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Analise da expressao e internalizacao de transportadores de nutrientes em

células de mamifero

RESUMO

Varios sao os transportadores de nutrientes cruciais para o correto desenvolvimento e adequada
manutencao do organismo. Neste estudo focamo-nos em dois grupos, os transportadores de acidos
monocarboxilicos (MCTs) e os transportadores de cobre (CTRs). Os primeiros — MCTs - sdo responsaveis
pelo influxo e / ou efluxo de acidos monocarboxilicos das células, como o lactato. Uma elevada
percentagem de tumores produz energia via gliclise, um processo denominado efeito Warburg, que
resulta na elevada producao de lactato, e exportacdo deste por meio dos MCTs. Por sua vez, o lactato
exportado fornece-lhes a capacidade de proliferar e aumentar a malignidade do tumor. As células de
Sertoli também mantém uma elevada taxa glicolitica e de exportacao de lactato, que é posteriormente
importado pelas células germinativas masculinas. Contudo, estas células ndo demonstram os fenotipos
cancerigenos associados a este metabolismo semelhante ao efeito Warburg. O MCT4 é um dos dois
MCTs cuja sobre expressao esta presente numa grande variedade de cancros, para além de ser um
elemento-chave no exporte de lactato das células de Sertoli. Assim, um dos objetivos deste trabalho
consistiu na comparacao da expressao e do trafego do MCT4 em células cancerigenas versus células de
Sertoli. E assim, detetamos que apds tratamentos de hipoglicemia ou na auséncia total de glicose, o
MCT4 é internalizado na linha celular PC-3, e em resposta a tratamentos de concentracao fisioldgica de
glucose ou hiperglicémicos a sua localizacdo na membrana plasmatica & mantida. No entanto, na linha
celular de Sertoli TM4, o MCT4 nao parece ser internalizado. Para além disso, a expressao proteica do
MCT4 nao varia significativamente quer entre tratamentos, quer entre linhas celulares. No entanto, sao
necessarios estudos adicionais para melhor caracterizar o trafego do MCT4 nestas linhas celulares.

O cobre (Cu) & um iao metalico que desempenha um papel crucial em todos os seres vivos,
atuando como cofator de varias enzimas fundamentais. No entanto, o estudo do Cu ganha importancia
quando se considera o seu envolvimento nos fendmenos de progressao do cancro, tais como,
angiogénese e metastizacdo. A importacao celular de Cu ocorre via dois transportadores principais, CTR1
e CTR2. Com isso em mente, geramos um conjunto de valiosas ferramentas biomoleculares que serao
utilizadas no futuro para estudar a expressao e o trafego dos transportadores de cobre CTR1 e CTR2.

Palavras-chave: Cancro, células de Sertoli, cobre, lactato, transportadores de acidos monocarboxilicos,

transportadores de cobre.



Expression and internalization analysis of nutrient transporters in mammalian

cells

ABSTRACT

There are several crucial nutrient transporters needed for proper organismal Development and
maintenance. In this study we focused on two groups of transmembrane transporters, the
monocarboxylate transporters (MCTs) and copper transporters (CTRs) some of these key players. MCTs
are responsible for the influx and/or efflux of monocarboxylic acids, as lactate. A high percentage of solid
tumors produce energy through glycolysis, a process named the Warburg effect, which results in high
production of lactate, and export via MCTs, providing them the ability to proliferate and increase tumor
malignancy. Sertoli cells also maintain a high glycolytic production of lactate, to be imported by developing
germ cells, without the cancerous-like phenotypes. MCT4 is one of the two MCTs which overexpression
is present in a more variety of cancer types, and is also a key player in lactate export from Sertoli cells.
Hence, one of the main objectives of this work was to compare the expression and trafficking of MCT4 in
cancer versus Sertoli cells, as there are few studies on this matter. We detected that upon hypoglycemic
or zero glucose treatments, MCT4 is internalized in the PC-3 Prostate cancer cell line, and in physiological
or hyperglycemic treatments its plasma membrane location is maintained. However, in the TM4 Sertoli
cell line, MCT4 does not seem to be internalized. Furthermore, MCT4 protein expression levels do not
change significatively in either of the cell lines nor between them, in all of the glucose treatments.
Nevertheless, more studies and diverse techniques are needed to better characterize MCT4 trafficking in
these cell types.

Copper (Cu) is an essential metal ion with a crucial role in the biochemistry of every living organism,
acting as a cofactor for several enzymes. Moreover, the study of Cu gains importance when considering
its involvement in cancer progression phenomena, namely angiogenesis, and metastasis. The cellular Cu
uptake occurs through two major copper transporters, CTR1 and CTR2. With that in mind, we generated
a set of valuable biomolecular tools that will be used in the future to study the expression and trafficking
of copper transporters CTR1 and CTR2.

