis and
metabolism. RGN also has been identified as a hormonally regulated gene, which includes the
sex steroids androgens. Furthermore, RGN was previously associated with pathological
conditions and described as a protein underexpressed in human breast, prostate and liver
cancer cases. In the liver, it was demonstrated that RGN underexpression occurs in pre-
neoplastic lesions before the acquisition of neoplastic phenotype, which thus implicates RGN
loss in the tumorigenic transformation. In spite of this evidence, the molecular mechanisms
underlying RGN actions in the breast remain to be identified. In the present thesis, we
hypothesized that RGN overexpression may exert a protective action against mammary
tumorigenesis. To address this issue, transgenic rats overexpressing RGN (Tg-RGN) and wild-
type (Wt) controls were treated with 7,12-dimethylbenz[a]anthracene, a compound recognized
to induce carcinogenesis of rat mammary gland. Tg-RGN rats displayed a remarkable lower
incidence of tumors (25.8 %), comparatively with their Wt counterparts (100 %). Tumor
histological classification also clearly showed that Tg-RGN rats are resistant to cancer
progression into more aggressive stages, as indicated by the lower percentage of invasive
tumors types (3.8 % vs 45.8 % in Wt). Moreover, higher proliferative activity was observed in
non-invasive tumors of Wt comparatively with those of Tg-RGN animals. The metabolic
evaluation of these tumors demonstrated a lower expression and activity of lactate
dehydrogenase (LDH) in Tg-RGN rats, which is a feature associated with restricted tumor
progression and lower aggressiveness. Notwithstanding, in the non-neoplastic mammary gland
of Tg-RGN rats a restriction of the glycolytic metabolism was observed, which indicates a
reduction of the energy levels in the tissue. These results may be quite relevant to slowdown
cell proliferation, and may constitute an additional mechanism by which RGN prevent tumor
development. Indeed, RGN overexpression suppressed the expression of cell cycle regulators
and oncogenes in the mammary gland of Tg-RGN rats. Besides that, P53 expression and caspase-
3 activity were also augmented in response to RGN overexpression, which suggests that the
protective role of RGN against tumor onset may also be mediated by the modulation of
apoptotic pathways. On the other hand, RGN and L-type Ca?* channel were found to be down-
regulated and up-regulated, respectively, by the non-aromatizable androgen 5a-

didydrotestosterone in MCF-7 breast cancer cells. These results underpinned the decreased



viability of MCF-7 cells and suggest the involvement of Ca?* regulators, RGN and L-type CaZ*
channels, in the control of breast cell proliferation.

In conclusion, the work presented in this thesis highlighted the influence of RGN in a plethora
of physiologic and pathophysiologic mechanisms of the mammary gland. The biologic evidence
presented herein confirmed the protective role of RGN in mammary carcinogenesis, by
restraining biological processes recognized as the hallmarks of cancer, namely, cell

proliferation and metabolism, or by enhancing apoptotic cell death.

Keywords

Apoptosis; Breast cancer; Glycolytic metabolism; Mammary gland; Proliferation; Regucalcin;
Tg-RGN;
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Brief overview of mammary gland physiology

The size, shape and function of the mammary gland vary accordingly to the phase of human
life. Breast development initiates in the fetus and undergoes similar processes both in male
and female until puberty, when different hormonal actions start to regulate their size [1, 2].

During mammalian embryonic development the mammary buds, or anlagen, are formed after
thickening of the epithelial layer, placode, and invagination into the mesenchyme (Figure I.1).
In humans, only a pair of placodes is formed during the first trimester of pregnancy. Cell
extension from the mammary bud through the fat pad establishes a rudimentary gland [2-4].
The terminal end bunds (TEBs) are sites constituted by high proliferative cells at the tip of
growing ducts. Body and cap cells at TEBs differentiate, respectively, into the luminal and basal
myoepithelial cells of mammary gland. The basal myoepithelial cells underlie luminal epithelial
cells and duct formation [1, 2]. Myoepithelial cells also contribute to the synthesis of the
basement membrane separating the epithelium from the connective tissue [5-7]. At puberty,
female hormones trigger the expansion of ducts throughout the fat pad, and once ducts growth

ceases TEBs structures disappear (Figure 1.1) [1, 2].
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Figure I.1. Development of mouse mammary gland. Epithelium thickening in the embryo, placode,
initiates mammary gland growth. Cells invagination give raise to mammary bud and latter invasion of fat
pad establish a rudimentary gland maintained until puberty. Hormonal signaling stimulate formation of
terminal end buds (TEB) whose extension leading to duct and epithelial tree formation (Adapted from
Gjorevski and Nelson, 2011[2]).



Epithelial trees are formed by successive ducts elongation, bifurcation and lateral branching
into numerous alveolus units that constitute the lobular structure of the mammary gland (Figure
I.1). The adult human mammary gland is composed of 15 to 20 lobes embedded in stroma or
connective tissue, also called fat pad, which include components as adipocytes, fibroblasts,
neurons, blood vessels and immune cells. Each lobe is constituted by several alveoli and each
alveolus is the functional unit of the mammary gland. Several epithelial collecting ducts
draining alveolar secretions join in a single individual duct opening at the tip of nipple (Figure
1.2) [3, 8].

After puberty, the mammary gland undergoes cycles of growth and involution, closely regulated
by menstrual cycle, or cycles of pregnancy and lactation. A balance between cell proliferation
and cell death occur to keep the mammary structure at the starting point of the menstrual
cycle. However, this is not fully achieved since at each menstrual cycle, the development of
mammary originates a slight promotion of new budding until the age of 35 years [9].

During pregnancy, the mammary gland undergoes maturation changes in branching
development together with the alveologenesis. The luminal epithelial alveoli cells are the
responsible for milk synthesis and secretion into the alveolar lumen, while the contractile
myoepithelial cells participate in milk ejection and movement from the ducts to the nipple. As
soon as lactation stimulation ends, the involution process initiates and the removal of alveoli
by cell death mechanisms restore the normal ductal structure [1, 3, 4, 8, 10]. In each cycle of
pregnancy and lactation, growth and involution is repeated whereas at post-menopausal period

the cycle is finished and additional involution occurs [10].
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Figure I.2. Anatomy of the human mammary gland (Ali and Coombes, 2002 [8]).



The capacity of breast regeneration following each cycle of expansion and involution, led
researchers to propose a model where the distinct cell lineages of mammary epithelium could
be originated from the mammary stem cells (MSCs). It was postulated that MCSs generate
themselves, maintaining the pool of stem cells, and also the epithelial precursor cells (EPCs).
Subsequently, EPCs give rise to the progenitors of myoepithelial and luminal cells, which
ultimately differentiate into the myoepithelial and luminal cells confined to the ductal or
alveolar structures [1, 11-13]. Also, the activity of stem cells has been commonly accepted to
be present on TEBs structures, therefore, the MSCs should be capable of regenerate the entire
architecture of mammary gland epithelium [12]. This question has been a matter of debate but
recent techniques allowed further elucidation on the subject, and several evidence support the
stem cells hypothesis, though conflicting observations persist [4, 14].

Adipocytes, though viewed as a passive tissue, are quite active in the mammary gland and
display the ability to modulated mammary epithelial growth and function. Adipocytes secrete
the vascular endothelial growth factor that probably controls angiogenesis, and modulate the
glandular epithelial function and breast development. Also, adipocytes are an important source
of lipids during pregnancy and lactation, being observed a reduction of lipid content mostly
during milk production [4, 15].

Fibroblasts are other fundamental cellular component of the stroma and their main functions
involve the reciprocal signaling with epithelial cells, which includes the secretion of growth
factors that support cell survival and branching morphogenesis in the fat pad [16, 4].
Additionally, fibroblasts influence cellular functions through the synthesis of collagen,
proteoglycans or fibronectin, and metalloproteinases enzymes of the matrix. These enzymes
besides promoting the degradation of extracellular matrix secrete growth factors and
cytokines, and also affect morphogenesis [2, 4, 17].

The pronounced development of mammary gland occurs particularly during the hormone-
dependent stages, namely, puberty and pregnancy. The female hormonal milieu is controlled
by the hypothalamic-pituitary-ovarian axis, which is maintained under a feedback regulation.
The gonadotropin releasing hormone (GnRH) released from the hypothalamus activates the
pituitary gland to synthesize and secrete gonadotropins, the luteinizing hormone (LH) and the
follicle stimulating hormone (FSH). In turn, LH and FSH act in the ovaries promoting the
development and maturation of ovarian follicles that subsequently produces 17B8-estradiol (E;)
and progesterone. E, is the main mitogenic player in the mammary gland during puberty
responsible for inducing growth of ducts and glandular structures. In each menstrual cycle
throughout woman reproductive life, though with less exacerbated effects, E; and progesterone
cooperate to the development of mammary alveolar lobules. In pregnancy, prolactin released
by the pituitary induces the proliferation of mammary epithelial cells and milk production at
the alveoli during lactation. Finally, prolactin inhibits the release of GnRH suppressing the

stimulation of the hypothalamus and preventing ovulation [18].



Breast cancer

Breast carcinoma is a multifaceted disease that affects millions of patients every year. lIts
complexity results of being a heterogeneous disease that embraces diverse biological features
and divergent clinical behaviors [19]. Several factors are well recognized to affect the
malignant transformation of breast cells, which comprises hormones, growth factors,
oncogenes, tumor suppressor genes, or even lifestyle, as diet, obesity, and physical exercise
[20-22]. Estimates of cancer incidence indicated that, in 2012, breast cancer was the second
most common cancer worldwide, with 1.7 million cases reported [23]. In 2015, only in the
United States, 232 000 new cases are expected to be diagnosed, being the most common type
of cancer and the second leading cause of death among women. The probability of an individual
to develop invasive breast cancer during its lifetime, determined between 2009 and 2011 in the
United States, was one in eight (12.3 %), and represent the second highest only after prostate
cancer (15 %) [24]. As will be detailed in the following topic, breast cancer can be histologically
classified mainly as noninvasive (in situ carcinoma) or invasive carcinoma (ductal or lobular).
The ductal subtype accounts about 75 % of all breast cancer cases [11]. Within the in situ
carcinoma the ductal carcinoma in situ (DCIS) is foremost more common than the lobular
carcinoma in situ (LCIS).The invasive carcinoma comprehend diverse subtypes, with the

infiltrating ductal carcinoma (IDC) representing an astonishing proportion (80 %) of cases [25].

Development and histopathological classification

Breast carcinoma is a complex heterogeneous disease with different histopathological subtypes
characterized by distinct molecular signatures, which may determine the therapeutic response
and/or the clinical outcome. Some of the breast cancer diversity resides within the singular
features of mammary gland, including the multiplicity of components present in their
architecture, namely, the epithelial cells, MSCs or microenvironmental constituents that can
play a role in tumor development [14, 26-29].

The traditional system of breast cancer classification is based on biologic findings and clinical
behavior, accordingly to the histological grade and subtype. The histological grade encompasses
the morphological evaluation of the tumor biological degree of differentiation (tubule
formation and nuclear pleomorphism) and growth pattern [26]. Although had lost interest
comparatively with other classification systems, the histological grade maintains clinical
usefulness as it is correlated to molecular subtype and is viewed as a complement to new
methodologies. The histological type refers to the proliferative pattern of tumors. Considering
the existent histological diversity in breast cancer particular morphological and cytological
patterns are applied to determine the clinical prognosis and outcome [26, 30].

Contrastingly with other human cancers, no definitive model of breast cancer development has

been established. This is due to difficulties in applying markers and identifying features



specifically enough to characterize different stages of carcinoma progression [25]. However,
based on epidemiologic and morphologic data, a classic model was proposed to illustrate the
neoplastic evolutional steps. Normal tissue transformation generate flat epithelial atypia (FEA),
that progresses into atypical ductal hyperplasia (ADH), advances to DCIS, considered as the
precursor of IDC, and culminates in the metastatic ductal carcinoma [11]. Although considered
for a long time as a non-obligate precursor of IDC, new evidence supports DCIS as a progressive
stage to invasive breast cancer. For example, they share the same anatomical site and possess
similar classification subtypes according with the expression of estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth receptor 2 (HER-2), among other
molecular biomarkers. Despite this, and the fact that DCIS detection has increased in last years
its usefulness to predict whose patients will actually develop invasive disease is still scarce.
This is mostly explained by the absence of specific histopathological or molecular markers that
may predict the transition of DCIS to invasive breast cancer types [29, 31]. However, the
assessment of ER, PR, and HER-2 markers is clearly recommended in the evaluation of all
invasive carcinomas, what is not totally established concerning DCIS [25].

The implementation of a classification system based on molecular biologic markers has implied
a significant advance in understanding breast cancer and its clinical outcome, as well as, the
application of the most appropriate therapies [25]. The classic molecular classification grouped
breast cancer into the luminal A, luminal B, basal-like and HER-2 subtypes [32]. The luminal
subtypes are ER positive and/or PR positive, and are characterized as luminal A or luminal B,
accordingly to the HER negative or HER positive status, respectively. The basal-like subtype is
triple negative for ER, PR and HER though it may be positive for epidermal growth factor
receptor (EGFR). The HER-2 subtype is characterized by ER and PR negative status but
overexpression of HER-2 [32, 33].

Breast tumors are further characterized by the analysis of other molecular markers. The
luminal-like subtype expresses cytokeratins (CKs) 8 and 18 associated to luminal epithelial cells
[26]. The luminal A is the most common subtype (60 %) presenting frequently, low histologic
grade, mitotic rate and degree of nuclear pleomorphism, being the subtype with the best
prognosis and lowest relapse rate [32]. Luminal B subtype is found in about 20 % of the tumors
cases and displays a more aggressive phenotype of worse prognosis with higher histologic grade,
proliferation and recurrence comparatively to luminal A [34]. As stated above, the HER-2
subtype is characterized by the overexpression of HER-2 protein that belongs to the tyrosine
kinase receptor family, and represents 15 % to 20 % of all tumors subtypes [32] . HER-2 positivity
confers a stronger aggressive state as clinic behavior with the tumors exhibiting higher
histological and nuclear grade, and an elevated proportion of these tumors (~40 %) presenting
p53 mutations [32, 34]. The basal-like tumors are identified in 8 % to 37 % of breast cancers
that express high levels of myoepithelial markers, such as CK5, CK6, CK14, CK17, and laminin.
The basal-like subtype also presents a very high frequency of p53 mutations (80 %), which is
related to the genomic instability and inactivation of the retinoblastoma pathway, and presents

the worst prognostic and clinical outcome. Despite being negative for ER, PR, and HER-2, the



basal-like is not synonymous of the so-called triple-negative breast cancer. The former is
classified by microarray analysis of gene expression, and the triple-negative breast cancers are
evaluated by the immunohistochemical determination of ER, PR and HER-2. In fact, studies
indicate that there exists a variance of about 30 % among them [32, 34-36].

As mentioned above, no definitive model exists to explain the emergence of breast cancer.
Indeed, the breast cancer origin has been a matter of debate, and two conceptual hypotheses
have aroused, the clonal and the cancer stem cell or “tumor-initiating cells” model, which is
supported by the concept of MSCs, that drive carcinoma initiation, progression and recurrence
[11, 14]. The clonal model states that tumor initiation results from transforming insults that
drive genetic and epigenetic alterations in a single cell, whose accumulation of events confer
additional genetic advantages to their survival and abnormal progression [11, 29]. The cancer
stem cell theory argues that a small subset of cells within the tumor can start and maintain
tumor progression, while the remaining cells have low tumorigenic potential [11, 25].
Conceptually, MSCs should have a higher propensity to oncogenic transformation and to
accumulate mutations over their long lifetime than differentiated cells [14]. Although the two
models may compete, they may not be necessarily exclusive but are eventually complementary
in the explanation of tumor initiation and progress, and it has been suggested that stem cells
also may undergo clonal expansion [11, 25, 29]. Recent studies refer that tumors are
heterogeneous identities with genetic variations [37], which may be consequence of different
mutations within the same target cell or that distinct tumor subtypes result from distinct cells

within the tissue that serve as the origin of cells [38].

The role of sex steroid hormones and genetic deviations

Breast cancer was established as a hormone-dependent disease long time ago. The association
between cancer and hormones remounts back to the year 1880, upon the observation that the
removal of the ovaries induced clinical benefits to breast cancer patients [39, 40]. In fact,
prolonged exposure to estrogens as the consequence of an early menarche and late menopause
is an important determinant factor associated with an increased risk of breast cancer
development [39]. Another associated factor is the increased levels of circulating estrogens
[41]. Augmented levels of estrogens may result from an overproduction by increased aromatase
activity in the adipocytes or conversion of elevated circulating levels of androgens
(androstenedione and testosterone (T)) [39, 41]. Another risk can include the exposure to
hormones resulting from the use of oral contraceptives [13]. Additionally, findings on the
appearance of estrogen-dependent breast cancer in postmenopausal women, displaying low
circulating levels of estrogens, pointed to a local production of steroids hormones in tumor
tissues [42]. This intratumoral localized production depends on the availability of precursors
steroids such as dehydroepiandrosterone that is synthesized in the adrenal cortex but not in
the ovary [42]. This evidence linked breast cancer and the hormonal actions, with estrogens,

and predominantly E;, playing a central role in breast carcinogenesis.



Estrogens actions are mediated by the classical estrogen receptors (ERs), by the metabolization
of estrogens, or also by ER-independent pathways [39, 41, 43, 44]. Nonetheless, carcinogenesis
may arise from E, oxidative metabolites, namely, the 4-hydroxycatechol and the 2-
hydroxycathecol, which can also bind the ER, forming an active estrogen-ER complex able to
exert biological effects [39, 41].

The ER subtypes ERa and ERB have the same structural domain organization with six distinct
functional domains (A-F). The DNA-binding domain (domain C) presents 96 % homology between
ERa and ERB proteins, whereas the ligand-binding domain (domain E) shows only 53 % of
sequence identity [44, 45], which allow some ligand specificity and the development of specific
agonists and antagonists. Nevertheless, the ERa and ERB share the same mechanism of action
characteristic of the nuclear receptor superfamily of ligand-activated transcription factors [44,
46]. In the absence of ligand the ERs are inactive and associated with heat-shock proteins [20,
47]. Upon ligand binding, the receptors undergo conformational changes, establish homodimers
and/or heterodimers and are autophosphorylated becoming fully activated [20, 44, 45]. ER
dimers then bind directly to the DNA through the highly conserved zinc-finger domains in the
DNA-binding domain of the receptors, which recognize the estrogen response elements (EREs)
consensus sequences, regulating gene transcription [44]. Alternatively, transcription of target
genes could be indirectly activated or repressed by protein-protein interaction of ER with other
transcription factors, as for example the activator protein 1 (AP1) or p53 [44, 45]. A substantial
amount of data also has been demonstrating that estrogens may elicit rapid, non-genomic
effects by interaction of ERs with components of the mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinase (PI3K), EGFR and HER-2 pathways, or through the activity of the
G-protein coupled ER, the GPER. These actions may occur within few minutes after exposure
to estrogens but also may lead to the regulation of gene expression through the activation of
other transcription factors in the signaling cascade [45].

Despite sharing a common structure and the same mechanism of action, ERs exert distinct
cellular functions and are widely expressed in several tissues, including the mammary gland.
The distinct functions of ERs subtypes may depend on the relative abundance and cellular
localization of both ERs. Nevertheless, ERa is commonly associated with the promotion of breast
cancer cell proliferation by inducing the expression of Myc and cyclin D1 but positive expression
of ERa is correlated with a better response to treatment and clinical prognosis [20, 45]. Indeed,
in clinical diagnosis ER positivity refers only to the staining of ERa subtype and it is accepted
as the intermediate in estrogen-mediated breast carcinogenesis [20, 39]. Contrarily, the ERB
seems to counteract ERa effects inhibiting cell proliferation, growth and angiogenesis [45].
Notwithstanding the central role of estrogens in breast development and carcinogenesis, also
the sex steroid hormones androgens have an important function in breast physiology and
pathology [48-51]. In fact, androgens were used as breast cancer therapy before the
development of the anti-estrogenic therapeutic approaches, which led to loss of interest in the

androgenic treatments [52]. Although the androgenic effects are far from generating a



consensus given the existence of conflicting results, a substantial amount of studies have shown
the inhibitory effect of androgens on proliferation of breast cells [48, 52-55].

Androgens are produced by the ovaries, the adrenal glands but like estrogens also can be
synthesized locally in the breast [50, 56, 57]. The main androgens present in the blood of
premenopausal women are T and 5a-dihydrotestosterone (DHT), which are ligands of the
androgen receptor (AR) [50, 58]. The potent androgen DHT [51] is a metabolite of T resulting
from the enzymatic activity of 5a-reductase [49, 52] . T also can be converted to E; by the
aromatase enzyme. The androgenic effects are mediated by the AR, a transcription factor of
the nuclear receptor superfamily that regulates gene expression in several biological contexts
[59], with a mechanism of action similar to that described for ERs. AR effects also involve the
regulation of PI3K/AKT/MAPK signaling pathways and P53 or other cell cycle regulators [52].
For example, DHT inhibits cell growth by activation of P53 expression in MCF-7 cells [60].
Moreover, AR and ERa crosstalk is thought to antagonize the ERa signaling in breast cancer cells
[51, 52].

In breast cancer, AR is detected in up to 90 % of primary breast cancers and 75 % of metastasis
[51, 52], and its expression is correlated with several pathologic parameters, namely, lower
histological grade and smaller tumor size, and is associated with a favorable prognosis and
overall survival [51, 61, 62]. Moreover, AR is highly expressed in luminal types but more
frequently in luminal A breast cancers, and AR positivity is the lowest in basal-like breast cancer
though some studies suggested that AR may contribute to resistance to therapy.

Besides the hormonal factors, genetic susceptibility may also influence breast carcinogenesis,
with some gene mutations increasing the risk to breast cancer. Hereditary breast carcinoma
accounts for a small percentage, around 10 %, of all of breast cancer cases [63]. The first
susceptible gene described was the breast cancer suppressor gene 1 (BRCA1) and afterwards
the BRCAZ2 [64-68]. A defective copy of one of BRCA1 or BRCA2 alleles in the germline is enough
to cause predisposition to malignancy [65, 66]. The BRCA1 gene is composed of 22 exons
encoding a 220 kDa protein that structurally encompasses three main domains, the N-terminal
RING domain, the nuclear localization signal domain (NLS) and the BRCA1 C-terminal domain
(BRCT) [64]. The BRCA2 gene consists in 27 exons and encodes a protein of 3418 amino acids
[68]. Functionally, BRCA1 protein assumes diverse functions that include DNA repair,
transcriptional activation, cell cycle regulation, chromatin remodeling and protein
ubiquitination [63, 64], essential processes in the maintenance of genomic stability. Also, the
BRCA2 protein is involved in DNA repair [68]. Whereas 90 % of breast cancer tumors are
sporadic, the basal-like subtype accounts for 15-20 % of cases, and a significant fraction of
these patients are BRCA1 mutation carriers [63]. BRCA1 has been shown to interact with ERa
and AR. Its actions together with ERa seem to inhibit the downstream signaling by the down-
regulation of expression of genes involved in the control of replication and maintenance of
genome integrity, as well as, the diminishing estrogen synthesis via the inhibition of aromatase

encoding genes [63, 64]. In the case of AR, the interaction with BRCA1 allow the enhancement
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of AR activity, and studies have shown that BRCA1 mutations are correlated with a lower
prevalence of AR [69].

Actually, multiple genes have been applied to estimate the risk of breast cancer and several
predictive models have been proposed [70, 71], an issue that has been recently reviewed and

is out of the scope of this thesis.