Keywords: Cancer, copper, copper transporters, lactate, monocarboxylate transporters, Sertoli cells.
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|. INTRODUCTION
l.1. The Warburg effect

In the 20’s, Otto Warburg realized that cancer and normal cells display different pathways regarding
the metabolism of glucose. His work demonstrated that cancer cells switch from mitochondrial
phosphorylation to a glycolytic metabolism that “ferments” glucose into lactate, a process known as
aerobic glycolysis. This change in metabolism occurs regardless of the presence or absence of oxygen
(Warburg et al., 1924). This phenomenon was later described as the “Warburg effect”, by Efraim Racker
in 1972 (Racker, 1972) (see Figure 1).

Normal cell Tumor cell
(Warburg effect)
Glucose +/-0,

Glucose

Pyruvate

Lactate \

Lactate

Figure 1: Schematic representation of Warburg's postulate. Warburg observed that cancer cells display high
rates of glucose uptake and a preference for lactate production, through glycolysis, regardless of the presence or
absence of oxygen. Cancer cells need to maintain energy homeostasis, which leads to a much lower rate of
mitochondrial oxidative phosphorylation in comparison with lactate production through glycolysis. In contrast,
normal cells in the presence of oxygen metabolize glucose into pyruvate through glycolysis and complete its final

oxidation in the mitochondria via oxidative phosphorylation. In oxygen limiting conditions, normal cells can redirect
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pyruvate to be converted into lactate. TCA: tricarboxylic acid; OxPhos: oxidative phosphorylation. Some components

of the figure were drawn using pictures from Servier Medical Art (http://smart.servier.com/).

Moreover, Otto Warburg's discoveries showed that cancer cells have an exacerbated glucose
uptake, leading to an increase in lactate production (Warburg et al., 1927). At first glance, this metabolic
switch does not seem viable, considering the amount of adenosine triphosphate (ATP) produced through
glycolysis versus the amount produced by the mitochondrial phosphorylation pathway. As reviewed in
Vander Heiden et al., 2009, cancer cells may prefer to convert pyruvate, derived from glycolysis, into
lactate, to achieve a higher cell division rate, since the effectiveness in disposing excess carbons allows
for faster incorporation and metabolization of carbons into biomass (Vander Heiden et al., 2009). The
hypothesis that tumor hypoxia induces this change was also brought up, by Gatenby & Gillies (Gatenby &
Gillies, 2004), and even though tumor hypoxia occurs, and is one of the main features in cancer biology,
it happens in a late state of the tumor, suggesting that it may not be a major contributor to the metabolic
switch. Furthermore, leukemia cells and even lung tumor cells exhibit the Warburg effect (Christofk et al.,
2008; Elstrom et al., 2004; Gottschalk et al., 2004; Nolop et al., 1987), although both cell types have
high oxygen concentrations in their surroundings, highlighting even more the importance of studying this
phenomenon.

Interestingly, Sertoli cells (SCs) are normal cells that display a Warburg-like metabolism. These
cells have the metabolic capability of maintaining high glycolytic rates, metabolizing glucose into lactate,
without the main physiological consequence inherent to this metabolism, an uncontrolled proliferation

(Oliveira et al., 2015; Vander Heiden et al., 2009).

[.1.1. Lactate: the main product of the Warburg effect

The main product of the Warburg effect, lactate, must not be forgotten nor its importance
diminished. Lactate has been implicated in several of the main characteristics of carcinogenesis. This

substrate acts as a promoter of angiogenesis, cell migration, metastasis, acidosis of tumor
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microenvironment, contributing to cancer cells immune escape, and even to cancer relapse (San-Millan

& Brooks, 2017), as schematized in Figure 2.

Lactate the Key Player in Tumorigenesis

-

+) 3 (+)
TAng.ogenes;s / \ 1 B iraceliar

1 VEGF—1 Cell migration (*) 1 Microenvironment acidification

1 Immune escape

4 | Monocyte migration - Self-sufficient energetics
1 g:'tlﬂny of tgmor eel: i | Cytokine release - Chronic glycolysis depletes NAD*
II' nﬂgravo:d—’Tm LS | Activation of T cells - Pyruvate reduction to lactate
ighly correlated with metastasis | Cytotoxic activity necessary to re-generate NAD*

1 Extracellular acidosis — | T cell activity

Figure 2: Lactate, the key player in carcinogenesis. Lactate is fundamental for the key steps of tumor
development and progression. This substrate is involved in angiogenesis, by increasing the expression of vascular
endothelial growth factor. Lactate also decreases activation of T-cells and monocyte migration, plus it causes a
decrease in cytokine release and consequent cytotoxic activity, favoring cancer “immune escape”. Lactate export
causes a decrease in the extracellular pH, impairing the ability of T-cells to export lactate, therefore decreasing its
immune activity. Furthermore, pyruvate conversion to lactate re-generates the levels of nicotinamide adenine
dinucleotide (NAD"), which is vital for the energy autonomy of cancer cells, and for the equilibrium of the
intracellular redox pair (NADH/NAD"), allowing for the continuity of glycolysis (San-Millan & Brooks, 2017). CD147:
Cluster of differentiation 147; GLUT-1 and -3: Glucose transporter 1 and 3; MCT-1: Monocarboxylate transporter
1; MCT-4: Monocarboxylate transporter 4; VEGF: Vascular endothelial growth factor.
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Hence, the continuous release of lactate from tumor cells to the extracellular milieu promotes
carcinogenesis in susceptible cells and tissues. Additionally, lactate induces overexpression of the
Monocarboxylate transporter (MCT) 4 (protein that will be further described in the next section), which in
consequence leads to its further release into the extracellular environment promoting tumor growth and
carcinogenesis.

However, the roles of lactate are not limited to this type of glycolytic cells — cancer cells. Sertoli
cells (SCs), present in the testis, which display a glycolytic metabolism similar to cancer cells, produce
and export high levels of lactate for nutritional support of germ cells. Therefore, the roles of lactate are
not only limited to cancer progression, but also extend to spermatogenesis (Boussouar & Benahmed,

2004; Oliveira et al., 2015), which will be further discussed.

|.2. Monocarboxylate Transporters

Monocarboxylic acids, such as lactate, pyruvate, and ketone bodies are major sources of energy to
all cells of the human body, being indispensable for cellular metabolism (Halestrap & Price, 1999).The
import and/or export of these substrates to and/or from cells is mediated by a specific family of
transmembrane transporters - the monocarboxylate transporters (Halestrap, 2013; Morris & Felmlee,
2008).

Monocarboxylate transporters are plasma membrane (PM) transporters encoded by the SLC16
gene family. This family of transporters has a total of fourteen members, from which only MCT1, MCT2,
MCT3, and MCT4 were demonstrated to display proton-linked monocarboxylate transport, meaning that
a proton is used to catalyze the facilitated diffusion of monocarboxylates (Halestrap & Meredith, 2004;
Halestrap & Price, 1999). These transmembrane transporters can perform the efflux and/or influx of
such substrates depending on H" and substrate concentration gradients (Figure 3) (Fisel et al., 2018;
Halestrap, 2013). MCT1-4 differ from the rest of the monocarboxylate transporters in the amino acid
sequences, which corroborates an evolutionary divergence, coupled with their functional role (Pinheiro et
al., 2012). Among these four members, MCT3 is the least characterized transporter likely due to its
restricted distribution in the human body, namely the basal membrane of the retinal pigment epithelium
(Felmlee et al., 2020; Halestrap & Meredith, 2004). On the other hand, MCT1, with an extended range
of functions in the human body, is undoubtedly the foremost characterized MCT (Felmlee et al., 2020),

followed by MCT2 and MCT4.
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Lactate

Lactate

Figure 3: Schematic representation of cellular import and export of lactate through Monocarboxylic acid
transporters. Monocarboxylic acid transporters catalyze the proton-inked facilitated diffusion of metabolically
relevant monocarboxylates, as lactate. Some components of the figure were drawn using pictures from Servier

Medical Art (http://smart.servier.com/).

MCT4 has lower affinity for monocarboxylates than MCT1 and MCT2, being the latter the one with
the highest affinity for monocarboxylates (Felmlee et al., 2020; Halestrap & Meredith, 2004). MCT1 and
MCT2 have been extensively described as importers of monocarboxylates, due to their kinetic properties
(Bonen, 2001; Halestrap, 2009; Halestrap & Wilson, 2012). However, the role of MCT1 as an importer
or exporter depends on tissue and intra/extracellular conditions (Fisel et al., 2018; Kirk et al., 2000). For
instance, in glycolytic astrocytes, MCT1’s function seems to be restricted to the supply of lactate for
oxidative neurons’ energy production (Pellerin & Magistretti, 2012), instead of displaying its typical role
as an importer of monocarboxylic acids.