Metabolic reprogramming and progression of disease

The metabolic changes that occur in cell malignant transformation are distinctive and,
currently, recognized as a hallmark of carcinogenesis [72]. Otto Warburg first reported that
cancer cells produce energy preferentially by glycolysis in detriment of oxidative
phosphorylation (OXPHOS), even in the presence of oxygen [73-75]. This metabolic switch in
cancer cells towards the “aerobic glycolysis” increases glucose uptake, the glycolic flux and
diverts pyruvate to the production of lactate, as a consequence of OXPHOS impairment [76,
77]. The hyperglycolytic phenotype is thought to be common to almost, if not, all human
cancers and is known as the “Warburg effect” [77, 78]. In breast cancer, several mutations in
the mitochondrial DNA were described, namely in complex | and complex Il related genes, which
supports the Warburg hypothesis [77]. A growing body of evidence is, in fact, contributing to
improve the understanding of this heterogeneous disease on the basis of metabolic alterations
[79].

Glycolysis is the pathway that converts glucose into pyruvate through multi-sequential
enzymatic steps (Figure 1.3). Normally, pyruvate is imported into the mitochondria where it is
enzymatically oxidize to acetyl coenzyme A by the pyruvate dehydrogenase. Afterwards, acetyl
coenzyme A enters the tricarboxylic acid (TCA) cycle with some of the resulting products
flowing into the OXPHOS for an improved efficient energy yield [80].

The described process starts with the uptake of glucose, which is mediated via glucose
transporters (GLUTs) family members [81]. GLUTs were shown to be highly expressed in diverse
neoplastic conditions, and some of these transporters have been associated with breast cancer,
namely GLUT1, GLUT3, GLUT5 or GLUT12 [82-85]. The expression of GLUT1 and GLUT3 have
been strongly associated with poorly differentiated (grade 2 and grade 3) breast tumors [82],
while negative GLUT1 expression was correlated with increase disease-free survival [86].

The enzymes that control the glycolytic pathway, such as the phosphofructokinase-1 (PFK), also
have been linked to the “Warburg effect”. PFK catalyzes the conversion of fructose 6-phosphate
into fructose 1,6-bisphosphate, a rate-limiting step and irreversible reaction of glycolysis, and
an overactivation of PFK, as well as, a resistance to its inactivation has been described in cancer
cells [80]. Breast cancer tissues showed an increased glycolytic efficiency and a differential
expression pattern of PFK isoforms, which followed the stage of tumors development [87, 88].
Besides the higher rates of glucose uptake and glucose metabolization, to be able to proliferate
cancer cells also need to increase the biosynthesis of nucleotides, macromolecules and lipids.
This is achieved by the consumption of NAD*, NADPH, and ATP [78, 80, 89].
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For nucleotide synthesis, glucose 6-phosphate obtained by conversion of glucose via

hexokinase, enters the pentose phosphate pathway yielding ribose 5-phosphate and NADPH,

both indispensable to the biosynthesis of DNA, fatty acid and redox system (Figure 1.3) [76, 90,
91].
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Figure 1.3. Schematic representation of metabolic pathways. In glycolysis, glucose is transported to the
cytosol by glucose transporters (GLUTs), where it is initially converted to glucose 6-phospahte (Glucose
6-P) by hexokinase (HK). Glucose 6-P is then isomerized to fructose 6-phospahte (Fructose 6-P), which is
followed by an additional phosphorylation step to produce fructose 1,6-bisphosphate (FBP), a reaction
catalyzed by phosphofructokinase (PFK), an irreversible and rate limiting step of glycolysis. After
additional reaction steps (not shown) pyruvate is produced as the end product of the glycolytic pathway.
In the mitochondria, pyruvate dehydrogenase (PDH) oxidizes pyruvate to acetyl coenzyme A (Acetyl CoA),
which enters to the tricarboxylic acid (TCA) cycle. In the cytosol, pyruvate is also converted to lactate by
lactate dehydrogenase (LDH). Lactate is the exported to the extracellular space by the monocarboxylate
transporters (MCT). Nucleotide synthesis is achieved through entrance of glucose 6-P to the pentose
phosphate. Metabolization of the amino acid glutamine supports energy production and fatty acids
synthesis. Alanine conversion also can yield pyruvate. Legend: NADH, Nicotinamide adenine dinucleotide
reduced; NADPH, Nicotinamide adenine dinucleotide phosphate reduced; Solid arrows indicate a single
reaction step; Dashed arrows, symbolize multiple reactions steps

As lipid synthesis is dependent on the energy obtained from glycolysis, the TCA cycle, and the
pentose phosphate shunt [78], the amount of pyruvate available in tumor cells could not sustain
the overproduction of lactate. So, cancer cells make use of an additional strategy to obtain
energy by metabolization of amino acids in the TCA cycle [78, 92]. Glutamine that is the most
abundant amino acid, but also, alanine are alternative energetic fuel sources for the
proliferation of cancer cells. In fact, it is well described that cancer cells utilize great amounts
of amino acids to provide intermediates to TCA cycle used in the synthesis of lipid or to maintain
the overproduction of lactate [93-96].

Pyruvate is the end product of glycolysis but the metabolic rate is dependent on the cytosolic

availability of NAD*, a cofactor of lactate dehydrogenase (LDH) enzyme. Thus, the maintenance
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of higher rates of NAD* regeneration is achieved by the transformation of pyruvate into lactate
with the simultaneous conversion of NADH and NAD* via LDH activity, which allows the
continuity of a high glycolytic rate (Figure 1.3) [80, 91, 97].

LDH silencing in breast cancer cells has been demonstrated to suppress tumor initiation and
proliferation, both in vivo and in vitro, whereas it increases oxidative stress and apoptosis [98,
99]. Suppression of LDH inhibited metastasis, and reduced glucose consumption and glycolysis
[99]. Others findings also referred that augmented glucose uptake and lactate production, and
increased expression of LDH accompanied the transformation of breast cancer cell lines into
more aggressive stages [100]. In the same way, triple negative breast tumors express high levels
of LDH, which were correlated with poor clinical outcomes [101].

The lactate overproduced by the cancer cells is extruded into the extracellular space via
monocarboxylate transporters (MCTs), which avoids its intracellular accumulation (Figure 1.3).
The lactate is transported together with a proton through a facilitated diffusion process [102,
103]. Thus, lactate removal from the cytoplasm of highly glycolytic cells promotes an
acidification of the surrounding microenvironment, but since cancer cells are resistant to this
conditions, this confers them a survival advantage against attacks from the immune system,
which favors tumors invasion [89, 104, 105].

The family of MCTs is composed of 14 members of which the best characterized are the MCT1
to MCT4 [106]. Depending on the specific MCTs, the monocarboxylate can be imported or
exported [105], and MCT4 is the MCT involved in the export of lactate [107]. The majority of
tumors present an over-expression of MCTs proteins, and MCT4 was shown to be highly
expressed in HER-2 positive breast cancers, as well as in triple negative tumors with association
to overall survival decrease [108, 109]. Additionally, it was observed that MCT4 regulates cell
survival since its depletion led to a reduced growth of breast cancer cells [109]. Also, the
expression of MCT1 was associated to breast cancer subtypes, histological grade or proliferative
status [110] whereas its inhibition decreased cell proliferation, migration and invasion [111].
Therefore, significant research efforts are using metabolomic approaches to understanding
better the disease, to identify new therapeutic targets and to predict the therapeutic response

in breast cancer cases.

Calcium players in breast carcinogenesis

Calcium (Ca?*) ion is an intracellular secondary messenger commonly recognized in the control
of diverse cellular processes depending on its location, concentration, and frequency of
release. It is known that deviations in the intracellular Ca?* levels following deregulated
expression of Ca?* handling proteins have implication in the physiology and pathophysiology of
mammary gland [112]. Accordingly, Ca?* signaling has been viewed as an important therapeutic
target also given the involvement of different Ca?* regulators in the known hallmarks of cancer,

namely cell proliferation, apoptosis, angiogenesis, and invasion and metastasis [113].

13



The maintenance of intracellular Ca?* levels is maintained by the orchestrated activity of
several proteins (Figure 1.4), which includes CaZ* channels, Ca?* pumps, and diverse Ca**-binding
proteins.

Ca* channels are localized in the plasma membrane and intracellular Ca?* storage organelles
[112]. The plasma membrane Ca%* channels control Ca?* influx in response to different stimuli,
mediating complex and diverse cellular signaling pathways [113-115], and are classified into
four major classes: the transient receptor potential (TRP), the store-operated channels (SOCs),
ligand-gated ion channels and the voltage-gated Ca?* channels (VGCCs) [113].

Some of the most studied Ca?* channels belong to the TRP family constituted by TRPC, TRPV,
TRPM, TRPA, TRPML and TRPP subtypes that are activated by several compounds[116]. TRP
channels have been shown to be involved in the tumorigenic process, and its altered expression
in breast, ovarian, prostate and colon cancer was described [117-120]. Furthermore, silencing
of a TRPC in MCF-7 breast cancer cells inhibited phosphorylation of ERK1/2 and cell
proliferation [121].

The constituents of SOCs family are the ORAI1, ORAI2 and ORAI3 channel proteins that are
activated by interaction with endoplasmic reticulum CaZ* sensors, namely the stromal
interaction molecules (STIM1 and STIM2) [122]. They represent the main CaZ* entry pathway in
non-excitable cells [114], and their expression was demonstrated to be extremely important
for migration and metastasis of breast cancer cells [123].

Ligand-gated ion channels are mainly expressed in the nervous system, but they also can be
located in other tissues, specifically the P2X channels [114]. The loss of P2X channels seems to
impede Ca?* influx necessary to promote apoptosis in cervical cancer cells [124]. In PC3 and
DU145 prostate cancer cells lines, and in HT-1376 bladder carcinoma cells, P2X channels
mediated the ATP growth inhibitory effects [125, 126].

Another class of Ca?* permeable channels is the VGCCs or Ca, family which is divided into three
subfamilies (Cav1-Cav3) [127]. The VGCCs consist of a complex structure of five subunits (aft,
a2, &, B and y) where the a1 subunit is the pore forming protein. The activation of these
channels is mediated upon membrane depolarization allowing Ca?* influx into the cell [127,
128]. The VGCCs subfamilies due to their different localizations have distinct cellular functions
and distinct kinetics of Ca?* currents [127-129]. The L-type Ca?* channels (LTCCs) subfamily
presents several isoforms (Ca,1.1-Ca,1.4) and is characterized by high-voltage activation and
long-lasting activity [127, 130, 131]. The expression of LTCCs is mainly associated with cardiac,
skeletal muscle and neuronal cells [128]. However, despite the main localization in excitable
cells, the Ca,1.2 channel subunits of LTCCs, for example, have been identified in several non-
excitable cell types, such as osteoblasts, osteoclasts, monocytes, macrophages and stem cell
hair follicles [132-134]. Ca,1.1 and Ca,1.2 isoforms were demonstrated to be up-regulated in
the colon and colorectal cancer cells [135, 136]. More recently, Ca,1.2 and Ca,1.3 channel
subunits were shown in prostate cancer tissues [137]. Antagonists of LTCCs have inhibited
breast cancer cell growth in vivo [138], and blockade of LTCCs in MDA-MB-231 human breast

cancer cells and 4T1 mouse mammary tumor cells slows down migration [139].
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Figure 1.4. Cellular regulators of Ca?* homeostasis. Ca** entry occur through CaZ?* channels as the store-
operated channels (SOC), voltage-gated CaZ* channels (VGCCs), transient receptor potential (TRP) and
ligand-gated ion channels, represented by P2X. The stromal interaction molecules (STIM) lead to the
activation of SOC family. Intracellular Ca?* levels are also regulated by the Ca?* ATPases, namely plasma
membrane (PMCA) and sarco/endoplasmic reticulum (SERCA), which are involved, respectively, in CaZ
efflux to the extracellular space and influx to the endoplasmic reticulum (ER). Other proteins, like
Calbindin (Calb), regucalcin (RGN) or calmodulin (CaM) bind to CaZ* and function as CaZ* buffers and/or
Ca?* modulators proteins.

Another well-characterized VGCCs belong to the subfamily of T-type Ca?* channels (TTCCs)
whose activation is mediated by low-voltage Ca?* currents and are rapidly inactivated [127,
128]. TTCCs are mainly located in neurons but also are detected in cardiac tissue, which
depends on the specific isoform (Ca,3.1-Ca,3.3) [127, 128]. Different isoforms of the TTCCs
(Ca,3.1 and Ca,3.2 subunits) have been detected and associated with enhanced proliferation of
breast cancers cells [140]. The Ca,3.1 and Ca,3.3 were also differentially expressed in
colorectal cancer, gastric cancer and several cancer cells lines such as colon, breast, prostate
or lung [120, 141]. The use of TTCCs inhibitors in HEK293 cells transfected with Cav3.2 channel
has produced a reduction of cell proliferation [142].

Other players involved in the regulation of intracellular Ca?* levels are the Ca?* ATPases which
can be found at plasma membrane (PMCAs) and sarco/endoplasmic reticulum (SERCAs) [112].
Beyond the physiologic role in Ca?* handling, PMCAs are also associated to carcinogenesis [112,
143]. For example, suppression of PMCA in MCF-7 breast cancer cells promoted cell proliferation
arrest [144] whereas its up-regulation is considered a protective mechanism to apoptosis, by
decreasing intracellular Ca?* levels [143].

Nevertheless, Ca?* ion is an intracellular messenger that requires cross-talk players to transduce
the signals, which includes several Ca?* buffers and Ca?*-modulated proteins. Calbindin is a

cytosolic Ca?*-buffer protein that acts by buffering Ca?* and regulates intracellular Ca?* raises
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in order to maintain normal cell functions [112]. CaZ*/calmodulin (CaM), the universal CaZ*-
sensor protein is one example of Ca?*-modulated proteins that mediates Ca2* signaling through
kinase transduction pathways [112]. It is described that CaM-dependent kinases is required for
cell cycle progression and cell growth in MCF-7 breast cancer cells [145, 146].

Regucalcin (RGN) is a Ca%*-binding protein that does not contain the typical EF-hand Ca?*-
binding domain, and has an important function in the regulation of CaZ*-homeostasis [147]. RGN
was demonstrated to exert a regulatory effect in the control of intracellular Ca?* levels by
modulating the activity of CaZ*-pumps, including PMCA and SERCA [148, 149]. Additionally, the
enhanced expression of RGN was shown to diminish the mRNA levels of LTCCs [150].

The progresses made in the last years regarding Ca?* signaling and homeostasis in the context
of cancer and their relevance as possible therapeutic targets demonstrated that this is a

promising area of research, which deserves to be further explored in a near future.
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The diverse roles of calcium-binding protein regucalcin in cell

biology: from tissue expression and signaling to disease

Abstract

Regucalcin (RGN) is calcium (Ca?*)-binding protein widely expressed in vertebrate and
invertebrate species, which is also known as senescence marker protein 30, due to its molecular
weight (33 kDa) and a characteristically diminished expression with aging process. RGN
regulates intracellular Ca?* homeostasis and the activity of several proteins involved in
intracellular signaling pathways, namely, kinases, phosphatases, phosphodiesterase, nitric
oxide synthase and proteases, which highlights its importance in cell biology. In addition, RGN
has cytoprotective effects reducing intracellular levels of oxidative stress, also playing a role
in the control of cell survival and apoptosis. Multiple factors have been identified regulating
the cell levels of RGN transcripts and protein, and an altered expression pattern of this
interesting protein has been found in cases of reproductive disorders, neurodegenerative
diseases and cancer. Moreover, RGN is a serum secreted protein and its levels have been
correlated with the stage of disease, which strongly suggests the usefulness of this protein as a
potential biomarker for monitoring disease onset and progression. The present review aims to
discuss the available information concerning RGN expression and function in distinct cell types
and tissues, integrating cellular and molecular mechanisms in the context of normal and
pathological conditions. Insight into the cellular actions of RGN will be a key step towards

deepening the knowledge of the biology of several human diseases.

Introduction

Regucalcin (RGN) was initially discovered in 1978 by Yamaguchi [1] and, although classified as
a calcium (Ca?")-binding protein, it does not contain the typical EF-hand Ca?*-binding motif [2].
The overall structure of RGN protein contains 24 B-strands forming six B-sheets able to bind
diverse divalent cations (Ca%*, Mg?*, Mn?* and Zn?*) [3-6]. The RGN ability to bind Ca?* was
recently confirmed by X-ray diffraction studies which have allowed the resolving of the crystal
structure of human RGN protein bound to Ca?* or Zn** cations. Although Ca?* and Zn?* ions bind
to the same amino acid residues forming a unique metal binding site in a nearly identical
coordination, an very much higher level of dissociation constant is documented for CaZ* which
could be relevant under non physiological conditions, whereas elevated Ca?* levels can occur
[4].

The RGN gene is localised in the p11.3-q11.2 and q11.1-12 segments of the human and rat X
chromosome, respectively [7,8]. In both cases, the gene consists of seven exons [9-11] encoding
a protein of 299 amino acid residues with an approximate molecular weight of 33 kDa [2,12].
For this reason, together with the diminished expression of RGN in tissues of aged animals,

Fujita and co-authors [12-14] named it senescence marker protein 30 (SMP30).
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RGN is highly expressed in the liver and kidney cortex [12,15,16], but it has been detected in
several others tissues [16,17] in a broad range of vertebrate and invertebrate species [18-20].
The transcription of RGN gene is enhanced by several regulatory transcription factors upstream
of the 5’flaking region, namely the AP1, NF1-A1, RGPR-p117 and B-catenin [21]. Ca?" levels
modulate RGN expression in a process involving, for example, calmodulin (CaM) or protein
kinase C (PKC) [22-24]. Also, Ca?*-independent mechanisms [25], hormonal factors and others
have been described as regulating the levels of RGN in cells [11,26-30]. Moreover, altered
expression patterns of RGN have been associated with several disease conditions in both human
and animal models [11,31-39], which highlights for the importance of this protein in cell
biology.

RGN has been localized to the cell nucleus and cytoplasm [26,40,41], as well as in mitochondrial
fraction [42], and multiple physiological functions have been assigned to this curious protein.
Among them is the ability of RGN to influence Ca?* homeostasis through the regulation of Ca?*-
pumping activity in cell membrane, nucleus, microsomes, endoplasmic reticulum and
mitochondria of various cell types [43]. It has been also associated to intracellular signaling
pathways, since it regulates several Ca?*-dependent enzymes such as protein kinases, tyrosine
kinases, phosphatases, phosphodiesterase, nitric oxide synthase and proteases [43-48].

In addition, the antioxidant properties of RGN in reducing intracellular levels of oxidative stress
have also been described. This effect is achieved through modulation of the activity of enzymes
involved in generation of oxidative stress as well as in the antioxidant defence [49-52].
Several reports using gene-silencing and overexpression approaches have pointed out a role of
RGN regulating cell death and proliferation. Although the mechanisms implicated in this control
are not completely understood, it has been demonstrated that RGN can regulate DNA synthesis
and fragmentation [53-56], modulate the expression of oncogenes, tumor suppressor genes and
cell cycle regulators [53,54,57], influencing survival and apoptotic pathways [58-60].

This review discusses the current knowledge about the expression and function of RGN in
several cell types and tissues, exploring concepts from molecular biology point of view in
signaling pathways and systems biology. The potential roles of RGN in pathological situations

will also be discussed.

RGN in non-pathological and pathological tissues and cell lines

RGN has been identified in a wide range of species from invertebrates to mammalian and non-
mammalian vertebrates, also including fungi and bacteria [10,12,18-20,61-65]. Protein
sequence alignment and determination of amino acid identities show that RGN is highly
conserved throughout evolution (Table II.1). Human RGN (NP_690608) is highly homologous with
other primate proteins showing 97 % identity with that of orang-utan (Pongo abelii,

NP_001127502). Percentages of amino acid identity with other mammals range from 88 to 91
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Table 1I.1. Overall percentage of amino-acid identities of RGN protein among vertebrate, invertebrate,

bacteria and fungi species, determined by Genedoc software? after performing Clustalw alignment®
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Pongo abeliic 299

Homo sapiens  97% 299

Bos taurus 90% 91% 299

Sus scrofa 88% 88% 93% 299

Oryctolagus

cu '{ icu lusg 88% 89% 89% 89% 299

Rattus

norvegicus 87% 88% 87% 85% 85% 299

Mus musculus 87% 88% 87% 85% 85% 94% 299

Gallus gallus 77% T7% 77% 76% 76% 76% 75% 299

Xenopus

laevi 69% 70% 69% 68% 71% 71% 70% 73% 299
aevis

Danio rerio 61% 62% 62% 61% 62% 61% 61% 61% 61% 295

Ictalurus

61% 62% 62% 59% 62% 62% 62% 64% 61% 74% 299
punctatus

Haliotis discus 40% 41% 41% 42% 40% 43% 42% 43% 41% 43% 45% 305

Drosophila 32% 32% 32% 32% 33% 32% 33% 32% 31% 32% 31% 29% 303
melanogaster
’;,?syu’;’ws"’h"” 30% 30% 31% 31% 31% 30% 31% 30% 31% 32% 32% 33% 41% 326

Bacillus cereus 32% 32% 32% 32% 32% 32% 32% 32% 33% 32% 33% 31% 28% 26% 300

Aspergillus 26% 26% 26% 26% 26% 26% 25% 25% 27% 24% 25% 24% 20% 21% 24% 281
fumigatus

Agrobacterium .o 59 539 239 23% 23% 23% 25% 25% 21% 22% 22% 19% 21% 26% 19% 295
tumefaciens

@ Nicholas KB and HB Nicholas GeneDoc: a tool for editing and annotating multiple sequence alignments.
EMBNEW.NEWS 1997 4:p. 14; b Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The
CLUSTAL_X windows interface: flexible strategies for multiple sequence alighment aided by quality
analysis tools. Nucleic acids research 1997 25:4876-82; < Common names and protein accession numbers
are provided in the text.

%: 88 % with pig (Sus scrofa, NP_001070688), rat (Rattus norvegicus, NP_113734) and mouse
(Mus musculus, NP_033086); 89 % with rabbit (Oryctolagus cuniculus, NP_001075472), and 91 %
with cow (Bos taurus, NP_776382.1). The overall identity decreases in comparison with non-
mammalian vertebrates showing 77 % identity with chicken (Gallus gallus, NP_990060), 70 %
with frog (Xenopus laevis, NP_001079124) and 62 % with fish species (catfish, Ictalurus
punctatus, NP_001187297 and zebrafish, Danio rerio, NP_991309). Homology with disk abalone
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(Haliotis discus, ABO026616), fruit fly (Drosophila melanogaster, NP_727586) and louse
(Acyrthosiphon pisum, NP_001155519) RGN proteins range from 41 to 30 %, what still is
noticeable high since these are invertebrate species. Also with fungi (Aspergillus fumigates,
XP_751966) and bacteria (Bacillus cereus, NP_978918 and Agrobacterium tumefaciens,
NP_353727) the percentage of amino acid identities are very high, being 26, 32 and 22 %,
respectively. This demonstrates that RGN gene is highly conserved among various vertebrates
and invertebrates species which corroborates the idea of its well-conserved basic biologic
function throughout evolution.

RGN was first identified in the liver where it is highly expressed [1,2,15], but it has also been
found in a variety of pathological and non-pathological tissues and cell lines
[10,11,18,24,26,32,66-68]. Table II.2 summarises the distribution of RGN mRNA and/or protein
in non-pathological tissues and body fluids of several species. It is present in a variety of
reproductive [26,60,66] and non-reproductive tissues [12,16,17,38,60,69-75], as well as in
plasma [16,35,37,76-78], seminiferous tubules fluid [66] and insect saliva [79].

Moreover, RGN was identified in several non-pathological cell lines such as pig kidney cells
(LLC-PK1) [80], rat kidney proximal tubular epithelial cells (NRK52E) [57,67], rat astrocytes
(CTX TNA2) [32] and rat liver cells (Ac2F) [68].

One distinctive characteristic of RGN expression pattern is the significant diminished expression
in tissues of aged animals [13,14]. Studies on the expression of RGN from embryonic to
senescent stages of life revealed that, in rat liver and kidney, a maximum of expression is
reached within the first month after birth. Substantial amounts of mRNA and protein are
maintained up to 3 or 6.5 months, respectively, in kidney and liver, and a marked decrease of
RGN expression is found in older animals [14]. In addition, it is interesting to note the existence
of gender differences in RGN expression levels. Hepatic RGN mRNA expression is higher in male
rats [81] and mice [82]. RGN protein levels are lower in female liver, kidney and serum, but no
significant alteration was found in spleen or cerebral cortex [16,71]. As an exception, stomach
of females presents higher RGN levels [71]. In any case, in aged animals, where a down-
regulation of RGN expression is expected to occur, female rat livers still present minor levels
in comparison with males [13,83].

Several reports have described an altered expression of RGN in distinct pathological conditions.
Proteomic analysis studies identified RGN as a down-regulated gene in a muscular dystrophy
mouse model [38] and in acute liver failure [35]. In contrast, RGN was up-regulated in human
brain of Parkinson’s disease patients [75]. Also, human testicular tissues with defective
phenotypes of spermatogenesis displayed an increased expression of RGN in comparison with

normal cases [34].
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Table 1I.2. Regucalcin expression in non-pathological tissues and body fluids of distinct species

Tissue Species Biomolecule Reference

Liver h, r,m mRNA/Protein [1,2,12,13,15-18,60,71]
Kidney h, r,m mRNA/Protein [12,13,15-18,60,71]
Adrenal gland r mRNA [60]

Lung r mRNA/Protein [16,60]

Heart h, r mRNA/Protein [16,17,69,74]

Bone r mRNA/Protein [70,72]

Skeletal muscle r Protein [16,71]

Diaphragm muscle m Protein [38]

Epidermis r mRNA [60]

Brain r mMRNA/Protein [17,60]

Cerebral Cortex r,m Protein [16,18]
Hippocampus r Protein [16]

Locus ceruleus h Protein [78]

Stomach r, m mRNA/Protein [60,71]

Pancreas h ? [69]

Duodenum r Protein [16]
Submandibular gland m Protein [73]

Spleen r Protein [16]

Mammary gland h, r mRNA/Protein [11,26]

Uterus r mRNA [60]

Ovary r mRNA [60]

Prostate h, r mRNA/Protein [11, 26,66]

Testis h, r mRNA/Protein [16,60,66]
Epididymis r mRNA/Protein [66]

Seminal vesicles r mRNA/Protein [66]

Seminiferous tubules fluid r Protein [66]

Plasma h, r Protein [16,35,37,76,77,78]
Saliva ap Protein [79]

r, rat; m, mouse; h, human; ap, pea aphid, Acyrthosiphon pisum

Concerning tumoral conditions, RGN expression was analyzed in hepatomas [84,85], breast and
prostate cancer tissues [11], as well as in cancer cell lines of these and other tissues (see Table
11.3) [86-92]. Under-expression of RGN mRNA was firstly reported in rat chemical-induced
hepatomas [84]. More recently, RGN was found to be under-expressed in human hepatocellular
carcinoma (HCC) [37] and breast and prostate cancers [11]. Moreover, the diminished
expression of RGN was associated with histological grade of infiltrating ductal carcinoma of
breast and cellular differentiation of prostate adenocarcinoma [11]. High RGN
immunoreactivity was detected in 60 % of non-neoplastic prostate tissues, while only 40 % and
12 % of well-differentiated and poorly differentiated adenocarcinomas, respectively, displayed
this expression pattern. Likewise, 90 % of non-neoplastic tissues of human breast showed high
RGN immunoreactivity contrasting with 12 and 0 % of grade | and grade Il human breast

infiltrating ductal carcinomas, respectively [11]. A gene expression profile study of rat liver by
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means of cDNA microarrays demonstrated that down-regulated expression of RGN starts
occurring in pre-neoplastic lesions before acquisition of a tumoral phenotype [93]. Other report
also established a correlation between detection of RGN in serum and cellular differentiation
of HCC [37], with 52.6 % of positivity in well differentiated tumors (grade I-1I) as opposed to 19
% in poorly differentiated tumors (grade IlI-1V).

Also, altered expression patterns of RGN were observed in non-tumoral liver diseases. Liver
biopsies from patients with non-alcoholic fatty liver disease showed diminished RGN levels,
which seems to be dependent of the stage of the disease [39]. On the other hand, human
patients with acute liver injury [35] or chronic liver failure presented high serum levels of RGN
[94]. Induced liver failure in mice by administration of galactosamine [77,78], carbon
tetrachloride [76] or lipopolysaccharide (LPS) [78] is also accompanied by elevated plasma
levels of RGN.

Collectively, available data raised much evidences supporting the idea that RGN may be a useful

biomarker tracking onset and/or progression of tumor and non-tumor pathologies.

Table Il.3. Regucalcin expression in human and murine cancer cell lines

Cell Line Cell Type Biomolecule Expression Reference

HepG2 Human Hepatocarcinoma mRNA/Protein ! [51,85,88,89,90,91]

Tran;plar_]table MRNA i [84,85]
orris .
Rat Hepatocarcinoma

H4-1I-E mRNA/Protein ! [24 ,86,87]
MC3T3-E1 Mouse Osteoblast mRNA/Protein - [92]

MCF-7 Human Breast cancer mRNA/Protein ! [11]

LNCaP Human Prostate cancer mRNA/Protein ! [11]

|, downregulated; -, data not available

Hormonal factors and others regulating RGN expression

Several cell-signaling factors have been shown to regulate RGN gene expression (Figure 11.1) in
a variety of tissues. The cell-response triggered by a specific signaling factor can be different
from tissue to tissue, and several studies have shown that the regulation of RGN expression may

be tissue-specific, thereby presenting different responses to the same signaling factor.
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Figure Il.1. The myriad of factors regulating regucalcin (RGN) gene expression. Some exert upregulation
effects (solid arrows) while others upregulated or downregulated RGN expression (dashed arrows)
depending on the cell type, doses and/or time of stimulation. Bar-headed arrow represents inhibition.
Legend: DHT, 5a-dihydrotestosterone; E;, 178-estradiol; PTH, parathyroid hormone; LPS,
lipopolysaccharide; CCls carbon tetrachloride; CaM, calmodulin; PKC, protein kinase C; ER, estrogen
receptor; PTHR, parathyroid hormone receptor; CTR, calcitonin receptor; InsR, insulin receptor; TrK,
tyrosine kinase; TR, thyroid hormones receptor; AR, androgen receptor; MR, mineralocorticoid receptor;
0S, oxidative stress

Calcium

Ca%, a second messenger triggering important cell signaling pathways, is one of the main
factors involved in the regulation of RGN gene expression in liver and kidney. Several reports
have showen that rats treated with Ca?* chloride (CaCl,) present higher levels of RGN mRNA at
30, 60 and 120 min after administration [15,22,29,82,95,96]. The role of Ca?* regulating RGN
expression is also observed in H4-II-E hepatoma cells [24,25].

Regarding the mechanisms underlying Ca?* regulation of RGN expression, it was hypothesized
that it could involve the Ca?*-binding protein, CaM. When Ca?* and trifluoperazine (TFP), an
antagonist of CaM, were simultaneously administrated, the effect of CaZ* increasing RGN mRNA
expression was blocked, which suggests that expression of RGN mRNA is mediated by CaM
[22,23]. A CaZ*/CaM complex regulates the activation of several enzymes involved in signal
transduction, such as cyclic adenosine monophosphate (cAMP) phosphodiesterase or PKC. The
effect of phorbol 12-myristate 13-acetate (PMA), an activator of PKC, was evaluated on the
expression of RGN. Different doses of PMA do not produced any effect on RGN mRNA expression,

suggesting that the downstream effect of CaM is not triggered by PKC [23]. Although the effect
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of Ca% in rat liver was not mediated by PKC, it was demonstrated in H4-1I-E cells that it is
mediated by CaM and involves PKC activation [24,25].

Thyroid and parathyroid hormones

It is well known that calcitonin and parathyroid hormone (PTH) play an important role in
maintenance of CaZ* homeostasis [97]. M. Yamaguchi’s group have investigated the role of
calcitonin regulating RGN expression. In rat liver, the effect of CaCl, in RGN mRNA expression
is completely abolished in thyroparathyroidectomised (TPTX) rats, but calcitonin administration
to TPTX rats treated with CaCl, induced an increase of RGN mRNA expression. These results
suggested that the Ca?* effect in RGN mRNA expression is dependent on calcitonin [29]. On the
other hand, experiments using HepG2 cells did not find any effect on RGN mRNA expression
triggered by calcitonin [90]. Regarding kidney, the administration of calcitonin or PTH to TPTX
rats treated with CaCl, did not cause any alteration in RGN mRNA levels, suggesting that RGN
expression is not stimulated by hormones involved in CaZ* metabolism [22,96]. In normal rat
kidney proximal tubular epithelial NRK52E cells, the RGN mRNA expression was stimulated by
treatment with PTH, but no effect was detected using calcitonin [30,67].

RGN seems to play an important role maintaining bone homeostasis [98], since it has been
described that bones of transgenic rats overexpressing RGN (RGN knock-in) are more fragile
than that of wild-type animals [70]. This again raised the question of whether PTH may regulate
RGN expression, and, in fact, treatment of osteoblastic MC3T3-E1 cells with PTH induced an
increase in RGN mRNA transcripts [99]. On the other hand, both male and female RGN knock-
in rats display significantly decreased Ca?* levels in femoral-diaphyseal and -metaphyseal [70].
A recent report described that exogenous RGN stimulates osteoclastogenesis and suppresses
osteoblastogenesis which occurs through the activation of the nuclear factor-kappa B (NF-kB)
signaling transduction pathway [100]. Thus, the known effects of PTH in bone reabsorption may
be mediated by increased expression of RGN.

Concerning T3 and T4 hormones, T3 treatment of female rats induced an increase in RGN mRNA
and protein levels up to 12h of stimulation, which declined after 24h and disappearing after 5
days [28]. No effect has been observed in response to T4 treatment [101], likely explained by
the low biologic activity of this hormone. Recently, it was demonstrated that RGN mRNA is
down-regulated by T3 in MCF-7 cells needing activated thyroid hormone receptors (TRs), but
does not requiring high affinity between TR and thyroid-responsive elements on RGN gene
promoter [102]. Down-regulation of RGN expression seems to be mediated through modification

of histone acetylation triggered by T3 treatment [102].

Steroid hormones

RGN mRNA expression in rat kidney is suppressed by saline administration [103], and Ca?*-
induced up-regulation of RGN mRNA expression is weakened by saline ingestion [96], suggesting
the involvement of adrenal hormones on the regulation of RGN expression. The levels of RGN

mRNA in the kidney were clearly diminished by administration of aldosterone. On the other
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hand, dexamethasone induced an increase in RGN mRNA levels, and hydrocortisone
administration had no effect. The effect of dexamethasone is inhibited by administration of
cycloheximide, suggesting that the effect of dexamethasone is dependent of newly synthesized
proteins [27]. However, these effects are not clearly understood because adrenalectomy in rats
caused a decrease in RGN mRNA levels, an effect not restored by dexamethasone administration
[103]. On the contrary, treatment of kidney NRK52E cells with aldosterone stimulated RGN
mRNA expression [30,67]. These results suggested that others hormones synthesized by adrenal
gland may be involved, or a synergetic effect between them are required to restore or regulate
the levels of RGN mRNA in cells. More studies are needed to clarify the role of adrenal hormones
regulating RGN expression. Vitamin D has no effect on RGN expression in NRK52E cells [30,67],
while it seems to decrease its expression in MC3T3-E1 cells [99].

The effect of sex steroid hormones, androgens and estrogens, on RGN expression has been
evaluated in liver, kidney, bone, prostate, breast, and testis tissues or cell lines. In rat liver,
the expression of RGN was not altered by orchidectomy or treatment with testosterone,
suggesting that RGN expression in the liver is androgen-independent [13]. Also, in female rats,
the ovariectomy did not cause a significant modification of RGN mRNA levels in the liver. In
addition, the administration of 17B8-estradiol (E;) to ovariecomised rats did not induced
alterations in RGN mRNA expression [81]. However, other studies have showed that
administration of E; induced a remarkable increase of RGN mRNA levels both in rat and mice
liver [101,104]. This up-regulation in response to E, is also observed in MC3T3-E1 cells [99]. One
report demonstrated that E, decreases RGN mRNA levels in rat kidney [27]. The levels of RGN
mMRNA increased in the prostate of orchidectomized rats, an effect abrogated by E, treatment
for 7 days. The levels of RGN mRNA in the prostate of E,-treated rats are similar to those found
in intact animals, suggesting that normal levels of E; may down-regulate RGN mRNA expression
[26]. However, it is possible that the levels of RGN mRNA in the prostate of intact animals cloud
also be maintained by the paracrine effect of testosterone metabolite 5a-dihydrotestosterone
(DHT). In fact, another study showed that DHT down-regulates RGN mRNA expression in human
prostate cancer LNCaP cells by direct action of androgen receptor (AR), but requiring de novo
protein synthesis [11].

RGN expression is higher in the mammary gland of ovariectomised rats in comparison with intact
animals, but this effect is inhibited by treatment with E, for 7 days [26]. In human breast cancer
MCF-7 cells, E; had a biphasic effect controlling RGN mRNA expression. Initially, E; induced an
increase in RGN mRNA levels at 6h and 12h, but a down-regulation was observed after 24h and
48h of stimulation. Moreover, the effects of E; on RGN mRNA expression were not abrogated in
presence of ICI 182,780 (Estrogen Receptor (ER) antagonist), and E,-bound to BSA produced the
same effect as E,, suggesting the involvement of a membrane-bound ER [11]. These results
demonstrated that long exposure to E, decrease the expression of RGN mRNA in both rat
mammary gland and MCF-7 cells.

Also, in the testis, the effect of sex steroid hormones regulating RGN expression has been

reported. DHT up-regulates RGN expression in rat seminiferous tubules cultured ex vivo, an
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effect blocked in the presence of flutamide (AR antagonist) suggesting the involvement of

classical genomic mechanism of gene expression through AR [66].

Oxidative stress

Oxidative stress reduction trough calorie restriction (CR) is known to have anti-aging and
antioxidative properties [105]. It has been shown that CR inverts the characteristic down-
regulation of RGN expression in the liver and kidney of aged rats [106]. Rats fed ad libitum for
6, 12, 18 and 24 months showed a decrease of RGN expression when compared to animals under
CR. Moreover, rats treated with LPS, which stimulates the production of reactive oxygen species
(ROS), presented lower levels of RGN [106]. It has also been reported that treatment with
carbon tetrachloride, an acute oxidative stress inducer, suppresses the RGN expression in rat
liver during the necrotic phase [107]. These results suggest that the down-regulation of RGN
expression in older animals is eventually due to the increased oxidative stress characteristic of

the aging process.

Effects of RGN on calcium homeostasis

A tight regulation of intracellular Ca?* concentrations is essential for maintenance of
fundamental biological functions and oscillations between 50 and 150 nM promote activation of
specific and diverse signaling pathways that are involved in both physiological and
pathophysiological conditions [108-111]. Several studies have been demonstrating that RGN
plays a role regulating Ca?* homeostasis through direct and/or indirect regulatory actions at
plasma membrane CaZ*-ATPase (PMCA), sarco/endoplasmic reticulum Ca?*-ATPase (SERCA),
nuclear outer membrane SERCA pumps, and increasing mitochondrial Ca%-uptake by the
mitochondrial Ca?* uniporter (MCU) [43]. Although no effects are described for RGN on Ca%
channels activity, RGN overexpression in NRK52E normal rat kidney proximal tubular epithelial
cells suppressed L-type Ca** channels and Ca?*-sensing receptor mRNA expression [112].

RGN transfection in HepG2 cells [89] and addition of RGN to rat liver plasma membranes
significantly increased PMCA activity [113,114]. This effect was inhibited by N-ethylmaleimide
(NEM) [115], a modifying reagent of sulfhydryl groups (SH), which suggests that PMCA activity
induced by RGN implies the regulation of ATPase SH groups. Accordingly, NEM blocked the
activator effect of dithiothreitol (DTT), which is a SH group protective compound [116]. In
addition, it is thought that RGN regulates PMCA activity by direct binding to the plasma
membrane [113], since the stimulatory effect is blocked by digitonin, a solubilising reagent of
membrane lipids [116]. Elevation of Ca?* levels in the liver induced by oral administration to
rats also increases PMCA activity. This effect is abolished in presence of anti-RGN antibody
[117,118], reflecting the role of endogenous RGN on the control of PMCA activity.

CaM activates PMCA through direct interaction with a specific CaM-binding domain located in
the cytosolic tail of the pump [119]. Interestingly, some reports have pointed out that the RGN
effect regulating PMCA activity may be CaM-dependent. The CaM inhibitor TFP has been shown
to inhibit RGN effect on PMCA activity in HepG2 cells overexpressing the protein [89].
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Administration of carbon tetrachloride increased cytosolic CaZ* levels in rat liver as a
consequence of tissue injury and impairment of the RGN effect on PMCA activity [120].

The RGN role regulating PMCA activity seems to be Ca?* dependent. RGN-induced Ca?* uptake
and increased PMCA activity in rat kidney cortex basolateral membranes is enhanced in the
presence of Ca% in a dose-dependent manner [121].

Considering RGN influence on SERCA function, its effect has also been shown in enhancing pump
activity [74,121-123]. Moreover, increased mRNA and protein levels of SERCA were observed in
COS-7 cells overexpressing RGN [124]. Thapsigargin, a specific microsomal ATPase inhibitor,
and digitonin clearly decrease RGN-induced SERCA activity in rat liver microsomes [123],
suggesting a membrane association. In opposition, A23187, a CaZ* ionophore, increased RGN-
induced ATPase activity [123]. RGN presumably acts on SERCA SH groups, since NEM and DTT,
respectively, promote a decrease and an increase in RGN-induced SERCA activity [123]. Similar
results were described for rat kidney cortex [121] and heart microsomes [74]. In addition,
vanadate, a phosphorylation inhibitor, significantly decreased RGN-induced SERCA activity in
kidney microsomes, suggesting a phosphorylation effect of RGN at enzyme sites [121].
Contrastingly with the previous observations, in rat brain microsomes, RGN decreased SERCA
activity, an effect that was weakened with increasing age [125].

It has been reported that RGN can be found in cell nucleus [26,40,41,126] and SERCA pumps
are also located in nuclear outer membrane which is an extension of endoplasmic reticulum
[127]. RGN did not change Ca?*-uptake into rat liver nucleus [128] but reduced nuclear SERCA
activity, while anti-RGN antibody caused the opposite effect [129]. Moreover, thapsigargin,
NEM or vanadate prevented the effect of anti-RGN antibody increasing nuclear SERCA activity
[129]. On the other hand, CaM enhanced the increased SERCA activity by anti-RGN antibody,
an effect that is reduced in the presence of TFP. Thus, RGN seems to modulate CaM effects on
nuclear SERCA and to promote nuclear CaZ* release in a way not clarified so far [128,129].
RGN also regulates cytosolic Ca?* concentration by stimulation of Ca% uptake into the
mitochondria matrix of rat liver [130,131] and kidney cortex [132] cells, likely through MCU. In
fact, it has been reported in liver [131], kidney cortex [132], heart [133] and brain [134], that
MCU inhibitors, such as ruthenium red or lanthanum chloride, prevent Ca?* uptake as well as
RGN-induced mitochondrial ATPase activity. In the same way, increased mitochondrial ATPase
activity was observed in heart and brain of RGN knock-in rats [133,134]. In liver and kidney
cortex of wild-type animals, digitonin and vanadate reduced mitochondrial ATPase activity even
in presence or absence of RGN, whereas CaM and DTT promoted an opposite effect [131,132].
This means that RGN may regulate cytosolic CaZ* homeostasis by acting on SH groups of
mitochondrial ATPase and/or MCU channel, depending on CaM, since ATPase activity is
decreased by TFP in kidney cortex [132].

The described actions of RGN controlling CaZ*-pumps activity and intracellular CaZ* levels
highlight the importance of this protein maintaining homeostasis and appropriate signaling for
this ion, which may have profound implications in pathophysiologic conditions as a result of

Ca?* deregulation. Nevertheless, the regulatory role of RGN in Ca?* homeostasis and signaling
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needs to be further explored and extended to contemplate potential effects on CaZ* channels

or Ca**-sensing receptor activities.

RGN and calcium-dependent intracellular signaling

Beyond its capability to regulate cytosolic CaZ* levels, RGN is also able to modify the activity
of a wide range of Ca?-dependent enzymes involved in intracellular signaling and cell
metabolism (Figure 11.2).

A Ca%-dependent enzyme that is regulated by RGN is the 5’-nucleotidase. Ca?* inhibits 5’-
nucleotidase activity which is reverted by RGN [135]. At metabolic level, mitochondrial
succinate dehydrogenase activity is increased by CaZ*, whereas RGN induced an opposite effect
[136]. So, mitochondrial Ca?* regulation by RGN has an indirect effect on cell energy production.
Also, enzymes such as glycogen phosphorylase a, an enzyme involved in glycogen hydrolysis in
liver and muscle (glucogenolysis), pyruvate kinase (glycolysis) and microsomal glucose-6-
phosphatase (gluconeogenesis), which are activated by Ca%*, have their activities reverted to
control levels by RGN [137-139]. Moreover, ATP hydrolysis by adenosine 5’-triphosphatase in
rat brain is increased by Ca?*, while RGN promoted an inhibitory effect as demonstrated by
RGN-antibody administration [140]. This RGN action seems to be independent of CaM, since it
is not inhibited by CaM or TFP [140]. In contrast, Ca%*-induced rat liver pyruvate kinase activity
is reverted by RGN, and also by CaM [138]. Fructose-1.6-diphosphatase enzyme activity in rat
and rabbit liver is found to be increased by Ca?* and CaM, and diminished by the addition of
RGN or CaM inhibitor, suggesting that effects may be mediated by Ca?*-CaM [141]. On the other
hand, cytosolic deoxyuridine 5’-triphosphatase activity is decreased by Ca?* and stimulated by
RGN [142]. Altogether, available data indicate diverse regulatory roles of RGN on enzymes
involved in different cellular energy production pathways, such as oxidative phosphorylation,
glucogenolysis, gluconeogenesis and glycolysis, as well as in energy conversion enzymes.
Moreover, it was also suggested that RGN exert its effects by direct actions on the regulation
of CaM or CaM-dependent proteins.

cAMP, as well as Ca%, is an ubiquitous second messenger essential to the control of cellular
homeostasis [143]. The adenylyl cyclases (ACs) that synthesize cAMP are regulated by Ca?*
signaling pathways [143,144] and activated by heterotrimeric G proteins [144]. In turn, cCAMP
phosphodiesterases are responsible for cAMP degradation. Thus, levels of CAMP are regulated
by the activity balance of ACs and cAMP phosphodiesterases both activated by CaZ*/CaM
[143,145]. In rat liver and kidney, RGN inhibited Ca?*/CaM dependent activation of cAMP
phosphodiesterase [146,147], an effect abolished by high Ca?* levels and in the presence of TFP
[146,147]. Thus, RGN action on phosphodiesterase appears to be related to the capacity of Ca?*

binding, as it seems to be dependent of CaM.
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Figure Il.2. Schematic representation of regucalcin (RGN) actions on enzymes involved in intracellular
signaling and metabolism. Arrows indicate activation by RGN and bar-headed arrows represent inhibition.
RGN decreases NOS, PK and succinate dehydrogenase enzymes activity. RGN also inhibits CaZ*/CaM
dependent activation of PKC, cAMP phosphodiesterase and phosphatases. Legend: NOS, nitric oxide
synthase; PK, pyruvate kinase; CaM, calmodulin; PKC, protein kinase C.