Regarding MCT2, it is predominantly expressed in organs with a metabolic cooperation between
their own cells via lactate shuttling, as are the testis, brain, muscle, and even eyes, allowing for a sufficient
lactate uptake (Fisel et al., 2018; Halestrap & Wilson, 2012). MCT4 is also expressed in the organs
mentioned above, in the lactate supplying cells. This transporter is mainly responsible for maintaining the
lactate export necessary for a lactate shuttling cooperation between highly glycolytic cells, and oxidative
cells (Bonen, 2001; Felmlee et al., 2020; Halestrap & Wilson, 2012). Therefore, MCTs’ roles are widely

extended throughout the human body.
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Hence, the transport of lactic acid across the PM is of special interest. MCTs have the essential
role of either performing the removal of lactate after being produced by glycolysis or allowing its influx
into liver and kidney cells, and even heart and red muscle cells. Lactate will then be used as a substrate
to perform gluconeogenesis, or as a respiratory fuel (Halestrap, 2013; Halestrap & Meredith, 2004).
Thus, MCTs have an important function in a variety of metabolic diseases. In fact, MCT4 was reported to
be overexpressed, in cases of obesity, in muscle cells (Fisel et al., 2018). In addition, MCT1's deficiency
has already been associated with recurrent ketoacidosis in children, due to a reduction in the uptake of
ketone bodies, which contributes to an acid-base imbalance (Fisel et al., 2018). Furthermore, a greater
percentage of solid tumors produces energy through glycolysis, which consequently results in high
production of lactate (Pinheiro et al., 2012; San-Millan & Brooks, 2017). MCTs are mandatory for the
export of the produced lactate into the extracellular milieu, which in turn will acidify the tumor
microenvironment, and give cancer cells the ability to proliferate and increase tumor malignancy (San-
Millan & Brooks, 2017; Vander Heiden et al., 2009).

MCT1 and MCT4 are the two main MCT overexpressed in a wide variety of cancer cell types
(Felmlee et al., 2020; Pinheiro et al., 2012). In these cells, MCT4 is responsible for the export of the
produced monocarboxylates, namely lactate, and, although MCT1 is generally involved in their uptake
(Fisel et al., 2018). This main role of MCT1 as importer is consolidated by the fact that MCT4 is present
in highly glycolytic muscle fibers, whereas fibers of the soleus muscle - that present a highly oxidative
metabolism - express higher levels of MCT1, as they do not have the role of exporting lactate (Bonen,
2001; Halestrap & Meredith, 2004). However, MCT1 can act as importer or exporter (Felmlee et al.,
2020; Halestrap & Meredith, 2004).

Cluster of differentiation 147 (CD147), a PM glycoprotein, has already been shown to interact
specifically and directly with MCT1 and MCT4 (Kirk et al., 2000). CD147 was identified as a chaperone
to these two specific MCTs, facilitating their proper expression and function at the PM. Furthermore, this
transmembrane protein was also implicated in the chaperoning of MCTs to the PM, in tumors such as
multiple myeloma, breast and lung cancers (Kirk et al., 2000; Pinheiro et al., 2010; Walters et al., 2013).
More specifically, CD147 expression was linked to MCT1 expression in ovarian cancer, and to MCT4
expression in both lung and breast cancers (Pinheiro et al., 2010).

Since MCT4 is one of the main focus points of this MSc project, its functions, as well as the specific

regulation that it is subjected to, will be further detailed in the following sections.
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1.2.1. Monocarboxylate transporter 4: role and regulation

MCT4 is widely expressed in the human body, but its highest expression occurs in tissues/cells
with high glycolytic rates, such as white blood cells, SCs, and white skeletal muscle fibers (Bonen, 2001;
Halestrap, 2013). Therefore, MCT4’s main role relies on the export of the principal substrate resultant
from glycolysis - lactate (Bonen, 2001; Pinheiro et al., 2012).

Given that MCT4 acts as the main lactate exporter, it is plausible to hypothesize there is an increase
in the mRNA and protein levels in response to hypoxia, since glycolytic rates will also increase. In fact,
hypoxia-inducible factor la (HIF-1a), a transcription factor present in higher levels under hypoxia,
stimulates MCT4 gene expression, through the interaction with two hypoxia response elements (HRE)
present in the MCT4 promoter region (Ullah et al., 2006). The study performed by Lim et al., 2014, in
glioblastoma cells, came to solidify this interaction by demonstrating that HIF-1a transcriptional activity
is inhibited through MCT4 knockdown (Lim et al., 2014). Furthermore, HIF-la is incapable of
upregulating MCT1 in a hypoxic environment due to the absence of any likely HRE sequences in the

MCT1 promoter region (Ullah et al., 2006).

|.3. Sertoli cells and MCTs

Since the late 80's Sertoli cells have been characterized as the prime “nurse” cells for the
developing germ line. For instance, it was reported that when SCs isolated from immature rats are
incubated in anaerobic conditions, mimicking the natural oxygen-deprived ambiance experienced in the
testis (Wenger & Katschinski, 2005), and with glucose-containing medium, they metabolize glucose into
pyruvate and lactate (Grootegoed & Den Boer, 1989). The produced lactate is used by germ cells for
energy production (Oliveira et al., 2015).