Nitric oxide (NO) is a signaling agent produced by the nitric oxide synthase (NOS), which is
regulated by free intracellular Ca?* concentrations and CaM [148]. The addition of RGN to
cytosol preparations from rat liver, kidney, heart and brain lead to a significant decrease of
NOS activity [48,149-151]. Furthermore, both Ca?* and anti-RGN antibody stimulated NOS
activity in rat liver, heart and brain cytosol, while it is blocked in RGN knock-in rats [150-152].
RGN overexpression in kidney proximal tubular epithelial NRK52E cells [153] also demonstrated
the decrease in NOS activity even in presence of Ca?* and CaM, while, in MC3T3-E1 cells anti-
RGN antibody reverted this effect [92]. The mechanism by which RGN regulates NOS activity
may be related with CaM, since, in liver and kidney, it is impaired in the presence of CaM
antagonist, TFP [48,149,150].

Calcineurin (CaN) is a CaM-dependent serine/threonine phosphatase widely distributed in
mammalian tissues [154,155]. It has been demonstrated that RGN significantly reduce cytosolic
and nuclear phosphatase activities in the liver [156,157], while anti-RGN antibody promotes
the expected opposite effects [40,156,157]. Also, phosphotyrosine and other phosphatases
activities in rat kidney cortex cytosol were significantly inhibited by RGN [158,159]. Cytosolic
and nuclear phosphotyrosine and phosphoserine activities were found to be diminished by
vanadate, used as a tyrosine phosphatase inhibitor, and cyclosporin A, a CaN inhibitor, even in
the presence of anti-RGN antibody [159,160]. Moreover, Ca?* administration elevates cytosolic

and nuclear phosphatase activity in rat kidney cortex, an effect abolished by addition of RGN
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to the reaction mixture [161]. RGN suppressive effects on phosphatases activity were also
demonstrated in rat heart cytosol [162]. RGN also presents a CaM-dependent inhibitory effect
on tyrosine, serine and threonine phosphatases in rat brain cytosol [163] and in neuronal cells
[164]. RGN suppressive role on phosphotyrosine activity in brain nucleus and microsomes has
also been demonstrated, displaying attenuated effects with increasing age [165,166].

RGN effect on Ca%*/CaM-dependent protein kinases has also been evaluated in several reports.
In rat liver cytosol, an inhibitory role of RGN in protein kinase activity has been described,
which is reverted with anti-RGN antibody [167,168]. Moreover, RGN, which do not have kinase
activity, decreased Ca?* or phospholipid-stimulated cytosolic PKC activity [169]. Nuclear PKC
activity in the liver was also inhibited by RGN, whereas the use of anti-RGN antibody led to
enhancement of PKC activity [46]. These findings demonstrated the regulatory role of RGN in
cytosolic and nuclear Ca?*/CaM-dependent PKC activity. Similar results were obtained in rat
renal cortex with increased PKC activity in response to Ca?*/CaM, phospholipids
(phosphotidylserine or dioctanoygycerol), and PMA; RGN or TFP significantly inhibited enzyme
activity [170,171]. Also, in rat brain cytosol and neuronal cells, RGN exerted an inhibitor effect
on protein kinase activity by preventing its activation by Ca?/CaM or dioctanoyglycerol
[172,173]. These evidences are indicative of an effective regulatory function of RGN on PKC
activity in rat liver, kidney and brain being tightly dependent of Ca?*/CaM pathway.

Calpains are a family of Ca?-dependent activated neutral cysteine proteases that are
ubiquitously expressed or tissue-specific [174]. The ubiquitous p- and m-calpain isoforms are
known to be activated in vitro by pM and mM Ca?*-concentrations [175]. Calpains have been
described to have important roles in embryogenesis, cell cycle progression, apoptosis, necrosis,
proliferation, differentiation, migration, meiosis and mitosis, besides being related with
numerous diseases such as muscular dystrophy, cardiac and cerebral ischemia, traumatic brain
injury or rheumatoid arthritis [174,175]. Calpain proteolytic activity is enhanced by RGN in rat
liver and kidney cortex, even in absence of CaZ*, and prevented by anti-RGN antibody and
calpastatin, a calpain specific inhibitor [45,176-178]. RGN-induced proteolitic activity seems to
be independent of serine proteases and metaloproteases [176,178]. However, it may be
associated with SH groups of cysteinyl-proteases since it is increased by DTT and inhibited by

NEM and leupeptin, an SH group inhibitor of proteases [176-178].

Cytoprotective effects of RGN

Alongside its well-recognized function in Ca?* homeostasis and CaZ*-dependent intracellular
signaling pathways, RGN has been identified as a gluconolactonase (GNL) [6]. In mammals, GNL
activity is involved in the penultimate step of L-ascorbic acid (AA) synthesis in the liver. AA is
a well-known antioxidant with free radical scavenger ability and a cofactor in metal-dependent
oxygenases [179]. Genetic mutations in the gene, that codify the enzyme required for the last
step of AA biosynthesis pathway, oblige human, non-human primates and guinea pigs to obtain
it through diet [61,179], while rodents maintain the ability to produce it endogenously. The

establishment of RGN knockout (RGN-KO) mice generated an animal model unable to synthesize
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vitamin C (VC). These animals develop scurvy symptoms [6] and pulmonary emphysema [180]
when feed with a restrained VC diet. The RGN-KO model allowed the confirmation of an
alternative AA synthesis pathway in vivo throughout D-glucono-y-lactone [6] and demonstrated
the antioxidant properties of RGN [31,181,182]. NADPH oxidase enzyme activity, an endogenous
source of oxidative stress [183], and anion superoxide levels are increased in the brain of RGN-
KO mice [181,182]. Superoxide dismutase (SOD) and catalase activity remained unchanged,
while glutathione peroxidase activity was reduced in animals without RGN [181,183].
However, evidences of RGN protective role against oxidative stress is essentially reported in
mice lungs. RGN-KO mice exposed to cigarette smoke showed elevated levels of protein
carbonyls, an oxidative biomarker, in comparison with wild-type animals, and were the only
group in which oxidase glutathione levels were sufficiently elevated to be measured [184].
RGN antioxidative capacity has also been established in other animal models and cell lines. RGN
overexpression in mouse embryonic carcinoma P19 cell line increased cell viability, protecting
cells from oxidative stress-induced by tert-butyl hydroperoxide [49]. An intracellular favourable
redox state has also been demonstrated in HepG2 cells transfected with RGN, which displayed
diminished ROS levels both in mitochondria and post-mitochondrial fractions, as well as
decreased lipid peroxidation levels and reduced protein levels and activity of glutathione and
SOD, respectively [51]. In addition, SOD activity was enhanced in normal rat liver and heart in
the presence of exogenous RGN, as well as in RGN knock-in rats [50,52].

NO, produced by the activity of NOS, is involved in NO-dependent signal transduction pathways.
However, it is a reactive species influencing cell redox state and being associated with
modification of proteins, lipids, DNA and structure of organelles when present in cells at high
levels [185]. In rat brain, NOS activity is increased by anti-RGN antibody, while enhancement
of RGN in the brain cytosol of young and old female rats reduced the enzyme activity [48]. This
suppressor role of RGN in NOS activity is also found in rat liver, kidney and heart cytosol,
including in presence of EGTA or TFP [149-151]. Similar results have been described in H4-1I-E
[56,186], NRK52E [153] and MCT3T3 [92] cells overexpressing RGN.

Neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, are associated with oxidative
stress deregulation. Kainate (KA) is an agonist for a subtype of ionotropic glutamate receptor
that increases the ROS levels and disrupts Ca?* homeostasis, leading to neuronal loss mainly in
the hippocampus [187,188], which has been used to generate models of neurodegenerative
diseases. The levels of RGN protein in the rat hippocampus were significantly increased in
response to KA treatment [32]. A similar effect on RGN expression has also been shown in rat
astrocytes CTX TNA2 cells treated with KA, which is mediated by the ERK signaling pathway
[32]. Accordingly, RGN-KO mice are more sensitive to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, a neurotoxin used to induce Parkinson’s disease models, presenting
significantly increased ROS levels in the striatum as well as microglial activation in comparison
with wild-type counterparts. Moreover, RGN deficiency lead to astrocytes inactivation and
decrease of brain-derived neurotrophic factor as result of blockage of ERK signaling pathway
[31].
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Overall, available studies, and particularly the information from RGN-KO mice, have
demonstrated the influence of RGN maintaining physiological levels of oxidative stress and

consequently its protective role against oxidative damage.

Role of RGN in cell death and proliferation

Since RGN is a protein involved in the regulation of intracellular Ca?* levels, modulation of
several cellular signaling pathways, and also with antioxidant properties, it is not surprising
that its role in cell survival and proliferation has been questioned by many investigations.

It is well established that NO overproduction is a condition associated with many pathologies
underlying deregulation of cell proliferation in cases of male infertility [189] and cancer [190].
In hypoxic conditions, ROS and Ca?* levels are found to be decreased (~60 %) in cardiomyocytes
overexpressing RGN, which presented lower cell death induced by H,0, treatment [191]. Also,
mouse embryonic carcinoma P19 RGN-transfected cells presented increased cell viability in
response to butylhydroperoxide-induced oxidative stress in comparison with mock-transfected
cells [49]. In H4-lI-E cells, LPS treatment promoted a decrease of NOS activity and cell number,
effects that were reverted in RGN overexpressing cells [192].

Several other reports demonstrated the RGN suppressor effect on cell proliferation [54,55,57].
NRK52E and H4-11-E cells overexpressing RGN presented lower index of proliferation than mock-
transfected cells [53-55,57], which was associated with a decrease of DNA synthesis activity
[55,193]. In addition, intracellular increase of RGN downregulated mRNA expression of c-myc
and H-ras, while upregulated p53 and p21, which suggested that RGN suppresses cell
proliferation by modulating the expression of proto-oncogenes and tumor suppressor genes
[53,54,57]. Also, the expression of c-Jun and chk2 cell cycle regulators is decreased in RGN-
transfected NRK52E cells [57].

However, and contrastingly with the previous information, it has also been described that cells
overexpressing RGN do not undergo cell cycle arrest promoted by cell cycle inhibitors or other
factors. The cell cycle inhibitors sulforaphane, butyrate and roscovitine diminish proliferation
of wild-type cells, though this is not observed in RGN-transfected cells [54,57]. Bay K 8644,
genistein, wortmannin, an inhibitor of phosphatidylinositol 3-kinase, PD 98059, an ERK
inhibitor, or dibucaine, an inhibitor of Ca?*-dependent protein kinase all hampered cell
proliferation, an effect reverted by RGN overexpression [54].

There is also evidence of the involvement of RGN in the regulation of apoptosis. It has been
reported that RGN affects rat liver nuclei function by suppressing Ca%*-induced DNA
fragmentation in the presence or absence of CaM [194]. In fact, the enhancement of DNA
fragmentation in NRK52E or H4-II-E cells, after incubation with Bay K 8644, thapsigargin, LPS,
insulin or IGF-I, was suppressed by RGN overexpression in both cell lines [56,195,196]. Thus,
accordingly, cell death of H4-1I-E or NRK52E wild-type cells promoted by tumor necrosis factor-
a (TNF-a) or thapsigargin was prevented in RGN-transfected cells [56,196]. RGN overexpression

in hepatocarcinoma HepG2 cells also rescues cell death induced by intracellular Ca?* overload

43



promoted by A23187 [89]. In MCF-7 cells, the downregulation of RGN expression, achieved by
thyroid hormone treatment or silencing of RGN gene, lead to an increase of apoptosis [102].
RGN effects suppressing apoptosis may be related to the Akt survival signaling pathway. NRK52
RGN-transfected cells displayed increased levels of both Bcl-2 and Akt-1 mRNAs [196], while an
activation of Akt was observed in HepG2 cells overexpressing RGN [58]. TFP attenuated
apoptosis of HepG2 RGN-transfected cells and inhibited Akt activation [58]. Thus, enhancement
of cell survival by RGN seems to depend on the interplay with CaM and activation of Akt
pathway.

RGN anti-apoptotic effects are also evident on the basis of studies using knockout animals.
Primary cell cultures of hepatocytes from RGN-KO mice are highly susceptible to apoptosis-
induced by TNF-a and actinomycin D [60]. Accordingly, caspase 8 activity was two-fold greater
in the hepatocytes of RGN-KO mice whereas no differences were observed in NF-kB activation
[60].

Anti-Fas antibody administration to mice has been previously shown to induce severe damage
of the liver by apoptosis [197]. RGN-KO mice presented a markedly increase of liver injury by
anti-Fas antibody administration, while RGN +/- mice had an intermediate susceptibility
between RGN -/- and wild-type animals [60]. Therefore, RGN anti-apoptotic effect seems to be
related with Fas activation pathway and not with NF-kB activation. Inhibition of transforming
growth factor-8 (TGF-8) pathway through deletion of Smad3 gene makes the hepatocytes of
Smad3-KO mice more resistant to radiation-induced apoptosis than those of wild-type animals,
which is concomitant with significantly increased levels of RGN [59].

Altogether, the existing findings indicate that RGN, despite, apparently having opposite
functions, acting as a suppressor of both cell death and proliferation, may have a role in the
control of cell cycle, by modulation of cell survival and death pathways (Figure II.3). Testis is
one of the tissues where a tight balance between germ cell survival and apoptosis is required,
which is the basis for a successful spermatogenesis and thus male fertility. Interestingly, in a
recent report, it was shown that RGN expression is augmented in cases of hypospermatogenesis
[34], but further research is needed to determine whether the increased RGN expression is the
cause of insufficient production of spermatozoa by blockage in cell proliferation. It is also
noteworthy the diminished expression of RGN found in both rodent and human cancer tissues
[11,37,93,198,199], which is also correlated with the degree of cellular differentiation of
breast, prostate and liver carcinomas [11,37]. In a near future it will be essential to determine
whether down-regulation of RGN is a selective event for malignant transformation or if it is a
consequence of the cancer status. Nevertheless, dual distinctive roles over control of cell
proliferation and malignancy have also been reported for other proteins, for example the Ski-
novel protein (SnoN). SnoN is a member of the Ski family proteins that is ubiquitously expressed
in embryonic and adult tissues possessing, within tumorigenesis, both pro-oncogenic and anti-
oncogenic activities [200]. SnoN overexpression in mice mammary gland leads to an increase of
adenocarcinoma formation, although heterozygous mice that lack an extra copy of the gene

are more susceptible to carcinogen-induce tumors [200]. At the same time, and as anti-
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oncogenic, SNO functions negatively regulated the TGF-8 pathway while stabilizing p53
conformation and inducing premature senescence [200,201]. There are also examples of
proteins with a dual role controlling both apoptosis and cell cycle. This is the case of Survivin
which belongs to the inhibitor of apoptosis protein family. It is localized both outside and inside
the cell with pools at cytoplasmic, nuclear and mitochondrial compartments. When present at
mitochondria, Survivin protect cells from apoptosis while its nuclear translocation facilitates
cell cycle entry and progression [202].

In summary, it is likely that RGN plays an important role in cell physiology by maintaining a

tight balance between cell proliferation and apoptosis (Figure 11.3).
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Figure Il.3. Schematic representation of the mechanisms involved in the regucalcin (RGN) role controlling
cell proliferation and apoptosis. Arrows indicate activation and bar-headed arrows represent inhibition.
RGN diminishes the production of ROS, blocks increases of intracellular calcium, inhibits caspase 8
activity, enhances activity of Akt pathway and increases the expression of apoptosis inhibitors Akt-1 and
Bcl2 leading to inhibition of apoptosis. RGN also blocks apoptosis induced by Fas system. Dashed bar-
headed arrow indicates the inhibition of apoptosis in Smad 3 knockout animals concomitant with increased
levels of RGN. In turn, RGN increases the expression of p53 and p21 proteins while repressing the
expression of c-Jun, chk2, c-myc and H-ras genes, thus blocking cell proliferation. Legend: TNF-a, tumor
necrosis factor; TGF-B; tumor growth factor; NOS, nitric oxide synthase; SOD, superoxide dismutase; ROS,
reactive oxygen species; CaM, calmodulin

Final remarks

In the last years it has been demonstrated that RGN is a protein highly conserved throughout
evolutive line, from vertebrates to invertebrate species, which indicates its relevant role in
basic cell biologic processes. This particular and unique protein has a preponderant role in Ca%*
homeostasis, which is extensive to the control of cell signaling pathways, as well as regulation

of cell apoptosis and proliferation, and also of oxidative stress levels. The involvement of RGN
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in those processes has also been evaluated in pathological conditions, becoming evident its
association with several human diseases that range from muscular dystrophy and infertility to
neurodegenerative diseases and carcinomas. Moreover, RGN is a protein present in patients’
serum which has been correlated with stages of disease, highlighting its usefulness as a
potential biomarker for monitoring disease onset and progression.

At the present moment, research efforts are needed to disclose the role of RGN over the control
of cell cycle and intracellular signaling mechanisms. Moreover, since RGN protein is detected
in the nuclear compartment, the identification of putative partners for RGN actions in the
nucleus also is clearly warranted. Thoroughly deciphering the RGN actions in cell physiology
will be a research challenge in next years, which will also contribute to a better understanding

of the biology of several human diseases.
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Aim and outline of the thesis

Despite the numerous research efforts and the continuous improvements on diagnostic and
treatment, breast cancer remains one of the biggest threats for women health compromising
their life expectation. Although scientific research has produced substantial advances in the
understanding of the molecular mechanisms that underlie breast tumorigenesis, this highly
complex pathology continuous to be a challenge for researchers, physicians and women. The
accepted hallmarks of cancer were established on the basis of the common molecular
mechanisms that are deregulated in non-neoplastic cells leading to the neoplastic
transformation. These mechanisms include cell proliferation, apoptosis, glycolytic metabolism
and calcium (Ca?*) homeostasis. Regucalcin (RGN) is a CaZ*-binding protein that has been
associated with the control of cell proliferation, apoptosis and also cell metabolism. Moreover,
RGN was linked to breast cancer. It was found that RGN expression is suppressed in human
breast cancer cases and correlated with tumor grade. This led us to hypothesize that the loss
of RGN expression may favor the tumorigenic transformation of the mammary gland. On the
other hand, it is liable to assume that maintaining RGN expression levels may be protective
mechanism against mammary carcinogenesis.

Therefore, the first aim of this thesis was to disclose if RGN has a role protecting against the
onset and development of mammary gland tumors. Secondly, we intended to explore the
biological mechanisms through which RGN may exert its functions in non-pathologic and
pathologic breast tissues. For this purpose, cell proliferation, apoptosis, and metabolic
pathways were evaluated. It was also our aim to investigate the factors that regulate RGN
expression levels in breast cancer cells.

According to the proposed aims, the thesis was organized in separated complementary
chapters. In chapter IV, the protective role of RGN against the carcinogenesis of the mammary
gland was investigated by the chemical induction of mammary gland tumors in transgenic rats
overexpressing RGN (Tg-RGN) and wild-type (Wt) controls. Also, the influence of RGN
overexpression in the proliferative and apoptotic status of the mammary gland and mammary
gland tumors was evaluated.

To further dissect the biologic regulatory actions of RGN, the glycolytic metabolism in the
mammary gland and non-invasive mammary tumors of Tg-RGN rats and Wt controls was also
performed (Chapter V).

Chapter VI explores whether the expression of RGN and another Ca?* regulator, the L-type Ca?
channel, are affected by the treatment with 5a-dihydrotestosterone in MCF-7 breast cancer
cells.

Finally, in Chapter VII, an integrative discussion of all the obtained results presented herein is
included, depicting future perspectives of research and application of these discoveries into

treatment of breast cancer.
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Chapter IV

Histopathological and in vivo evidence of
regucalcin as a protective molecule in mammary

gland carcinogenesis
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carcinogenesis. Exp Cell Res. 330: 325-335.



64



Histopathological and in vivo evidence of regucalcin as a

protective molecule in mammary gland carcinogenesis

Abstract

Regucalcin (RGN) is a calcium-binding protein, which has been shown to be underexpressed in
cancer cases. This study aimed to determine the association of RGN expression with
clinicopathological parameters of human breast cancer. In addition, the role of RGN in
malignancy of mammary gland using transgenic rats overexpressing the protein (Tg-RGN) was
investigated. Wild-type (Wt) and Tg-RGN rats were treated with 7,12-
dimethylbenz[a]anthracene (DMBA). Carcinogen-induced tumors were histologically classified
and the Ki67 proliferation index was estimated. Immunohistochemistry analysis showed that
RGN immunoreactivity was negatively correlated with the histological grade of breast
infiltrating ductal carcinoma suggesting that progression of breast cancer is associated with loss
of RGN. Tg-RGN rats displayed lower incidence of carcinogen-induced mammary gland tumors,
as well as lower incidence of invasive forms. Moreover, higher proliferation was observed in
non-invasive tumors of Wt animals comparatively with Tg-RGN. Overexpression of RGN was
associated with diminished expression of cell-cycle inhibitors and increased expression of
apoptosis inducers. Augmented activity of apoptosis effector caspase-3 was found in the
mammary gland of Tg-RGN. RGN overexpression protected from carcinogen-induced mammary
gland tumor development and was linked with reduced proliferation and increased apoptosis.

These findings indicated the protective role of RGN in the carcinogenesis of mammary gland.

Keywords: apoptosis / breast cancer / carcinogen / DMBA / mammary gland / regucalcin

Introduction

Regucalcin (RGN) is a calcium (Ca?*)-binding protein, without the typical EF-motif, that plays
an important role in intracellular Ca?* handling by modulation of Ca%*-pumps activity at the cell
membrane and intracellular organelles [1]. The role of RGN in the regulation of multiple
intracellular signaling pathways, such as cell proliferation and apoptosis, also has been
suggested [2, 3]. Although highly expressed in liver and kidney, RGN is present in a wide variety
of reproductive tissues [4, 5], and altered expression patterns of this protein have been
associated to pathological conditions [3]. Previous studies conducted by us and others have
shown that RGN is underexpressed in human breast, prostate and liver cancer [6, 4, 7].
Moreover, it was observed that loss of RGN expression already occurs in the pre-neoplastic
lesions of rat liver and, thus preceding the formation of tumors [8]. This suggests that loss of
RGN may be an early event underlying malignant transformation of cells, tumor development
and progression. In the present study, we investigated the association of RGN expression with

clinicopathological variables of human breast cancer. In addition, to ascertain the role of RGN
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in the control of malignant transformation of mammary gland, we made use of a transgenic rat
model overexpressing RGN and studied their susceptibility to developing carcinogen-induced

tumors.

Material and methods

Chemicals
All chemicals and antibodies were purchased from Sigma-Aldrich (Saint Louis, MO, USA) unless

otherwise stated.

Animals, DMBA treatment and tissue collection

Virgin female Sprague Dawley wild-type (Wt) rats were obtained from Charles River (Barcelona,
Spain). Transgenic rats overexpressing RGN (Tg-RGN) originally generated by Yamaguchi et al.
[9] by oocyte transgene pronuclear injection were purchased from Japan SLC (Hamamatsu,
Japan). Animals were handled in compliance with the NIH guidelines and the European Union
rules for the care and handling of laboratory animals (Directive number 2010/63/EU). They
were housed under a 12 h light:12 h darkness cycle, with food and water available ad libitum
during the experiment. At 3-month of age, both Wt (n = 10) and Tg-RGN (n = 31) rats were
treated with the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA, 20 mg/kg in 0.2 ml
sesame o0il) by a single intragastric administration. Two weeks after DMBA administration
animals were weekly palpated for detecting the presence of tumors. When bearing palpable
tumors (= 2 cm) rats were euthanized by cervical dislocation under anesthesia (100 mg
ketamine/8 mg xilazine per Kg). Individual tumors were dissected and fixed in 4 %

paraformaldehyde for histological processing.

Breast cancer tissue microarrays

Tissue microarrays (TMAs) containing 158 cases of human breast infiltrating ductal carcinoma
were constructed at the Pathology Unit of IPATIMUP (Institute of Molecular Pathology and
Immunology of Porto University) using archived formalin-fixed paraffin-embedded resection
blocks, as previously described [10]. TMA blocks were cut into 2-4 pm sections, which were

processed for immunohistochemical analysis.

RGN immunohistochemistry and staining scores

TMAs sections were deparaffinised with xylene and rehydrated using different grades of
ethanol. Heat-induced antigen retrieval was performed in a citrate buffer solution (10 mM, pH
6.0) and endogenous peroxidase was inactivated with 3 % hydrogen peroxide for 10 min. Cells
were permeabilized with 0.01 % digitonin for 5 min at room temperature (RT). Non-specific
protein binding was prevented by incubating sections with PBS containing 1 % BSA and 0.3 M
glycine for 30 min. Sections were incubated overnight at 4°C with rabbit anti-RGN antibody
(Cosmo Bio Co., LTD) diluted 1:50 in PBS with 1 % BSA, followed by 1 h incubation with goat
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anti-rabbit biotinylated antibody (1:20) at RT. Antibody binding was detected using Extravidin
Peroxidase reagent (1:20) and 3,3’-diaminobenzidine hydrochloride (Dako, Glostrup, Denmark)
as chromogen. TMAs sections were counterstained with Mayer’s hematoxylin, dehydrated,
cleared and mounted. Specificity of the immunostaining was assessed by the omission of
primary antibody.

A scoring system including intensity and percentage of stained cells was used to assess RGN
immunoreactivity in breast tumors [4]. Staining intensity was divided into moderate (score 1)
and strong (score 2), while percentage of staining was divided into, up to 1/3 (score 1), up to
2/3 (score 2) and almost all cells stained (score 3). Low RGN immunoreactivity with a score 1
(1x1) indicated that up to 1/3 of cells were moderately stained; moderate immunoreactivity
was considered for scores 2-4 (1x2, 1x3, 2x1 or 2x2); high immunoreactivity represented a score
of 6 (2x3) indicating that almost all cells were strongly stained. RGN immunoreactivity was
associated with clinicopathological parameters of patients/tumors available at the IPATIMUP
archive, namely, age, tumor grade and tumor molecular profile subtype. Also, RGN expression
was associated with tumors status for estrogen receptor (ER), progesterone receptor (PR), HER-
2/neu oncoprotein (HER-2), epidermal growth factor receptor (EGFR), cytokeratin 5 (CK5), P-
cadherin (P-Cad), cytokeratin 14 (CK14), p63 and p53.

Ki67 fluorescence immunohistochemistry

Non-invasive tumors of both Tg-RGN and Wt animals were stained with the nuclear proliferation
marker Ki67. Briefly, after deparaffinization tissue sections were rehydrated and antigen
retrieval was performed in a heated citrate bath (pH 6.0). Following permeabilization with 0.2
% Triton X-100 for 10 min and blocking of non-specific protein binding with PBS containing 1 %
BSA and 0.3 M glycine for 30 min at RT, sections were incubated overnight at 4°C with a rabbit
anti-Ki67 antibody (1:50, Abcam, ab16667). Incubation with the Alexa fluor 546 goat anti-rabbit
IgG secondary antibody (1:500, Invitrogen) was carried out for 1 h at RT. Specificity of
immunostaining was assessed by omission of primary antibody. Cell nuclei were stained with
Hoechst 33342 (10 pg/mL, Invitrogen) for 5 min at RT. Sections were mounted in Dako
fluorescent mounting medium (Dako, Lisbon, Portugal). Slides were observed in the Zeiss LSM
710 laser scanning confocal microscope (Carl Zeiss, Germany) and proliferation index was
estimated by counting the number of Ki67 positive cells and Hoechst stained nuclei in thirty
randomly selected 40 x magnification fields for each section. The ratio between Ki67 stained

cells and the total number of nuclei was calculated.

RNA isolation and cDNA synthesis

Total RNA was extracted from mammary gland tissues of 3-month old Wt and Tg-RGN rats using
the TRI reagent (Ambion) following manufacturer’s instructions. Total RNA was reverse-
transcribed using the First-strand cDNA synthesis kit (MB12502, NZYTech, Lisboa, Portugal). In
brief, 1 pug of total RNA was added to NZY Reverse Transcriptase enzyme mix. cDNA synthesis

reaction was initiated by a 10 min incubation at 25°C, followed by 30 min at 50°C and an
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inactivation step at 85°C for 5 min. 1 pyL of RNase H was added and incubation proceed at 37°C
for 20 min. The reaction was stopped by heating at 85°C for 5 min and synthesized cDNA was

stored at -20°C until further use.

Real-time-PCR (qPCR)

Analysis of expression of cell-cycle and apoptosis related genes (Table IV.1) in the mammary
gland of Tg-RGN and Wt rats was performed by qPCR using indicated specific primers and cycling
conditions.  B,-Microglobulin  (B2M, sense: 5 ATGGTGGGTATGGGTCAG3'; antisense:
5 CAATGCCGTGTTCAATGG3 ") and GAPDH (sense: 5 GTTCAACGGCACAGTCAA3’; antisense:
5 CTCAGCACCAGCATCACC3") genes were used as internal controls for normalization of
expression of interest genes. Reactions were carried out in an iQ5 system (Bio-Rad, Hercules,
USA) and the efficiency of amplifications was determined for all primer sets using serial
dilutions of cDNA (1, 1:3 and 1:9). PCR conditions and reagents concentrations were previously
optimized and specificity of the amplicons was determined by melting curves. Each reaction
consisted of Maxima™ SYBR Green/Fluorescein qPCR Master Mix (Thermo Scientific from
Fermentas), sense and antisense primers (300 nM for H-ras, SCF, and B2M; 200 nM for all other
genes) and 1-3 pl of cDNA in a final volume of 20 pl. PCR reaction comprised 5 min denaturation
at 95°C, followed by 40 cycles at 95°C for 10 s, a specific annealing temperature for each gene
(Table IV.1) for 30 s and 72°C for 10 s. Samples were run in triplicate in each PCR assay.
Normalized expression values were calculated following the mathematical model proposed by

Vandesompele et al. [11].

Western blot

Total proteins were extracted from mammary glands of 3-month old Tg-RGN and Wt rats using
RIPA buffer (150 mM NaCl, 1 % Nonidet-P40 substitute, 0.5 % Na-deoxycholate, 0.1 % SDS, 50
mM Tris pH 8 and 1 mM EDTA) supplemented with protease inhibitors cocktail. Protein
concentration was determined by the Bradford assay (Bio-Rad) and approximately 80 pg was
resolved by SDS-PAGE on 12 % gels and electrotransferred to a PYDF membrane (GE Healthcare,
Buckinghamshire, UK). Membranes were incubated overnight at 4°C with rabbit anti-cleaved
caspase-8 (1:1000, no. 5263, Santa Cruz Biotechnology), rabbit anti-Bcl-2 (1:1000 no. 2876, Cell
Signaling Technology) and rabbit anti-Bax (1:500 no. 2772, Cell Signaling Technology). A mouse
anti-B-actin antibody (1:5000, A5441, Sigma-Aldrich) was used for normalization of protein
expression. Goat anti-rabbit IgG-AP (1:5000, Santa Cruz Biotechnology) or goat anti-mouse IgG-
AP (1:5000, Santa Cruz Biotechnology) were used as secondary antibodies. Membranes were
incubated with ECF substrate (GE Healthcare) for 5 min and immunoreactive bands visualized
using the Molecular Imager FX Pro plus Multilmager (Bio-Rad). Band densities were obtained
according to standard methods using the Quantity One Software (Biorad) and normalized by

division with the respective B-actin band density.
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Table IV.1. Oligonucleotides sequences, amplicon size and annealing temperature in gPCR reactions.

Amplicon Size

(bp)
Sense: AAG AAC AAG ATG ATG AGG AAG

Myc 53 143
Antisense: GTG CTG GTG AGT AGA GAC

Sense: AGA CCC GGC AGG GTG TGG AG
H-ras 60 278
Antisense: CCG GGA CGG GCA CAA AGG AC

Sense: GTT CCT TGC CACTTCTTAC
p21 53 103
Antisense: ACT GCT TCA CTG TCA TCC

Sense: CTG CCC ACC ACA GCG ACA GG
p53 60 471
Antisense: AGG AGC CAG GCC GTC ACC AT

Sense: GGT TGA CAT CTG GAG GAT AG
Cdk1 53 115
Antisense: GCC ACA CTT CGT TGT TAG G

Sense: ATG AAG GAA GAT GGT CTA AGC
Chk2 53 168
Antisense: TGG TGG AGG AAC TGG ATG

Sense: ATG GCT TGG GAA ATG TCT G
SCF 58 193
Antisense: GCT GAT GCT ACG GAG TTAC

Sense: CCG TCT CCATCCATCC
c-Kit 60 143
Antisense: TTC GCT CTG CTT ATT CTC AAT CC

Sense: CGC GTG GTT GCC CTC TTC TACTTT
Bax 60 124
Antisense: CAA GCA GCC GCT CAC GGA GGA

Sense: GGG CTA CGA GTG GGA TAC
Bcl-2 53 63
Antisense: AGG CTG GAA GGA GAA GAT G

Sense:TGC AGG GTA CGC CTT GTG CG
caspase-9 60 130
Antisense: CCT GAT CCC GCC GAG ACC CA

Sense: AGG CCT GCC GAG GTA CAG AGC
caspase-3 60 255
Antisense: CCG TGG CCA CCT TCC GCT TA

Gene Sequence (5'- 3') AT (°C)

Abbreviations: AT, annealing temperature; bp, base pairs

Caspase-3 activity assay

The activity of caspase-3 was assessed through cleavage of a colorimetric substrate. Briefly,
proteins (25 pug) were incubated with a reaction buffer (25 mM HEPES, pH 7.5, 0.1 % CHAPS, 10
% sucrose and 10 mM DTT) and 100 pM of caspase-3 substrate (Ac-DEVD-pNA) for 4 h at 37°C.
The caspase-3-like activity was determined after cleavage of the labeled substrate and release
of the chromophore p-nitroanilide, measured spectrophotometrically at 405 nm. The method

was calibrated with known concentrations of p-nitroanilide.

Statistical analysis

The X2 contingency test was used for categorical variables to determine differences between
phenotypes. Student’s t-test was used to evaluate quantitative variables. A p-value < 0.05 was
considered to reflect a significant association. The Graphpad Prism 5.0 (GraphPad Software,

San Diego, CA, USA) was used for statistical analysis.
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Results

Association of RGN expression with clinicopathological parameters of human breast cancers

RGN immunoreactivity was evaluated in human breast infiltrating ductal carcinomas and

associated with several clinicopathological parameters, such as age, tumor grade, tumor status
for ER, PR, HER2, EGFR, CK5, P-Cad, CK14, p63 and p53 proteins, and tumor molecular profile

(Table IV.2).

Table IV.2. Association of regucalcin expression with clinical and histopathological data of breast cancer

patients/tumors.

Regucalcin immunoreactivity p-value*
Variable Total of
cases Low Moderate High
n (%) n (%) n (%)
<45 42 11 (26.2) 26 (61.9) 5(11.9)
Age (y) 0.4862
> 45 116 33 (28.5) 61 (52.6) 22 (20)
Tumor I 77 23 (29.9) 38 (49.4) 16 (20.8) 0,049
grade Il 56 11 (19.6) 37 (66.1) 8 (14.3) (0.0347)?
1] 20 10 (50) 9 (45) 1(5)
- 64 22 (34.4 33 (51.6 9 (14.1
ER () (34.4) (51.6) (14.1) 0.2921
(+) 94 22 (23.4) 54 (57.5) 18 (19.1)
(-) 99 34 (34.3) 49 (50) 16 (16.2) 0.0595
PR : a
(+) 59 10 (17) 38 (64.4) 11 (18.6) (0.0183)
- 139 40 (28.8 73 (52.5 26 (18.7
HER-2 ) ( ) ( ) ( ) 0.1750
(+) 19 4 (21.1) 14 (73,7) 1(5.3)
- 147 39 (26.5 82 (55.8 26 (17.7
EGFR ) ( ) ( ) ( ) 0.3759
(+) 11 5 (45.5) 5 (45.5) 19.1)
- 120 31 (25.8 64 (53.3 25 (20.8
CK5 ) ( ) ( ) ( ) 0.0784
(+) 38 13 (34.2) 23 (60.5) 2 (5.3)
- 118 34 (28.8 65 (55.1 19 (16.1
P-Cad ) ( ) ( ) ( ) 0.8099
(+) 40 10 (25) 22 (55) 8 (20)
- 149 40 (26.9 83 (55.7 26 (17.5
CK14 ) ( ) ( ) ( ) 0.4594
+) 4 2 (50) 1 (25) 1 (25)
- 156 43 (27.56 86 (55.1 27 (17.3
063 ) ( ) (55.1) (17.3) 0.7003
+) 2 1 (50) 1 (50) 0 (0)
- 123 37 (30.1 65 (52.9 21 (17.1
p53 ) ( ) ( : ( ) 0.4746
+) 35 7 (20) 22 (62.9) 6 (17.1)
Basal-like 26 11 (42.3) 12 (46.2) 3 (11.5)
Molecular HER-2 17 4 (23.6) 12 (70.6) 1(5.9)
Prolife 0.2256
Luminal A 93 22 (23.7) 53 (57) 18 (19.4)
Luminal B 3 0 (0) 3 (100) 0 (0)

*- calculated by the X? test; @ p-value when grouping cases as low vs. (moderate and high)
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RGN expression pattern, divided into low, moderate and high (Figure IV.1), was negatively
associated with the differentiation grade of tumors (p = 0.0498). Seventy percent of well
differentiated (grade I) breast tumors displayed moderate or high RGN immunoreactivity, while
66.1 % of grade Il tumors were moderately stained. In contrast, only 5 % of poorly differentiated
tumors (grade Ill) showed high RGN immunoreactivity, and the percentage of cases presenting
low RGN levels increased relatively to grade Il and grade | tumors (50 % vs 19.6 or 29.9 %,
respectively).

No other statistically significant associations were found between RGN expression patterns
(low, moderate or high) and histopathlogical parameters. Nonetheless, the percentage of ER
(34.4 %) and PR (34.3 %) negative tumors with low RGN staining vs the cases with high RGN
immunoreactivity (14.1 % (p = 0.2921) and 16.2 % (p = 0.0595) respectively, for ER and PR),
should be noted. In fact, when grouping cases as low vs (moderate and high) a significant
association was found between PR tumor status and RGN expression (p = 0.0183).

Also, within HER-2 (p = 0.175) and CK5 (p = 0.0784) positive cases, 21.1 % and 34.2 % of tumors,
respectively, displayed low RGN staining contrasting with only 5.3 % of cases with high RGN
levels. Although no association was established between RGN immunoreactivity and tumor
molecular profile (p = 0.2256), an elevated percentage of basal-like and HER-2 tumors
presented low RGN immunoreactivity (42.3 % and 23.6 %, respectively). The percentage of
tumors with high RGN staining was 11.5 % for basal-like and 5.9 % for HER-2.

Moderate

Figure IV.1. Representative images of low, moderate and high RGN immunoreactivity in human breast
infiltrating ductal carcinoma. All tissues are shown in an original magnification of 400 x.
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Transgenic overexpression of RGN protects from carcinogen-induced mammary gland tumor
development

In order to evaluate the role of RGN controlling malignant transformation of mammary gland,
Tg-RGN and Wt rats were treated with the DMBA carcinogen, a well-recognized agent inducing
rat mammary carcinogenesis [12]. The latency period for tumor development (14 weeks) was
identical in both groups; however, tumors emerged quickly in the Wt animals. Thirty-eight and
50 % of Wt animals presented a palpable tumor, respectively, at 18 and 28 weeks after DMBA
administration, contrasting with only 6.45 % in Tg-RGN (p < 0.05, Figure 1V.2). In the Tg-RGN
group no other animals developed tumors from 14 weeks to 36 weeks after DMBA
administration. At 44 weeks, tumor incidence was 25.8 % in Tg-RGN against 100 % in Wt group
(p < 0.001, Figure IV.2). Fifty weeks after carcinogen treatment more than half of Tg-RGN
animals (62.5 %) had developed a tumor and, thus, the remaining animals were euthanized and

the experiment ended.
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Figure IV.2. Cumulative percentage of bearing a palpable tumor in transgenic rats overexpressing
regucalcin (Tg-RGN) and wild-type (Wt) after DMBA administration. Virgin female rats were given DMBA
(20mg/kg body weight) at 3 month of age.
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Tumors collected from Wt and Tg-RGN animals were histologically classified according to Russo

and Russo [13], and the distinct histological types identified are shown in Figure IV.3.

Intraductal
proliferation

Non-neoplastic
lesion

Lactating adenoma

Invasive pappilary
carcinoma

Invasive cribriform
carcinoma

gz ,"
o

Figure IV.3. Representative images of hematoxilin and eosin stained sections (100x and 400x
magnifications) of rat mammary gland tumors developed in response to DMBA treatment (20mg/kg body
weight). Tumors were histologically classified and grouped as pre-cancerous lesions (intraductal
proliferation), non-invasive tumors (non-neoplastic lesion and lactating adenoma) and invasive tumors
(invasive papillary carcinoma and invasive cribriform carcinoma).
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Tumors were grouped as pre-cancerous lesions, non-invasive and invasive, showing a significant
different incidence between Tg-RGN and Wt animals (Table IV.3, p = 0.0043). Although the
majority of tumors both in Tg-RGN (76.9 %) and Wt (54.5 %) groups were non-invasive forms,
the percentage of invasive tumors was significantly higher in Wt (45.5 % vs 3.8 % in Tg-RGN).
Also noteworthy is the fact that pre-cancerous lesions (19.2 %) were only detected in Tg-RGN
(Table 1V.3).

Table IV.3. Incidence of pre-cancerous lesions, non-invasive and invasive mammary gland tumors in rats
overexpressing regucalcin (Tg-RGN) and controls (Wt) 50 weeks after DMBA administration®.

Pre-cancerous Non-invasive

lesions tumors Invasive tumors p-value
Group u
n % n % n %
Tg-RGN 5 (26) 19.2 20 (26) 76.9 1 (26) 3.8
0.0043
Wt 0 (11) 0 6 (11) 54.5 5 (11) 45.4

* some animals have developed more than one tumor

Proliferation index in non-invasive mammary gland tumors of RGN transgenic and wild-type
rats

Ki67 immunofluorescent staining was used to evaluate the proliferation index in non-invasive
mammary gland tumors of Wt and Tg-RGN animals. The number of Ki67-stained cells in tumors
of Tg-RGN rats was significantly lower comparatively to tumors of Wt animals (p < 0.05, Figure

IV.4).
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Figure IV.4. Proliferation index in non-invasive mammary gland tumors of transgenic rats overexpressing
regucalcin (Tg-RGN) versus wild-type (Wt) counterparts determined by immunofluorescent staining of
Ki67. (A) Percentage of Ki67 positive cells relatively to total cells. Results are expressed as fold-variation
relatively to the Wt group. Error bars indicate mean + SEM (n > 4).* p < 0.05. (B) Representative images
of Hoechst stained nuclei, Ki67 immunofluorescence and corresponding merged images in Wt (a, b and ¢)
and Tg-RGN animals (d, e and f). Negative controls for Ki67 obtained by omission of the primary antibody
are provided as insert panels (-).
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Expression and activity of proliferation and apoptosis regulators in rat mammary gland
overexpressing RGN

In order to determine the influence of RGN in regulating cell death and proliferation, the
expression of target regulators of cell-cycle and apoptosis pathways was evaluated in the
mammary gland of Tg-RGN animals comparatively with their Wt counterparts.

The mRNA expression of Myc oncogene and cell-cycle regulator Cdk1 gene was significantly
decreased in Tg-RGN animals (p < 0.01, Figure 1V.5A). In contrast, mRNA expression of tumor

suppressor gene p53 was strongly increased in Tg-RGN animals (p < 0.05, Figure IV.5A).
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Figure IV.5. mRNA expression of cell cycle (A) and apoptosis (B) regulators in the mammary gland of
transgenic rats overexpressing regucalcin (Tg-RGN) comparatively with wild-type (Wt) counterparts
determined by qPCR. C) Bax/Bcl-2 mRNA expression ratio of Tg-RGN vs Wt. In both groups, animals were
3-month old (n > 5). Expression was determined after normalization with B;-Microglobulin and GAPDH
housekeeping genes. Results are expressed as fold-variation relatively to the Wt group. Error bars indicate
mean + SEM.* p < 0.05, ** p < 0.01, *** p < 0.001.
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The stem cell factor (SCF) and its tyrosine kinase receptor, the c-Kit, represent a powerful
mechanism in the control of cell survival and proliferation [14]. c-Kit expression has been
reported in a variety of human solid tumors including breast carcinoma [15], thus, we decided
to analyze the expression of SCF and c-Kit in the mammary gland of Tg-RGN and Wt rats. Both,
SCF and c-Kit mRNA expression were diminished in Tg-RGN comparatively to their Wt
counterpart (respectively, p < 0.05 and p < 0.01, Figure IV.5A). mRNA levels of other cell-cycle
regulators, namely, p21 and Chk2, as well as the oncogene H-ras were not significantly different
between Tg-RGN and Wt (Figure IV.5A).

Considering the expression of apoptosis regulators, the mRNA levels of pro-apoptotic Bax were
increased in Tg-RGN relatively to Wt (p < 0.05, Figure IV.5B) while anti-apoptotic Bcl-2 was
decreased (p < 0.01, Figure IV.5B). Consequently, the calculation of Bax/Bcl-2 mRNA ratio
revealed an increase (p < 0.05, Figure IV.5C) when comparing Tg-RGN and Wt group. Protein
levels of Bax and Bcl-2, and the Bax/Bcl-2 protein ratio remained unchanged (Figure IV.6A and
B). Also, the mRNA expression of caspase-3 and caspase-9 (Figure IV.5B), as well as the protein
levels of caspase-8 (Figure IV.6A) did not display significant differences between the mammary
gland of Tg-RGN and Wt animals.
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Figure IV.6. Protein expression of apoptosis regulators (A) in the mammary gland of transgenic rats
overexpressing regucalcin (Tg-RGN) comparatively with wild-type (Wt) counterparts. B) Bax/Bcl-2
expression ratio of Tg-RGN vs Wt. In both groups, animals were 3-month old (n > 8). Expression was
determined after normalization with B-actin. Results are expressed as fold-variation relatively to the Wt
group. Error bars indicate mean + SEM.
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The enzymatic activity of the apoptosis effector caspase-3 was 1.4 + 0.14 fold increased in Tg-
RGN comparatively with Wt rats (p < 0.05, Figure IV.7).
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Figure IV.7. Caspase-3 activity in the mammary gland of transgenic rats overexpressing regucalcin (Tg-
RGN) relatively to wild-type (Wt) animals. Enzyme activity was measured at 37°C, 4 h after incubation
with caspase-3 substrate. Results are presented as a fold-variation to Wt group. Error bars indicate mean
+ SEM (n > 6).* p < 0.05.

Discussion

In this study we investigated the role of RGN in breast malignancy using both human breast
cancer samples and an animal model overexpressing the RGN protein. We found that RGN
immunoreactivity in human breast infiltrating ductal carcinoma was negatively correlated with
tumor differentiation. The distribution pattern of high RGN immunoreactivity was strongly
diminished in poorly differentiated grade Ill tumors, which mainly displayed low or moderate
expression levels of RGN. Accordingly, the large majority of more differentiated tumors of
grade | and grade Il showed moderate or high RGN immunoexpression. This demonstrated that
a decreased expression of RGN accompanies differentiation of breast tumors and suggested that
loss of RGN favors tumor progression. The association of RGN down-regulation with tumor
development was also suggested in cases of human hepatocellular carcinoma [6]. Moreover,
cDNA microarray analysis in rat liver has shown that loss of RGN expression happens in pre-
neoplastic foci before the acquisition of a neoplastic phenotype [8]. Therefore, loss of RGN
expression may also play a relevant role in the initial steps of breast tumorigenesis. On the
other hand, it is liable to suggest that the RGN protein has a protective function against onset
and development of breast cancer. We explored this question by analyzing the susceptibility of
Tg-RGN animals to develop DMBA-induced mammary gland tumors comparatively with their Wt
counterparts. Tg-RGN animals presented a marked resistance to mammary carcinogenesis as
shown by the significantly lower incidence of tumors in this group throughout all experiment.

Noteworthy, differences were also found in the histological analysis of mammary gland tumors

from the Tg-RGN and Wt. Tg-RGN rats displayed a reduced incidence of invasive tumors
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comparatively to Wt (3.8 % vs 45.4 %). In addition, the histological identification of pre-
cancerous lesions was only possible in the Tg-RGN group, which indicates that RGN
overexpression delays tumor onset and progression.

Ki6é7 nuclear staining is one of the most widespread methods to evaluate cell proliferation in
cancer samples [16] and we used it to evaluate proliferation indexes in non-invasive tumors of
both Tg-RGN and Wt. Ki67 proliferation index was significantly lower in tumors of Tg-RGN
animals, which sustains the less aggressive phenotype and the reduced incidence of invasive
tumor forms observed in these animals.

Cancer arises upon deregulation of basic biological processes and unbalanced cell death and
proliferation is a known hallmark in the onset of tumorigenesis [17]. In order to investigate the
influence of RGN in cell proliferation and apoptotic pathways we analyzed the expression and
activity of several cell-cycle and apoptosis regulators in the mammary gland of both Tg-RGN
and Wt. The results obtained demonstrated a decreased expression of the cell-cycle regulator
Cdk1 in Tg-RGN comparatively with Wt. Cdk1 is a cyclin-dependent kinase essential for the
G2/M phase transition and active progression into mitosis [18], which is negatively regulated
by other pivotal cell-cycle regulators such as the tumor suppressor p53 [19]. Tg-RGN rats
displayed increased levels of p53, which follows previous in vitro findings in hepatoma and
kidney cells [20, 21], and associates RGN with repression of the cell-cycle at the transition of
G2- to M-phase. Also, diminished levels of Myc oncogene were found in the mammary glands of
Tg-RGN rats. Myc is a transcription factor overexpressed in human cancer cases and associated
with tumor invasiveness and poor prognosis [22], which was also found to be suppressed in
hepatoma cells overexpressing RGN [20].

SCF is a membrane-bound cytokine and its binding to c-Kit activates the intrinsic tyrosine kinase
activity of receptor [14]. The SCF/c-Kit signaling pathways have been implicated in the
regulation of cell proliferation and tumorigenesis in different types of human tissues [14] and
recent findings strongly linked c-Kit with breast carcinogenesis. Both in vivo and in vitro
approaches demonstrated that c-Kit levels increase after loss of BRCA1 expression, and that c-
Kit contributes for growth and survival of progenitor cells, which seem to be in the origin of
BRCA1-associated tumorigenesis [23]. Therefore, the down-regulated expression of both SCF
and c-Kit in the mammary gland of Tg-RGN may be looked as an additional mechanism
contributing to counteract cell proliferation.

The process of apoptosis involves two major pathways, the extrinsic pathway, mediated by
death receptors at plasma membrane, and the mitochondrial or intrinsic pathway, dependent
of signals targeting mitochondria [24]. Independently of the activated pathway, the apoptotic
process underlies on the action of pro-apoptotic members of the Bcl-2 family and converges to
the activation of the apoptosis effector caspase-3, via initiator caspase-8 and caspase-9,
respectively, in the extrinsic and mitochondrial pathways [25, 26]. Although the Bax/Bcl-2
protein ratio and expression levels of caspases did not display differences in the mammary
gland of Tg-RGN rats relatively to their Wt counterparts, the enzymatic activity of caspase-3

was clearly increased in Tg-RGN. The measurement of caspase-3 activity has been considered
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a powerful indicator of the activation of apoptotic pathways [26], which indicates a
commitment with apoptosis in Tg-RGN animals.

Besides its role controlling cell proliferation, p53 also acts as a pro-apoptotic factor [27] with
a documented cross-talk with Bax/Bcl-2 proteins, which when deregulated is linked with tumor
development [28]. p53 induces the transcription of Bax and other mitochondrial pro-apoptotic
factors overcoming the anti-apoptotic effects of Bcl-2 [28]. Therefore, the increased expression
of p53 observed in the mammary gland of Tg-RGN may explain the increased mRNA expression
of Bax and the increased ratio of Bax/Bcl-2. Moreover, p53 may directly interact with Bcl-2
antagonizing its functions and leading to cell death [28]. Although the regulation of apoptosis
involves complex and intricate networks, this finding also explains the higher rates of apoptosis
in the mammary gland of Tg-RGN, as indicated by the increased enzymatic activity of caspase-
3.

In conclusion, we showed that progression of human breast cancer is associated with loss of
RGN immunoreactivity. Moreover, RGN overexpression protected from carcinogen-induced
mammary gland tumor development, which seems to be related with restricted proliferative
activity and fostered apoptotic response. Altogether, our findings represent the first evidence
of the protective role of RGN in the development of mammary gland carcinogenesis. Ultimately
the present data may also contribute to developing new therapeutic approaches for human

breast cancer.
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Glycolytic metabolism in the mammary gland of transgenic rats
overexpressing calcium-binding protein regucalcin: new clues for

the protective role against tumor development

Abstract

Purpose The metabolic reprogramming with enhanced glycolytic metabolism is a common
feature of neoplastic transformation. Regucalcin (RGN) is a protein with suppressive effects on
mammary gland cell proliferation, and for which an anti-tumor activity has been indicated, but
the mechanisms underlying these actions need clarification. This study investigated the
glycolytic metabolism in the mammary gland (and chemically-induced tumors) of transgenic
rats overexpressing RGN (Tg-RGN) and wild-type (Wt) controls.

Methods The glucose and lactate content in the mammary gland and chemically-induced
tumors of Tg-RGN and Wt animals were determined spectrophotometrically. Real-time
PCR/Western blot and biochemical assays were used to evaluate, respectively, the expression
and activity of glycolytic-associated genes.

Results The glycolytic metabolism was repressed in the mammary gland of Tg-RGN animals
comparatively to Wt group, as indicated by the reduced levels of glucose, the decreased
expression of glucose transporter, GLUT3 and the diminished activity of phosphofructokinase
1. However, lactate levels and the activity of lactate dehydrogenase (LDH) were enhanced in
the mammary gland of Tg-RGN rats. A metabolic switch was observed in the mammary gland
tumors overexpressing RGN, which showed reduced activity of LDH comparatively with controls.
Conclusions The suppressed glycolytic flux found in the mammary gland of Tg-RGN animals
supports the role of RGN counteracting tumor development. Moreover, the diminished activity
of LDH in mammary gland tumors of Tg-RGN rats may be associated with the retardation of
tumor progression. The present findings provide new clues to the clarification of the

mechanisms by which RGN confers protection against mammary gland carcinogenesis.

Keywords: Glycolysis / Glucose / GLUTs / LDH / regucalcin / mammary gland

Introduction

The calcium (Ca?*)-binding protein regucalcin (RGN) is a multifunctional protein that regulates
a myriad of cellular functions. Besides its classical role in the maintenance of intracellular Ca?*-
homeostasis, RGN has been shown to be involved in the regulation of cell proliferation,
apoptosis, metabolism and oxidative stress levels [1], all deregulated processes in the
development of human tumors. Interestingly, the down-regulated expression of RGN has been
reported in several types of human cancer and cell lines, including breast cancer [2-4].

Furthermore, RGN overexpression in vivo conferred protection against the development of
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carcinogen-induced mammary gland tumors [2]. Although this anti-tumor activity has been
linked with suppressive effects in cell proliferation, the mechanisms by which RGN may
counteract tumor development need clarification.

The metabolic reprogramming has become an emergent and widely recognized hallmark in
cancer cell transformation [5]. Metabolic adaptation of cancer cells is usually associated with
enhanced glycolysis, as well as, with augmented conversion of pyruvate to lactate [6]. On the
other hand, RGN has been associated with the control of cell metabolism, being capable of
influencing glycolysis, oxidative phosphorylation, glycogenolysis and gluconeogenesis [1, 7].
The present study aims to determine the influence of RGN on the glycolytic metabolism of
mammary gland tissues. For this purpose, glucose and lactate contents, as well as, the
expression and activity of glycolytic metabolism-associated genes in the mammary gland of
transgenic rats overexpressing RGN (Tg-RGN) and wild-type (Wt) controls were investigated.
The metabolic features of chemically-induced mammary gland tumors of Tg-RGN and Wt

animals were also evaluated.

Materials and methods

Animals

Three-month old Sprague Dawley Wt and Tg-RGN female rats (Rattus norvegicus) were obtained
from Charles River (Barcelona, Spain) and Japan SLC (Hamamatsu, Japan), respectively.
Animals were handled in compliance with the European Union rules for the care and handling
of laboratory animals (Directive number 2010/63/EU). Blood was collected by heart puncture
under anesthesia (Clorketam 1000, Vetoquinol, Lure, France), mammary glands were dissected
and animals were euthanized by cervical dislocation. All samples were immediately frozen in
liquid nitrogen and stored at -80 °C until further use. Serum and mammary glands were used
for metabolites extraction. In addition, mammary glands were used for RNA and protein

extraction.

Mammary gland tumors

Mammary gland tumors were chemically-induced by the administration of the carcinogen 7,12-
dimethylbenz[a]anthracene (DMBA, 20 mg/Kg in 0.2 ml sesame 0il), and the characterization
of tumor incidence in Tg-RGN vs. Wt, as well as the tumor histological classification were
previously published [2]. Benign mammary gland tumors of Tg-RGN and Wt rats were dissected

and used for metabolites and protein extraction.

Glucose and lactate assays
Serum glucose and lactate concentration in Tg-RGN and Wt animals were determined using
commercial Kits (Spinreact, Girona, Spain). The assay conditions were established, after

verification of linearity, to a final volume of 200 pL, in 96 wells flat bottom microplates. The
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absorbance was measured at 505 nm using the xMark™ Microplate Absorbance
Spectrophotometer (Bio-Rad, Hercules, USA).

To determine the glucose and lactate content in the mammary gland and mammary gland
tumors of Wt and Tg-RGN rats, 100 mg of tissue were powdered in of liquid nitrogen-cooled
mortar. Polar and apolar metabolites were extracted simultaneously using a
methanol/chloroform/water extraction [8]. Briefly, 1.5 ml of cold-methanol plus 500 pL cold-
water were added to the powdered samples. After homogenization, 1 mL of chloroform was
added, samples were vortexed, and sonicated for 15 min at 4 °C. Additional 500 pl chloroform
plus 1 mL of ice-cold water were added to each sample and vortexed. Samples were frozen in
liquid nitrogen, mixed again for 60 s and centrifuged at 2,300 g for 20 min at 4 °C. The upper
methanol layer containing water-soluble metabolites was collected, lyophilized and
subsequently diluted in sterile water for quantification of glucose and lactate using commercial

kits (Spinreact).

Real-time PCR (qPCR)

Total RNA was extracted from rat mammary gland using TRI reagent (Ambion, California, USA)
according to the manufacturer’s instructions. One microgram of total RNA was reverse-
transcribed using the First-Strand cDNA synthesis Kit (NZYtech, Lisboa, Portugal) in a final
volume of 20 pL, following the manufacturer’s instructions.

Primer sequences and cycling conditions for the amplification of glucose transporters (GLUTSs,
namely, GLUT1 and GLUT3), phosphofructokinase 1 (PFK1), monocarboxylate transporter
(MCT4) and housekeeping genes are provided in Table 1. Rat B,-microglobulin (8,M) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as internal controls for
normalization of expression of target genes. qPCR reactions were carried out in the CFX
Connect™ Real-Time PCR Detection System (Bio-Rad) and the efficiency and specificity of
amplification were determined for all primer sets as previously described [9]. 1 pL of
synthesized cDNA was used in each gPCR reaction of 20 pl containing 10 pL Maxima™ SYBR
Green/Fluorescein qPCR Master Mix (Fermentas, Burlington, Canada) and sense and antisense
primers (300 nM). Reaction conditions comprised 5 min denaturation at 95 °C, followed by 35
cycles of 95 °C for 10 s, a specific annealing temperature for each primer set for 30 s and 72 °C
for 10 s. Samples were run in triplicate in each gPCR assay. Normalized expression values were

calculated following the mathematical model proposed by Vandesompele et al. [10].
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Table V.1. Oligonucleotide sequences, amplicon size and annealing temperature in gPCR

Gene Sequence (5°-3’) Amplicon size bp) AT (° Q)

Sense: CAG CCA CTC TCC TAT CTC
GLUT1 155 50
Antisense: AGC CAT TGT TCAGTATTCG

Sense: GGT GTT CGC TGT TAC TGT TG
GLUT3 138 56
Antisense: CTC GCT TGG TAG GTCTTCC

Sense: CGC ACC TTG AGC ATA GAC
PFK1 172 56
Antisense: AGA GCA GCA CAG TAG ACC

Sense: ACA CTT AGG AGA CAA CAC
MCT4 131 50
Antisense: GGC AAT ATA GGA GAC TGG

Sense: ATGGTGGGTATGGGTCAG
B2M 149 56
Antisense: CAATGCCGTGTTCAATGG

Sense: GTTCAACGGCACAGTCAA
GAPDH 177 56
Antisense: CTCAGCACCAGCATCACC

Western Blot (WB)

Total proteins were extracted using RIPA buffer (1 % Nonidet-P40 substitute, 0.5 % Na-
deoxycholate, 0.1 % SDS in PBS) supplemented with protease inhibitors cocktail (Sigma-Aldrich)
plus PMSF, and protein concentration was determined by the Bradford micro-assay (Bio-Rad).
A total of 60 pg of each protein sample were resolved in a 12 % handcast gel by SDS-PAGE. 10
% TGX stain-free™ gels (Bio-Rad) were used for protein analysis in mammary gland tumors to
allow total protein determination and normalization avoiding variability in the expression of
housekeeping genes proper of tumor samples. Proteins were electrotransferred to a PVDF
membrane (GE Healthcare, Buckinghamshire, UK) and membranes were incubated overnight at
4 °C with, rabbit anti-GLUT1 (1:1000, CBL242, Millipore, CA, USA), rabbit anti-GLUT3 (1:2500,
sc-30107, Santa Cruz Biotechnology (SCBT), CA, USA), rabbit anti-PFK1 (1:1000, sc-67028,
SCBT), rabbit anti-Lactate dehydrogenase (LDH 1:3000, Ab52488, Abcam, Cambridge, United
Kingdom), or rabbit anti-MCT4 (1:1000, sc-50329, SCBT) primary antibodies. Protein expression
was normalized using a mouse anti-B-actin (1:40000, A5441, Sigma-Aldrich) antibody or in case
of tumor samples with the total protein quantified using the stain-free™ gels. Goat anti-rabbit
IgG-HRP (1:40000, sc-2004, SCBT) or goat anti-mouse IgG-HRP (1:40000, sc-2005, SCBT) were
used as secondary antibodies. Membranes were incubated with Clarity™ Western ECL substrate
(Bio-Rad) for 5 min and immunoreactive bands were visualized using the ChemiDoc™ MP Imaging
System (Bio-Rad). Band densities were obtained using the Image Lab 5.1 Software (Bio-Rad) and
normalized to the corresponding B-actin density or the total protein in stain-free™ gels. Results

are presented as fold-variation relatively to the Wt group.

LDH and PFK enzymatic activities
LDH activity was measured using a commercial assay kit (Spinreact) following the
manufacturers’ instructions. LDH catalyzes the reduction of pyruvate to lactate with the

oxidation of NADH to NAD*, and, thus, the concentration of LDH in the sample is proportional
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to the decrease of NADH concentration that was measured spectrophotometrically at 340 nm
at constant temperature (37°C) using the xMark™ Microplate Absorbance Spectrophotometer
(Bio-Rad). PFK activity was determined as previously described [11]. Enzymatic activities were

expressed as fold-variation relatively to the Wt group.

Statistical analysis
The statistical significance of differences between experimental groups was assessed by the
two-tailed Student s t-test (GraphPad Software, San Diego, CA, USA). Significant differences

were considered when p < 0.05 and experimental data are shown as mean + SEM.

Results

Diminished glucose and elevated lactate levels were found in the mammary gland of Tg-
RGN rats

Glucose levels were significantly higher in the serum of Tg-RGN animals (20.13 + 0.45 vs. 17.39
+ 0.94 mmol/L in the Wt group, Figure V.1A). Contrarily, the mammary gland of Tg-RGN rats
showed diminished concentration of glucose comparatively with their Wt counterparts
(respectively, 78.63 + 3.84 and 101.5 + 6.7 nmol/g, p < 0.01, Figure V.1B). Lactate content was
found to be significantly enhanced both in the serum and mammary gland of Tg-RGN animals
comparatively with their Wt counterparts (1.88 + 0.16 vs. 0.99 + 0.12 mmol/L and 57.25 + 4.33
vs. 31.14 £ 4.05 nmol/g, respectively, Figure V.1C, D).
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Figure V.1. Concentration of glucose and lactate in serum (A,C) and mammary gland (B,D) of transgenic
rats overexpressing RGN (Tg-RGN) comparatively with their wild-type (Wt) counterparts. Error bars
indicate mean + SEM (n 2 5). * p < 0.05, ** p < 0.01, *** p < 0.001 relatively to the Wt group.
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Mammary gland of Tg-RGN animals presented decreased expression of GLUT3 and reduced
activity of PFK

Glycolysis is the metabolic pathway used by cells to obtain energy from glucose, and intimately
depends on the uptake of glucose from the extracellular space. This task is mediated by several
members of the GLUTs family, which also transport other hexoses [12]. GLUT1 and GLUT3
proteins are devoted to glucose transport [12], and both have been described in mammary
gland cells [12-14]. To evaluate the influence of RGN on the regulation of glucose transport in
rat mammary gland, the mRNA and protein expression of GLUT1 and GLUT3 was determined by
using gPCR and WB, respectively. The mammary gland of Tg-RGN animals displayed significantly
lower mRNA and protein expression of GLUT3 (respectively, 0.43 + 0.11 and 0.74 + 0.07 fold-
variation relatively to Wt, Figure V.2A, B), whereas no significant changes were observed in the
expression of GLUT1 in comparison with the Wt control group.

PFK1, an enzyme that controls the glycolytic pathway by catalyzing the first irreversible step
of glycolysis with conversion of fructose-6-phosphate to fructose-1-6-bis-phosphate, was
evaluated in what concern its expression and activity [15]. The mRNA and protein expression
of PFK were significantly decreased in the mammary gland of Tg-RGN rats comparatively with
the Wt group (respectively, 0.76 + 0.03 and 0.64 + 0.08 fold-variation, Figure V.2A, B).
Accordingly, the activity of PFK was also diminished in the mammary gland of Tg-RGN rats (0.57
+ 0.08 fold-variation relatively to Wt control group, p < 0.05, Figure V.2D).
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Figure V.2. GLUT1, GLUT3 and PFK expression (activity) in the mammary gland of transgenic rats
overexpressing RGN (Tg-RGN) comparatively with their wild-type (Wt) counterparts. A) mRNA expression
was determined by qPCR after normalization with GADPH and B;.microglobulin housekeeping genes. B)
Protein levels determined by WB analysis after normalization with B-actin. C) Representative immunoblots
showing protein levels in Tg-RGN and Wt animals. D) PFK activity. Results are expressed as fold-variation
relatively to the Wt group, represented by the dashed line. Error bars indicate mean + SEM (n 2 5). *p <
0.05; ** p < 0.01.
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Tg-RGN rats displayed decreased expression of MCT4 and enhanced activity of LDH

MCT4 is a monocarboxylate transporter mainly associated with the regulation of cellular lactate
efflux [16, 17]. The protein expression of MCT4 was significantly decreased in the mammary
gland of Tg-RGN animals relatively to Wt (0.69 + 0.09 fold-variation, Figure V.3A) though no
changes were found on mRNA levels between Tg-RGN and Wt (Figure V.3C).

The LDH enzyme catalyzes the reversible conversion of pyruvate into lactate, with simultaneous
oxidation of NADH to NAD* [18]. Although LDH protein expression was diminished in the
mammary gland of Tg-RGN animals (0.69 + 0.05 fold-variation relatively to Wt group, p < 0.01,
Figure V.3A), the enzymatic activity of LDH was significantly enhanced (1.26 + 0.07 fold-
variation relatively to Wt group, Figure V.3D).
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Figure V.3. Expression of MCT4 and LDH, and LDH activity in the mammary gland of transgenic rats
overexpressing RGN (Tg-RGN) comparatively with their wild-type (Wt) counterparts. A) MCT4 and LDH
protein levels determined by WB analysis after normalization with B-actin. B) Representative immunoblots
showing protein levels in Tg-RGN and Wt animals. C) MCT4 mRNA expression was determined by qPCR
after normalization with GADPH and B;M housekeeping genes. D) LDH activity. Results are expressed as
fold-variation relatively to the Wt group, represented by the dashed line. Error bars indicate mean + SEM
(n>5). *p<0.05; *p<0.01.

Mammary gland tumors of Tg-RGN animals displayed decreased expression and activity of
LDH

The metabolic features of DMBA-induced benign tumors of Tg-RGN and Wt animals were
evaluated by determination of the glucose and lactate content and expression (activity) analysis
of GLUT1, GLUT3, PFK, LDH and MCT4.

Glucose (Figure V.4A) and lactate (Figure V.4B) measurements showed no differences between

benign mammary gland tumors of Tg-RGN and Wt animals. Also, GLUT1 protein expression
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remained unaltered comparing both experimental groups (Figure V.4C). However, GLUT3
expression was significantly increased in the mammary gland tumors of Tg-RGN rats (2.36
0.32 fold-variation, Figure V.4C).

PFK protein expression levels were diminished in the mammary gland tumors of Tg-RGN animals
(0.65 = 0.05 fold-variation relatively to the Wt group, Figure V.4C). Notwithstanding, the
activity of PFK was highly enhanced in the mammary gland tumors of Tg-RGN comparatively
with Wt controls (4.36 + 0.53 fold-variation, Figure V.4D).

Although no differences were perceived in the lactate content, MCT4 protein expression was
shown to be up-regulated in the mammary gland tumors of Tg-RGN animals comparatively with
the Wt control group (1.54 + 0.07 fold-variation, p < 0.01, Figure V.4E). Nevertheless, both LDH
protein expression and activity were significantly decreased in the mammary gland tumors of
Tg-RGN rats (respectively, 0.6 + 0.07 and 0.6 + 0.04 fold-variation relatively to the Wt group,
Figure V.4E, F).
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Figure V.4. Glycolytic metabolism in the mammary gland benign tumors of transgenic rats overexpressing
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determined in tumor tissues, together with the protein expression of GLUT1, GLUT3 and PFK (C), and
MCT4 and LDH (E). The activity of PFK (D) and LDH (F) was also determined. Error bars indicate mean =
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Discussion

The present study compared the glycolytic metabolism in the mammary gland of Wt and Tg-
RGN rats to determine the influence of RGN in the metabolic phenotype. A decreased glucose
content was found in the mammary gland of Tg-RGN rats, despite these animals presented a
slight increase in serum glucose levels. This contrasts with a previous report measuring serum
glucose in Tg-RGN rats, which showed no significant differences comparatively with Wt controls
[19]. Nevertheless, the decreased levels of this hexose even under elevated serum levels
suggest that the mammary gland tissues of Tg-RGN animals display a diminished uptake of
glucose.

The import of glucose into the cell is mediated by several GLUT family members [12]. However,
the GLUT3 has the highest affinity and the maximum turnover for glucose [20, 21]. Herein, we
showed that the expression of GLUT3 was decreased in the Tg-RGN group. These findings are
indicative of a suppressive role of RGN in the regulation of GLUTs expression, and, thus, of a
compromised uptake of glucose, which is concordant with the diminished glucose levels found
in the mammary gland of Tg-RGN animals. Moreover, although the expression of GLUT3 has
been described in the mammary gland of human and bovine species, for the best of our
knowledge this is the first report demonstrating the expression of this GLUT in rat mammary
tissue [12, 14]. Noteworthy, the overexpression of RGN enhanced the expression of GLUT2 in
rat hepatoma H4-II-E cells [22], which indicates a broad action of RGN as a modulator of GLUTs
expression.

Glycogen, a polymer of glucose, is the primary short-term energy storage molecule, which is
primarily synthesized in the liver and muscle tissues [23]. Therefore, it cannot be excluded the
possibility of glucose being stored as glycogen since the majority of tissues possess this ability,
including the mammary gland [24]. However, this hypothesis seems to be quite unlikely,
because reports exist demonstrating the reduction of glycogen content in the liver of Tg-RGN
rats [25]. This further supports that the decreased glucose content observed in the mammary
gland of Tg-RGN animals should be linked to the restrained uptake of glucose, as a consequence
of the diminished expression of GLUT3, and not related to the storage of glucose as glycogen.

PFK catalyzes an irreversible reaction and a rate-limiting step of glycolysis playing a
preponderant role in the metabolic flux [15]. Ours results demonstrated a decreased expression
of PFK in the mammary gland of Tg-RGN animals, which was accompanied by reduced PFK
activity. Previous studies also described that in the liver RGN inhibited the activity of pyruvate
kinase, an enzyme involved in the last step of glycolysis [26]. Moreover, other metabolism-
related enzymes, such as succinate dehydrogenase [27], glucose-6-phosphatase [28] and
fructose 1,6-diphosphatase [29], and glycogen phosphorylase a [30] also seem to be negatively
regulated by RGN.

Globally, the obtained results indicate that RGN exert a set of restrictive actions in the
glycolytic pathway associated with blockage of glucose uptake, in consequence of the
diminished expression of GLUT3, and with the slowdown of glycolytic flux due to the decreased

activity of PFK.
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In cancer cells, the main metabolite of glycolysis, pyruvate, is not directed to the tricarboxylic
acid cycle, and it is mainly converted into lactate by LDH in the cytosol [15]. The lactate
produced is exported together with a proton by a mechanism of facilitated diffusion mediated
by MCT4 [16, 17]. This MCT has been associated with the neoplastic transformation [31], and
the overproduction of lactate is a common feature of cancer cells [15, 32, 31]. The efflux of
lactate leads to the acidification of the microenvironment, and since cancer cells are resistant
to low pH, it provides a survival advantage against attacks of the immune system [6, 32].
MCT4 levels were diminished in the mammary gland of Tg-RGN animals, tough lactate levels
were increased both in serum and mammary tissue. The augmented content of lactate is
concordant with the enhanced activity of LDH observed in the mammary gland of Tg-RGN rats.
Considering the reduction in glycolysis rate indicated by the diminished activity of PFK, it is
highly probable that the pyruvate needed for production of lactate came from the
metabolization of alanine. Additionally, lactate has been described as a down regulator of
glycolytic enzymes, such as hexokinase and PFK [33], which further supports the observed
diminished activity of PFK. Therefore, it cannot be excluded that the suppressive effect of RGN
over glycolysis also depends on the modulation of lactate handling and its accumulation in the
mammary gland. Recently, we have shown that the mammary gland of Tg-RGN rats displayed
reduced cell proliferation rates associated with altered expression of cycle regulators and
oncogenes [2]. Moreover, Tg-RGN animals were resistant to the development of DMBA-induced
mammary gland tumors. After 44 weeks of treatment, only 25.8 % of Tg-RGN rats presented
tumors against 100 % in the Wt group [2]. Presently, it is widely accepted that the emergence
of a hyperglycolytic phenotype is a common characteristic of cancer cells, which is associated
with high proliferation and survival [6]. Thus, it is liable to assume that the RGN actions
suppressing the glycolytic metabolism may be a relevant mechanism to counteract cell
proliferation and tumor development.

Besides the resistance to tumor development, Tg-RGN rats systematically presented tumors
with less aggressive phenotypes and reduced proliferative activity [2]. We decided to evaluate
the glycolytic metabolism in benign tumors of Tg-RGN and Wt animals. Interestingly, the
obtained results showed that a metabolic switch occurred in mammary gland Tg-RGN rats from
healthy tissue to the onset of benign tumors. Contrarily to what was seen in the non-
pathological mammary gland, the glycolysis pathway was stimulated in the mammary gland
tumors of Tg-RGN rats. These was evident by the increased expression of GLUT3 and the
augmented activity of PFK. However, no statistical differences were obtained in glucose and
lactate levels in the mammary gland tumors of Tg-RGN and Wt groups. Also in opposition to the
results found in healthy tissues, the expression of MCT4 protein was enhanced in tumors of Tg-
RGN animals comparatively with Wt controls whereas the expression and activity of LDH were
significantly reduced. As mentioned above, cancer cells abnormally use glycolysis as the energy
source, and typically show overexpression of LDH and the increased production of lactate [6].
Although lactate levels remained unaltered between Tg-RGN and Wt animals, the diminished

expression and activity of LDH suggest the impairment of anaerobic glycolysis (pyruvate to
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lactate) in the mammary gland tumors of Tg-RGN rats, which may be regarded as a protective
feature for tumor progression into more aggressive phenotypes.

The present findings showed that glycolysis is restrained in the mammary gland of Tg-RGN
animals in consequence of diminished glucose uptake and suppressed activity of PFK, which
may relevant to slowdown cell proliferation and prevent tumor development. Moreover, the
metabolic switch observed during tumor progression in Tg-RGN rats, namely the RGN action
limiting the activity of LDH, could be associated with the retardation of tumor progression to
more aggressive stages. This work adds additional clues to the clarification of the molecular

mechanisms that underpin the RGN actions protecting against mammary gland carcinogenesis.
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5a-dihydrotestosterone regulates the expression of L-type
calcium channels and calcium-binding protein regucalcin in

human breast cancer cells with suppression of cell growth

Abstract

Androgens have been associated with the development of normal breast, and their role in
mammary gland carcinogenesis has also been described. Several studies reported that
androgens inhibit breast cancer cell growth, whereas others linked their action with the
modulation of calcium (Ca?*)-pumps, Ca?* channels and CaZ*-binding proteins. Also, it is known
that deregulated Ca?* homeostasis has been implicated in the pathophysiology of breast. The
L-type Ca?* channels (LTCCs) were found to be up-regulated in colon, colorectal and prostate
cancer but their presence in breast tissues remains uncharacterized. On the other hand,
regucalcin (RGN) is a Ca?*-binding protein involved in the control of mammary gland cell
proliferation, which has been identified as an androgen target gene in distinct tissues except
breast. This study aimed to confirm the expression and activity of LTCCs channels in human
breast cancer cells, and investigate the effect of androgens in regulating the expression of a;c
subunit (Ca,1.2) of LTCCs channels and Ca?*-binding protein RGN. PCR, Western blot,
immunofluorescence and electrophysiological experiments demonstrated the expression and
activity of Ca,1.2 subunit in MCF-7 cells. The MCF-7 cells were treated with 1, 10 or 100 nM of
5a-dihydrotestosterone (DHT) for 24 to 72 h. The obtained results showed that 1 nM DHT up-
regulated the expression of Ca,1.2 subunit while diminishing RGN protein levels, which was
underpinned by reduce cell viability. These findings first confirmed the presence of LTCCs
channels in breast cancer cells and opened new perspectives for the development of

therapeutic approaches targeting Ca?* signaling.

Keywords: 5a-dihydrotestosterone / Ca,1.2 / DHT / L-type calcium channels / MCF-7 cells /

regucalcin.
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Introduction

Breast is a hormone-sensitive organ; hence, its normal development and function are largely
known to be dependent on the effect of sex steroid hormones, namely estrogens. Although less
clearly, the relationship between androgens and breast physiology also has been established
[1]. In normal breast, androgens inhibit breast cell growth [1], but their role in the
carcinogenesis of mammary gland has remained somewhat controversial. Nevertheless, a
substantial amount of studies indicate the growth inhibitory effects of androgens in breast
cancer cells [2-4]. Androgenic effects are mediated by the androgen receptor (AR), a
transcription factor of nuclear receptor superfamily that regulates gene expression in several
biological contexts [5]. Also, the influence of androgens over calcium (Ca%*) homeostasis has
been reported, which includes the regulation of Ca?* pumps activity [6], Ca?* influx through
several Ca?* channels [7, 8] and gene expression of Ca?* handling proteins [9, 10].

On the other hand, it is widely recognized that Ca?* signaling controls diverse cellular processes
depending on its location, concentration, and frequency. Moreover, the deregulation of
intracellular CaZ* levels by altered expression and function of Ca?* handling proteins has been
implicated in the pathophysiology of mammary gland [11], which renders Ca?* signaling as an
important therapeutic target. In this regard, several Ca?* channels seem to play a role in the
control of cell proliferation and have been linked to cancer development [12]. Particularly, the
L-type Ca?* channels (LTCCs) were found to be up-regulated in colon [13], colorectal [14] and
prostate cancer tissues [15]. Moreover, antagonists of LTCCs were shown to inhibit tumor
growth in vivo [16]. However, the presence of LTCCs in human breast cancer cells remains to
be described.

Regucalcin (RGN) is a Ca?*-binding protein that besides its function in Ca** homeostasis also
plays a role in the control of cell proliferation [17]. Moreover, RGN has been identified as an
androgen target gene in distinct tissues except breast [18-20], and the loss of RGN expression
has been associated with the development of mammary gland tumors [20, 21].

In the present study, we aimed to confirm the expression and activity of LTCCs in human breast
cancer cells, and investigate the effect of androgens in regulating the expression of a,c subunit
(Cay1.2) of LTCCs and Ca?*-binding protein RGN.

Material and methods

Cell culture and hormonal stimulation

The human breast cancer epithelial cell line (MCF-7) was purchased from the European
Collection of Cell Cultures (ECACC, Salisbury, UK) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Life Technologies, Paisley, UK) supplemented with 10 % fetal
bovine serum (FBS, Biochrom, Berlin, Germany) and 1 % penicillin/streptomycin (Invitrogen,
Life Technologies, Karlsruhe, Germany) at pH of 7.4, in an incubator equilibrated with 5 % CO,

at 37 °C. MCF-7 cells used for electrophysiological experiments were trypsinized with a 0.3 %
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trypsin Ca?*-Mg?*-free phosphate solution buffered with EDTA (0.025 %) and kept at 4 °C in FBS-
free medium until the beginning of experiments.

For hormonal stimulation experiments, MCF-7 cells were grown up to 60 % confluence and
maintained for additional 24 h in phenol red-free DMEM (Gibco) supplemented with 5 %
charcoal-stripped FBS (Gibco). Then, cells were exposed to 1, 10 or 100 nM of 5a-
dihydrotestosterone (DHT, Sigma- Aldrich, St Louis, USA) for different periods (0, 6, 12, 24, 48,
and 72 h). Stimulation with 1 nM DHT was repeated in presence of 1 pM of AR antagonist
flutamide (Sigma) or protein synthesis inhibitor cycloheximide (1 pg/mL, Sigma) for 24 h.
Inhibitors were added to cell cultures 30 min before hormone stimulation. All assays were
carried out in hexaplicate. After treatment, cells were trypsinized and harvested for total RNA
and protein extraction.

Rat and human Sertoli cells were cultured as previously described [19] to be used as positive
controls for detection of the a;¢ subunit (Ca,1.2) of LTCC.

RNA extraction and cDNA synthesis

Total RNA was extracted from MCF-7 cells using TRI reagent (Ambion, California, USA) following
manufacturer’s instructions. The quantity and quality of total RNA was assessed by
spectrophotometry at 260 and 280 nm (Pharmacia Biotech, Ultrospec 3000), and agarose gel
electrophoresis, respectively. One microgram of total RNA was reverse-transcribed using the
First-Strand cDNA synthesis kit (NZYTech, Lisboa, Portugal) in a final volume of 20 pl. Briefly,
cDNA synthesis reaction was initiated by a 10 min incubation at 25 °C, followed by 30 min at
50 °C and an inactivation step at 85 °C for 5 min. 1 pL of RNase H was added and incubation
proceeded at 37 °C for 20 min. The reaction was stopped by heating at 85 °C for 5 min and

synthesized cDNA was stored at -20 °C until further use.

Reverse transcription PCR (RT-PCR)

RT-PCR was performed to confirm the expression of Ca,1.2 channel subunit in human breast
cancer MCF-7 cell line. Reactions were carried out using 1 pL of cDNA synthesized from MCF-7
cells in a final volume of 20 pL containing 1x Tagq DNA polymerase buffer (Promega, Madison,
USA), 500 uM dNTPs (GE Healthcare, Buckinghamshire, UK), 3 mM MgCl, (Promega), 300 nM
specific primers, 1 pL of Platinum Tag DNA polymerase (Promega) and sterile water. Prior to
the amplification of Ca,1.2 channel subunit, the integrity of cDNA samples was assessed by
amplification of the 18S housekeeping gene. The expression of Ca,1.2 channel subunit in human
and rat Sertoli cells was determined and used as positive control. Cycling conditions, primer

sequences and corresponding amplicon sizes are indicated in Table VI.1.
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Table VI.1. Oligonucleotides sequences, amplicon size and annealing temperature in PCR reactions

Amplicon Size

Gene Primer sequence (5'- 3') AT (°C) (bp)

Sense: AAT GCC TAC CTC CGC AAC GGC TG
Cay1.2 subunit 62 469
Antisense: TGA TGC CGT GCT TGG GAC CAT CC

Sense: GCA AGT ACA GCG AGT GAC
Regucalcin 60 177
Antisense: TTC CCATCATTG AAG CGA TTG

Sense: AAG ACG AAC CAG AGC GAA AG
18S 58 152
Antisense: GGC GGG TCA TGG GAA TAA

Sense: CGC CAG CCG AGC CAC ATC
GAPDH 60 75
Antisense: CGC CCA ATA CGA CCA AAT CCG

AT annealing temperature
bp, base pairs

Real-time-PCR (qPCR)

The mRNA expression of Ca,1.2 channel subunit and RGN in DHT-treated MCF-7 cells was
determined by gPCR using specific primers (Table VI.1). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as internal control to normalize gene expression levels. gPCR
reactions were carried out in an iQ5 system (Bio-Rad, Hercules, CA), and efficiency of the
amplifications was determined for all primer sets using serial dilutions (1, 1:5 and 1:25) of MCF-
7 cDNA. Primer concentration and annealing temperature for each primer set were optimized,
and the specificity of amplicons was determined by melting curve analysis. Amplification
reactions were carried out using 1 pL of synthesized cDNA in a final volume of 20 pL containing
10 pL Maxima™ SYBR Green/Fluorescein qPCR Master Mix (Fermentas) and 300 nM of sense and
antisense primers for each gene. Cycling conditions comprised 5 min denaturation at 95 °C,
followed by 40 cycles at 95 °C for 10 s, a specific annealing temperature for each gene (Table
VI.1) for 30 s, and 72 °C for 10 s. Samples were run in triplicate in each qPCR assay. Normalized
expression values were calculated following the mathematical model proposed by Pfaffl as

previously described [18, 21].

Western blot (WB) analysis

Total proteins were extracted from MCF-7 cells using RIPA buffer (150 mM NaCl, 1 % Nonidet-
P40 substitute, 0.5 % Na-deoxycholate, 0.1 % SDS, 50 mM Tris pH 8 and 1 mM EDTA)
supplemented with 1 % protease inhibitors cocktail (Sigma-Aldrich) and 10 % PMSF (Sigma-
Aldrich). Protein concentration was determined by the Bradford assay (Bio-Rad) and 60 pg of
protein extracts were resolved by SDS-PAGE on 10 % and 12 % gels, respectively, for Ca,1.2
channel subunit and RGN, and electrotransferred to a PVDF membrane (GE Healthcare).
Membranes were incubated overnight at 4 °C with rabbit anti-Ca,1.2 a;c subunit (1:200, C 1603,
Sigma-Aldrich), mouse anti-RGN (1:3000, ab67336, Abcam, Cambridge, UK) or rabbit anti-P53
(1:5000, sc-6243, Santa Cruz Biotechnology, Heidelberg, Germany). A mouse anti-B-actin
antibody (1:40000, A5441, Sigma-Aldrich) was used for normalization of protein expression.
Goat anti-rabbit IgG-HRP (1:40000, sc-2004, Santa Cruz Biotechnology) or goat anti-mouse IgG-
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HRP (1:40000, sc-2005, Santa Cruz Biotechnology) were used as secondary antibodies.
Membranes were incubated with Clarity™ Western ECL substrate (Bio-Rad) for 5 min and
immunoreactive bands visualized using the ChemiDoc™ MP Imaging System (Bio-Rad). Band
densities were obtained according to standard methods using the Image Lab 5.1 Software (Bio-

Rad) and normalized by division with the respective B-actin band density.

Fluorescent immunocytochemistry

MCF-7 cells were fixed with 4 % paraformaldehyde for 10 min at 37 °C and permeabilized with
0.1 %Triton X-100 for 5 min. Then, a blocking step was performed by incubating cells with 20 %
FBS in phosphate buffer saline containing 0.1 % tween®-20 (PBST) for 1 h at room temperature.
After washing, cells were incubated overnight at 4 °C with anti-Ca,1.2 antibody (1:50, C 1603,
Sigma-Aldrich). The Alexa fluor 594-conjugated goat anti-mouse IgG (1:500, Invitrogen) was
used as secondary antibody. The specificity of staining was accessed by omission of the primary
antibody. Cell nuclei were stained with Hoechst 33342 (10 pg/mL, Invitrogen) for 5 min.
Lamellae were mounted onto microscope slides with Dako fluorescent mounting medium (Dako,
Glostrup, Denmark) and images acquired using a Zeiss LSM 710 laser scanning confocal

microscope (Carl Zeiss, Gottingen, Germany).

Electrophysiological experiments

The whole-cell configuration of patch clamp technique was used to analyse the current
generated by voltage dependent Ca?* channels (lc,) in MCF-7 cells. Patch electrodes (2-3 MQ)
were filled with an internal solution containing 58 mM CsCl, 1.2 mM CacCl,, 2 mM MgCl,, 10 mM
EGTA, 15 mM HEPES, 65 mM N-methyl-D-glucamine and 5 mM NaCl, pH 7.4 adjusted with CsOH.
The control external solution contained 30 mM BaCl,, 10 mM HEPES, 110 mM
tetraethylammonium sodium salt, 10 mM CsCl, 40 mM sucrose and 1 mM 4-aminopyridine, pH
7.3 adjusted with NaOH. Cells were maintained at a holding potential of -80 mV and depolarised
every 8 s to +10 mV test potential for 500 ms to measure Ic,. Basal Ic, was measured 3-5 min
after patch break to allow the equilibrium between pipette and intracellular solutions. Currents
were not compensated for capacitance and leak currents. All experiments were carried out at
room temperature (21-25 °C), and the temperature did not vary by more than 1 °C in a given
experiment. Cells were voltage-clamped using the patch-clamp amplifier Axopatch 200B (Axon
instruments, USA), and currents were recorded at a frequency of 10 kHz and filtered at 0.1 kHz
using the analog-digital interface Digidata 1322A (Axon Instruments, USA) connected to a
compatible computer with the Pclamp8 software (Axon Instruments, USA). The external
solution was applied to the proximity of cell membrane by placing the cell at the opening of a
250 pm inner diameter capillary tube with a flow rate of 20 pyL/min. Ic, amplitudes were
automatically calculated between the maximum current peak and the stable current plateau
near the final of the every 8 s pulse. Ic, amplitude was analysed in basal conditions and also in

the presence of LTCC inhibitor nifedipine (1 pM), T-type calcium channel (TTCC) inhibitor
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mibefradil (10 pM) and nifedipine plus mibefradil dissolved in the external solution. Changes in

basal Ic, induced by the different inhibitors were expressed as a percentage of the basal I¢,.

Cell viability assay

MCF-7 cells (4000/well) were grown in 96-well plates and cell viability was determined by the
colorimetric CellTiter 96® AQ,cous One Solution Cell Proliferation Assay (Promega) at 24, 48 and
72 h after treatment with DHT. The conversion of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2M) tetrazolium compound to the colored formazan
product was detected at 490 nm in the a xMark™ Microplate Absorbance Spectrophotometer
(Bio-Rad). The cell viability in each experimental condition was estimated by normalizing the

absorbance to that of the corresponding control.

Statistical analysis

The statistical significance of differences among experimental groups was assessed by
Student s t-test or ANOVA followed by Bonferroni post test (GraphPad Software, San Diego, CA,
USA). Significant differences were considered when p < 0.05. All experimental data are shown

as mean = SEM, and expressed as fold-variation relatively to the control group.

Results

Identification of Ca,1.2 channel subunit in MCF-7 cells

RT-PCR, WB and fluorescent immunocytochemistry were used to evaluate the expression of
Ca,1.2 channel subunit in human breast cancer MCF-7 cells. RT-PCR analysis using specific
primers confirmed the mRNA expression of Ca,1.2 channel subunit in MCF-7 cells. An amplicon
of the expected size was identified in MCF-7 cells and in human and rat Sertoli cells, which
were used as positive control (Figure VI.1A). Also, an immunoreactive band of approximately
135 kDa was identified in the WB for MCF-7 and rat Sertoli cells proteins (Figure VI.1B), and the
intensity of obtained bands followed the increase in the total amount of loaded protein. The
presence of Ca,1.2 channel subunit protein in MCF-7 cells was also confirmed by
immunofluorescence staining (Figure VI.1C), which showed intense membrane and cytoplasm

labeling.
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Figure VI.1. Expression of Ca,1.2 channel subunit in human breast cancer MCF-7 cells. (A) RT-PCR analysis
of Cay1.2 asc channel subunit in MCF-7 cells. Amplification of 18S housekeeping gene was used as a control
of the cDNA synthesis. (-) Negative control, without cDNA. Human and rat Sertoli cells were used as
positive control for the amplification of Ca,1.2 subunit, respectively, haic and raic. (B) Western blot
analysis of Cay1.2 subunit in MCF-7 cells using different amounts of loaded protein. Rat Sertoli cells were
used as positive control. DNA base pair (bp) and protein molecular weight are indicated on the left side
of each corresponding panel. (C) Representative images of Ca,1.2 subunit immunofluorescent staining in
MCF-7 cells (red, panel b). Nucleus were stained with Hoechst 33342 (blue, panel a) and merged images
are shown in panel c. Negative control obtained by omission of Cay1.2 subunit primary antibody is shown
as insert panel (-).

Voltage-dependent Ca?* channels in MCF-7 cells

To analyze the existence of voltage dependent Ca?* channels, we measured the maximal
amplitude of the current peak elicited after each depolarization pulse (Ic;). The lc, was
recorded using a high concentration of Ba?* (30 mM) in the extracellular solution, which is
commonly used to increase the magnitude of LTCC Ic,. The induced I, were slowly inactivated,
while the basal I, amplitude and cell capacitance were on average 29.2 + 5.0 pA (n=16) and
67.6 + 8.5 pF (n=16), respectively. As presented in the time-course experiment shown in Figure
VI.2A, both nifedipine, an inhibitor of LTCC, and mibefradil, an inhibitor of TTCC, were able to
reversibly inhibit the Ic, in MCF-7 cells. Nifedipine inhibited 26 % of the basal I, whereas
mibefradil inhibited 63 % of the basal I, (Figure VI.2B). The simultaneous application of
nifedipine and mibefradil inhibited 80 % of the Ic, (Figure VI.2B).
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Figure VI.2. Voltage Ca** currents in MCF-7 cells. (A) original records showing the effect of nifedipine (1
MUM) plus mibefradil (10 pM) on basal Ica amplitudes measured in patch-clamp experiments. (B) bar graph
illustrating the percentage of basal Ica inhibition elicited by nifedipine (Nif), mibefradil (Mib) and Nif plus
Mib (n > 6).

DHT regulates the expression of Ca,1.2 subunit and regucalcin in MCF-7 cells

In the last years, several studies have demonstrated the role of androgens as regulators of
intracellular Ca?* levels and cell proliferation [2-4, 6-8]. Moreover, reports exist linking the
LTCC and the Ca?*-binding protein RGN with carcinogenesis [13-16, 20, 21]. Therefore, we
decided to investigate the effect of DHT on the expression of these Ca?* modulators in the
androgen-responsive MCF-7 cells. A time-course experiment was performed for 6 to 24 h with
1, 10 and 100 nM DHT (Figure VI.3). All tested concentrations of DHT significantly down-
regulated the mRNA expression of Ca,1.2 channel subunit in MCF-7 cells at 24 h of stimulation
(0.36 £ 0.04, 0.31 £ 0.06 and 0.17 + 0.03 fold, respectively for 1, 10 and 100 nM, Figure VI.3A).
The same response pattern was observed for the mRNA expression of RGN in DHT-treated MCF-
7 cells (0.34 + 0.07, 0.36 + 0.09 and 0.48 + 0.05 fold, respectively for 1, 10 and 100 nM, Figure
VI.3D).

The 1 nM DHT concentration was chosen for subsequent analysis because it induced changes on
the mRNA expression of Ca,1.2 channel subunit and RGN, and it is in the range of reported
serum physiological concentrations in pre (0.05 nM) and postmenopausal (1.26 nM) women [22].
Concerning the expression of Ca,1.2 channel subunit and RGN proteins, a distinct response was
observed upon treatment with DHT. MCF-7 cells treated with 1 nM DHT displayed increased
expression of Ca,1.2 protein at 24 h (1.84 + 0.15 fold, p < 0.01, Figure VI.3B). Inversely, DHT
treatment for 24 h diminished the protein expression of RGN in MCF-7 cells (0.75 + 0.05 fold, p
< 0.01, Figure VI.3E). At 48 h the protein expression levels of both Ca,1.2 channel subunit and
RGN returned to that of the control (Figure VI.3B and 3E).
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Figure VI.3. Effect of DHT on Ca,1.2 channel subunits and RGN expression in MCF-7 cells. MCF-7 cells were
either exposed to vehicle (control) or 1, 10 and 100 nM of DHT for 6, 12, 24 h and 48 h. mRNA expression
of Cay1.2 channel subunits (A) and RGN (D) was determined by gPCR after normalization with the GAPDH
housekeeping gene. Protein levels of Ca,1.2 subunits (B) and RGN (E) were determined by WB after
normalization with B-actin. Representative immunoblots for Ca,1.2 channel protein and RGN are provided
in panels C and F, respectively. Results are expressed as fold variation relatively to control (dashed line).
Error bars indicate mean + S.E.M (n > 5). *p < 0.05; **p < 0.01; ***p < 0.001 comparatively with the control
group.

DHT effects regulating the expression of Ca,1.2 channel subunit and regucalcin are
mediated by the androgen receptor

It is widely known that DHT actions are mediated by the classical intracellular AR, which acts
as a transcription factor regulating the expression of target genes [5]. In order to explore the
mechanisms underlying the effect of DHT in regulating the expression of Ca,1.2 channels
subunits and RGN, MCF-7 cells were exposed to 1 nM DHT for 24 h in presence or absence of AR
antagonist flutamide or protein synthesis inhibitor cycloheximide. Flutamide abrogated the
effect of DHT down-regulating the mRNA expression of Ca,1.2 channel subunits and RGN (Figure
VI.4A and 4B). Cycloheximide, however, only reverted the effect of DHT regulating the
expression of Ca,1.2 channel subunits (Figure VI.4A); no effect was observed abrogating the
down-regulation of RGN expression by DHT (Figure VI.4B). In addition, flutamide alone
significantly up-regulated the expression of Ca,1.2 channel subunit relatively to the control
group (1.96 + 0.21 fold, Figure VI.4A).
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Figure VI.4. Effect of androgen receptor inhibitor flutamide (Flut) and protein synthesis inhibitor
cycloheximide (Chx) on DHT regulation of Ca,1.2 subunit (A) and RGN (B) mRNA expression in MCF-7 cells.
MCF-7 cells were exposed to DHT (1 nM), DHT plus Flut (1 pM), DHT plus Chx (1 pg/mL), Flut or Chx for
24 h. Results are represented as mean + S.E.M (n > 5) **p < 0.01 comparatively with the control group.

Effect of DHT on the viability of MCF-7 cells

The viability of MCF-7 cells treated with 1 nM DHT significantly decreased at the different
experimental time points (81.79 + 4.74, 71.99 + 10.14 and 61.97 + 4.67 % of control for 24, 48
and 72 h of stimulation, respectively, Figure VI.5A).

The tumor suppressor P53 is a major cell death regulator that also controls cycle arrest [23];
thus, in parallel with the assessment of cell viability, we investigated the expression of P53 in
response to DHT treatment. Although no significant difference was observed on the expression
of P53 for 24 h of treatment, at 48 h its expression was enhanced (1.13 + 0.05 fold, p < 0.05,
Figure VI.5B).

A B C
; — 1.5-
120 €3
1~
100 . ] *g‘ a5 24h 48 h
23 w0 T T § 5 10
ZE 1L . e I Control DHT  Control DHT
£ 8 6o == £ 8
=% 2% P53 e a— — —
U o 401 [ 0.5
(-3 885
20 ne Bractin See— - ————
a @
0 T T T = 0.0 T T
24 h 48 h 72h 24 h a8 h
Time Time

Figure VI.5. Effect of DHT on the viability of MCF-7 cells (A) and expression of P53 (B). Cells were either
exposed to vehicle (control) or 1 nM of DHT for 24, 48 and 72 h. Results of cell viability are expressed as
% of control (dashed line). The expression of P53 was determined by WB after normalization with B-actin.
Representative immunoblots for P53 are provided in panel C. Results are expressed as fold variation
relatively to control (dashed line). Error bars indicate mean + S.E.M (n = 5). * p < 0.05 when compared
with the control group.
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Discussion

The present study investigated the effect of non-aromatizable androgen DHT in regulating the
expression of Ca?* handling proteins, namely the Ca,1.2 channel subunits and the Ca%*-binding
protein RGN, in MCF-7 cells.

The Ca,1.2 channel subunits are products of the CACNA1C gene and belong to the LTCC
subfamily (Ca,1.1-Ca,1.4) of voltage-gated Ca?* channels (VGCC), which are characterized by
high-voltage activation and long-lasting activity [24]. The LTCC were mostly associated with
cardiac and neuronal cells [24], and its activation requires a strong depolarization of cell
membrane that generates elevated currents. Nevertheless, Ca,1.2 channel subunits have been
identified in several non-excitable cell types, such as osteoblasts, osteoclasts, monocytes,
macrophages and stem cell hair follicles [25-27]. Moreover, Ca,1.1 and Ca,1.2 isoforms were
detected and up-regulated in the colon and colorectal cancer cells [13, 14]. Also, the presence
of Ca,1.2 and Ca,1.3 channel subunits in prostate cancer tissues was shown [15]. On the other
hand in breast cancers cells, different isoforms of the TTCC channels (Ca,3.1 and Ca,3.2
subunits) have been detected and associated with enhanced proliferation [28]. However, the
expression of the LTTC has remained uncharacterized in breast cells. On the contrary, previous
work of our research team had already identified the Ca?*-binding protein RGN in human breast
cancer tissues and MCF-7 breast cancer cell line [20, 21]. Therefore, we started by describing
the presence of Ca,1.2 channel subunits in human MCF-7 breast cancer cells. Specifically, it
was detected the subunit a;, which is the core subunit responsible for pore-forming and that
contains the regulatory sites for dihydropyridine blockers [24]. WB analysis detected an
immunoreactive band of ~135 kDa, which is slightly inferior to the most common molecular
weight indicated for Ca,1.2 proteins. The molecular weight for subunit a; ranges from 165 to
240 kDa [24, 29], but peptides with different size also have been described dependently on the
reducing conditions in WB [29], which supports the present findings. Using an antibody that, as
our, recognizes an epitope in the II-lll cytoplasmic loop of Ca,1.2 subunit others also detected
a smaller protein of 150 KDa in rat brain cortex [30]. Also, it has been established that the
human CACNA1C gene encompasses 55 exons and has, at least, 19 alternative splicing loci that
may generate diverse transcripts with predicted structural and functional diversity [24, 31]. A
recent report identified multiple transcriptional start sites at CACNA1C gene producing new
transcripts in rat brain [31]. One of these transcripts is capable to produce a membrane-bound
120 kDa protein both in vitro and in vivo [31], which further indicates that a tissue-specific
variability exists concerning the size of Ca,1.2 proteins.

Considering the subcellular location Ca,1.2 channel subunits in MCF-7 cells, these were
detected in the plasma membrane and cytoplasm. It was recently demonstrated that Ca,1.2
proteins are also localized to endoplasmic reticulum (ER)-plasma membrane junctions in
association with the ER Ca?* sensing protein STIM1, and that Ca,1.2 labeling is beyond the
localization of STIM1 in junctional areas [32], which is consistent with the observed cytoplasm
staining in MCF-7 cells.
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The electrophysiological experiments allowed to measure Ic, in MCF-7 cells, which can be a
consequence of LTCC and TTCC channels activity because both nifedipine and mibefradil had
inhibitory effects on the Ic, relatively to basal levels. Indeed, previous studies have
demonstrated the activity of TTCC channels in MCF-7 cells [28], but, at least to our knowledge,
this is the first report showing the presence and activity of L-type Ic,in breast cancer cells.
Concerning the hormonal stimulation of MCF-7 cells, we showed that 1 nM DHT upregulated the
expression of Ca,1.2 channel subunits while diminishing RGN protein levels. The effect of DHT
suppressing RGN expression was also described in rat prostate in vivo [18] and LNCaP prostate
cancer cells [20]. However, in rat seminiferous tubules cultured ex vivo in presence of DHT the
RGN levels were augmented [19], which may be related to the peculiarities and specific
requirements of germ cells. Androgens have been indicated as important regulators of Ca?*
homeostasis in different cell types [6-10], and following our results, it was reported that DHT
increases Ca,1.2 subunit levels in coronary smooth muscle [9]. No other studies exist
characterizing the androgenic regulation of VGCC in breast cells.

The fact that Ca,1.2 mRNA is diminished in MCF-7 cells treated with DHT cannot be excluded
from the discussion. This discordance between mRNA and protein levels may arise due to the
great complexity of gene expression regulatory mechanisms in eukaryotes, and is something
described in other human cell lines (e.g. [33]). Moreover, it suggests an increased stability and
half-life time of mRNA and that a post-transcriptional control may be occurring. Nevertheless,
we demonstrated that the DHT regulation of Ca,1.2 and RGN expression is dependent on AR.
However, the mechanism involved seems to be distinct since the DHT effect mediated by AR in
regulating the expression of Ca,1.2 channels requires de novo protein synthesis in opposition
with what was observed for RGN. The involvement of AR in the modulation of RGN levels was
also reported in LNCaP human prostate cancer cells and rat seminiferous tubules [19, 20], and
androgen-responsive elements were identified by in silico analysis in the RGN gene promoter
[20].

Concomitantly with the altered expression of Ca?* regulators, DHT significantly decreased the
viability of MCF-7 cells after 24 h of treatment. Although some controversy exists, the majority
of studies has described the growth-inhibitory effects of DHT in MCF-7 cells [2-4]. Noteworthy,
DHT seems to induce cell cycle arrest in MCF-7 cells at GO/G1 [2, 34], a cell cycle phase shown
to be associated with enhanced activity of LTCC [35]. Very recently, it was also shown that
increased levels of DHT, upon inhibition of 178-hydroxysteroid dehydrogenase type 7, are
associated with cell cycle arrest in MCF-7 cells [36]. Although no changes were detected in the
expression of RGN and Ca,1.2 in response to DHT at other experimental time points, a
diminished viability of MCF-7 cells was also observed for 48 and 72 h of treatment. This indicates
that other factors may be involved, as seems to be the case of cell cycle suppressor protein
P53. The increased expression of P53 in response to DHT supports the diminished viability
observed for MCF-7 cells under androgenic stimulation.

Nevertheless, the present findings indicate that DHT effects counteracting the proliferation of

MCF-7 cells may depend on the regulation of Ca?* modulators and modulation of cytosolic Ca2*

110



levels. Indeed, it has been suggested that altered activity of VGCC may influence cell
proliferation, differentiation and migration [12]. Moreover, breast cancer cells display
depolarized membrane potential comparatively with non-neoplastic conditions [37], which is
associated with a high proliferative ability [12]. However, the role of intracellular Ca%*
homeostasis in the control of cell proliferation in breast cancer cells has been producing
conflicting reports. Antagonists for the three major classes of LTCCs, namely, amlodipine,
diltiazem, and verapamil inhibit the proliferation of human HT-39 breast cancer cells and tumor
growth in vivo [16]. Also, the pharmacologic inhibition of LTCCs with Ni?* blocked the growth
of mouse 4T1 [38] and human MDA-MB-231 breast tumor cells [39]. Beyond that, increased
intracellular Ca?* levels have been linked with the pro-proliferative behavior of MCF-7 cells [12,
40]. On the other hand, the inhibition of capacitative Ca?* entry and Ca?* release from ER stores
reduced EGF-induced proliferation of mouse mammary gland epithelial cells [41]. However,
and contrary to these findings, the anti-estrogen tamoxifen increased the intracellular Ca*
concentration in ZR-75-1 breast cancer cells and reduced cell viability, by releasing Ca?* from
the ER and inducing Ca%* entry from the extracellular space [42]. These divergent results
highlight a duality in the functional consequences of Ca?* handling and indicate that Ca?*
signaling pathways controlling cell growth may depend on the cancer cell type and cell status.
This matter was elegantly reviewed by Prevarskaya et al. [12] in the context of determining
the relevance of ion channels as targets for cancer diagnosis and treatment.

In what concerns RGN, it plays a role in intracellular Ca?* homeostasis, by enhancing the activity
of CaZ*-ATPase at plasma membrane and ER and down-regulating the expression levels of LTCCs
and Ca?* sensing receptor [43, 44]. Nevertheless, RGN protein seems to have a broad spectrum
of action in cell physiology [17] and has been associated with the control of cell proliferation
[18, 21]. RGN overexpression in vivo was protective against the development of rat mammary
gland tumors and effective in inhibiting cell proliferation [21]. The apparently contradictory
results of reduced expression of RGN and diminished viability of MCF-7 cells indicate that the
increase in intracellular Ca?* levels in consequence of altered expression of RGN and LTCC is
the determinant for suppressing cell growth (Figure VI.6). Since it is also known that augmented
intracellular Ca?* levels stimulate the expression of RGN in different cell types [45], this

assumption also explains the recovery of RGN expression to control levels at 48 h.
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Extracellular Space

Figure VI.6. Schematic representation of DHT effects on CaZ* homeostasis and cell viability in MCF-7
breast cancer cells. After entering the cell, DHT binds the classical androgen receptor (AR). After
translocation to cell nucleus, the hormone receptor complex regulates the expression of aic subunit
(Cay1.2) of L-type Ca?* channels and regucalcin (RGN), which contributes to reduced cell proliferation.

In sum, this work first characterized the presence of Ca,1.2 channel subunits in MCF-7 cells.
Also, it was confirmed that the expression of both Ca,1.2 and RGN in MCF-7 cells is regulated
by DHT, which was related to diminished cell proliferation. Although further studies are needed
to fully address the role of LTCC in the proliferative activity of breast cancer cells, these
findings represent an important step towards the development of new therapeutic approaches

targeting Ca?* signaling.
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Summarizing discussion and conclusion

The mammary gland is a complex tissue composed by a multiplicity of cellular
components, which are affected by the specific and unique characteristics of female
physiology. Innumerous studies regarding mammary carcinogenesis have tried to decipher the
initiator factors that lead to cancer onset, and also the drivers promoting the escape of the
neoplastic mass to therapeutic approaches. Despite all the efforts developed until now, that
have been translated into improved diagnosis, clinical responses and prognosis of patients life,
breast cancer is still a disease that affects millions of women every year and sometimes with
an uncertain outcome.

Cancer thrives from the alteration of the basic biologic processes that maintain normal
cell physiology. The intracellular player RGN has an active role in a variety of process within
cell biology, namely cell proliferation, apoptosis, calcium (Ca%*) homeostasis, gene expression,
metabolism and signaling pathways. Moreover, the RGN protein was associated with breast
carcinogenesis. Human breast cancer cases displayed loss of RGN immunoreactivity, which was
correlated with clinicopathological parameters and negatively associated with tumor grade.
These were remarkable findings suggesting that the loss of RGN expression favors progression
of tumors into more aggressive phenotypes. Nevertheless, much remains to be understood
about the involvement of RGN in cancer mechanisms, particularly in breast cancer.

The present thesis aimed to fulfill some of the existent gaps and clarify the RGN actions
that may protect against the development of breast cancer.

We started by hypothesizing that RGN overexpression may confer protection against
chemically-induced tumorigenesis of the mammary gland. In the Chapter IV of this thesis the
development of tumors in wild-type (Wt) and transgenic rats overexpressing RGN (Tg-RGN)
treated with the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) was evaluated. This
approach demonstrated that RGN conferred a marked resistance to mammary carcinogenesis
by slowing down tumor onset, as seen by the lower incidence of tumors (25.8 % in Tg-RGN vs
100 % in Wt group), as well as, delayed progression of tumors into more aggressive phenotypes
in Tg-RGN rats. Tumor histological classification showed that Tg-RGN animals displayed less
tumors of invasive type (3.8 %) comparatively to Wt counterparts (45.4 %), whereas pre-
cancerous lesions (19.2 %) were only present in Tg-RGN animals. The non-invasive features of
mammary gland tumors of Tg-RGN were underpinned by the decreased Ki67 expression. These
findings clearly established the protective role of RGN in mammary carcinogenesis.

To get into the mechanist of RGN actions restricting development of mammary tumors
we compared the proliferative status of mammary gland tissues in Wt and Tg-RGN animals
(Chapter IV). We found that Tg-RGN animals presented lower cell proliferation accompanied by
altered expression of target cell cycle regulators. The obtained results have allowed us to
confirm that RGN exerted a suppressive role in mammary cells growth by down-regulating the
expression of oncogene Myc, cell cycle regulator Cdk1, and the SCF/c-Kit system, which is

associated with proliferation and tumorigenesis. Additionally, p53 expression was enhanced in
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Tg-RGN rats, which may have contributed to counteract cell proliferation, and further supports
the role of RGN preventing tumorigenesis of mammary gland.

Metabolic reprogramming is a common feature of cancer cells characterized by the
increased glycolytic flux and augmented production of lactate even under aerobic conditions,
which represents a survival advantage and favors the malignant transformation. Considering
the existent knowledge linking RGN actions with the control of cell metabolism, in Chapter V
of this thesis we compared the glycolytic metabolism in the mammary gland of Tg-RGN and Wt
animals, and investigated the alterations in the glycolytic metabolism occurring during
development of DMBA-induced mammary gland tumors. Despite the observed enhancement of
glycolysis, tumors of Tg-RGN rats showed diminished expression and activity of lactate
dehydrogenase (LDH), which may be considered as a protective mechanism. The increased
lactate production and the acidification of the environment are well-known alterations in tumor
invasion and aggressiveness; thus, RGN could restrain breast cancer progression into more
aggressive stages by controlling the lactate production by cancer cells. This is strongly
supported by the findings described above confirming that Tg-RGN animals are resistant to
develop mammary tumors including tumors with invasive features. Curiously, in non-neoplastic
mammary gland an inhibition of the glycolytic metabolism was observed in Tg-RGN rats, put in
evidence by the: i) reduced content of glucose as result of the diminished expression of GLUT3;
ii) suppressed activity of PFK; iv) increased levels of lactate reflecting the decreased expression
of MCT4; and v) augmented activity of LDH. Thus, RGN seems to reduce energy production that
consequently, contributes to restricting cell proliferation and supports its role in counteracting
tumor initiation.

Indeed, fulfill of the energetic needs is mandatory to sustain the high proliferative rates
of tumor cells, and not surprisingly, several regulators of the cell cycle have been indicated as
regulators of cell metabolism, as it is the case of Myc and P53 proteins. As previously described
Myc and P53 were found to be down- and up-regulated in the mammary tissue of Tg-RGN, and
are likely involved both in the proliferative and metabolic features observed in these animals.

In fact, the increase of P53 suppresses the glycolytic metabolism and looks as an
additional tumor suppressor mechanism by which P53 limits the malignant transformation. This
effect of P53 is thought to be achieved by the inhibition of glucose transporters expression
(GLUT1, GLUT3, and GLUT4), glycolytic enzymes, and even the pentose phosphate pathway
(for a review [1, 2]). Additionally, the proto-oncogene Myc promotes the synthesis of almost all
glycolytic enzymes, stimulates the mitochondrial metabolism and glutamine catabolism, and
enhances LDH expression (reviewed in [3-6]). Therefore, we can hypothesize that the
downregulated expression of Myc and the enhancement of P53 in the mammary gland of Tg-
RGN animals may mediate the observed effects of RGN in the regulation of cell proliferation
and metabolism related with its protective role in cancer initiation. Further research is
warranted to clarify the cross-talk between these pathways and the regulatory actions of RGN

over Myc and P53 proteins.
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The multifunctional roles of RGN have also been associated with the control of
apoptosis. So, in Chapter IV, we also evaluated the expression of target regulators of this
process in the mammary gland of Tg-RGN rats. Overexpression of RGN augmented apoptosis of
mammary gland cells, demonstrated by the increased activity of caspase-3 and the elevated
expression of P53. These findings also account for the protective role of RGN in the prevention
of mammary cancer, by favoring apoptosis, which may be also considered to act via P53 up-
regulation. Although, our results support an anti-apoptotic activity of RGN, several reports have
described that it may act to suppress apoptosis in response to noxious stimuli [7]. Since RGN is
a cytoplasmic protein that can be translocated to the nucleus, it will be crucial to disclose
whether the particular subcellular location is related to its different functions.

The sex steroid androgens and CaZ* homeostasis and signaling have been described as
important players in the physiology of mammary gland. Moreover, it is known that androgens
inhibit proliferation of breast cancer cells and control intracellular Ca?* levels by modulating
the expression (activity) of several Ca?* modulators. RGN is known to be involved in Ca?
homeostasis and was also identified as an androgen-target gene in several tissues, but these
features have not been assessed in breast cancer cells yet. In Chapter VI, we have evaluated
whether the effects of 5a-dihydrotestosterone (DHT) in MCF-7 breast cancer cells may involve
the regulation of RGN and Ca,1.2 channel, another Ca?* player that belongs to the L-type Ca*
channel subfamily of voltage-dependent Ca?* channels. Relatively to the Ca,1.2 channel, this
was the first study demonstrating its presence in breast cells. Hormonal stimulation
experiments demonstrated that DHT regulates the expression of RGN and Ca,1.2 channels by a
mechanism dependent of androgen receptor. However, distinct effects were observed at the
protein level, with a decrease of RGN and an increase of Ca,1.2 channels. Nevertheless, the
concomitant increase in P53 expression and the decreased cell viability led us to suggest that
the modulation of intracellular CaZ* by RGN and Ca,1.2 channels may be on the basis of
suppression of cell growth. Nevertheless, further studies are needed to determine the
interaction of RGN and Ca,1.2 channels in the maintenance of Ca?* homeostasis and CaZ*
signaling in the regulation of cell proliferation.

Taken together the overall results of this thesis it is liable to suggest that the RGN
protein has a preponderant and protective function in the development and progression of
breast cancer. The present findings also allowed a better understanding of the biologic
mechanisms of RGN action in the control of mammary gland physiology and tumorigenesis
namely, cell proliferation, Ca?* homeostasis, metabolism and apoptosis. This biological
evidence probably encompasses the molecular basis by which RGN protein exerts its role in
delaying the acquisition of tumor phenotype and the progression into more aggressive stages.
Finally, the present thesis puts forward new challenges and provided additional clues for future
breast cancer research, which doubtless should include the RGN actions. Further efforts are
also required to definitely establish the potential of RGN as a biomarker in the management of

disease or as a therapeutic target in the prevention or treatment of breast cancer.
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