In fact, throughout spermatogenesis, a metabolic cooperation is formed between testicular cells,
namely SCs and germ cells (Oliveira et al., 2015), SCs are responsible for giving physical and nutritional
support for germ cells. Moreover, various diseases such as diabetes mellitus, that affect this specific
metabolic cooperation, lead to an impairment in the male reproductive function (Alves, Martins, Cavaco,
et al., 2013), highlighting the importance of its study.

In resume, SCs metabolize glucose into lactate and provide this substrate for proper germ cell
development and male fertility performance. The high-level production of lactate in these cells is achieved

8
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through the metabolism of glucose (Dias et al., 2013), displaying a “Warburg-like” metabolism. SCs aim
at obtaining high levels of lactate production and export, similarly to cancer cells, without the malignant
phenotypical shift since this metabolism naturally occurs in SCs.

In the seminiferous tubules, SCs uptake glucose specifically through two glucose transporters,
GLUT 1 and GLUT3 (Dias et al., 2013), where it is metabolized into pyruvate. A greater amount of the
obtained pyruvate is converted into lactate, so that it can be made available extracellularly for germ cells
(Oliveira et al., 2015). This conversion process is mediated by the action of lactate dehydrogenase (LDH),
an isoenzyme system able to reversibly convert pyruvate to lactate (Boussouar & Benahmed, 2004;
Oliveira et al., 2015). The produced lactate is then exported via specific monocarboxylic transporters,
namely MCT4 and MCT1 (Halestrap, 2013; Oliveira et al., 2015). Once lactate leaves SCs it is imported
by germ cells to fulfill its major role as their main energy fuel, being MCT1 and MCT?2 the proteins in

charge of that import (Boussouar & Benahmed, 2004; Halestrap, 2013).

1.3.1. Lactate transport: Sertoli cells to germ cells

The first step undergone by lactate during spermatogenesis relies on its release from the cytoplasm
of SCs, into the intratubular fluid. This process is mainly mediated by MCT4 (Galardo et al., 2007), even
though it is a lower affinity transporter of lactate (Bonen, 2001; Brauchi et al., 2005; Galardo et al., 2007;
Rato et al., 2012). Such notion is highly supported by the differences of MCT1 and MCT4 A, values for
pyruvate. Whereas the A, value of MCT1 for this substrate is about 1.0 mM, the A, of MCT4 exceeds
150 mM (Halestrap, 2013; Halestrap & Meredith, 2004). This unique feature prevents the efflux of
pyruvate from SCs, allowing its conversion to lactate, for further release. Nevertheless, it has been already
described MCT1 expression in SCs (Bernardino et al., 2019; Boussouar & Benahmed, 2004),
notwithstanding MCT4 as the key player in SCs for lactate’s disposal (Galardo et al., 2007).

Furthermore, in a study involving MCT1 conditional knockout (cKO) mice was suggested that the
absence of MCT1 compromises lactate’'s availability for germ cells (Bernardino et al., 2019), having
already been considered the prime exporter in SCs for the glycolytically produced lactate (Boussouar &
Benahmed, 2004). The knockout of MCT1 culminated in a depletion of germ cells and subsequent
absence of spermatozoa, in MCT1 cKO mice (Bernardino et al., 2019). The spermatogenic arrest that
follows MCT1 knockout is likely due to the lack of capacity from germ cells to uptake lactate provided by

SCs, and not by MCT1's action in SCs. Therefore, without diminishing MCT1's significance throughout
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spermatogenesis, MCT4 has been widely characterized and considered the prime lactate exporter from
the glycolytic metabolism of SCs (Alves, Martins, Rato, et al., 2013; Dias et al., 2013; Oliveira et al.,
2015).

Male fertility is reliant on the activity of these proteins, as for import or export of lactate. Such roles
turn MCTs into targets for male contraception, as well as a mean to optimize /n vitro assisted reproduction
treatments, two objectives, that although distinguishable, rely on the same metabolic basis, MCTs' activity
in the male reproductive system.

Even though there is a growing body of work towards the understanding of MCTs in SCs and
throughout spermatogenesis in humans, we are still far from unveiling the complete roles and regulation

of these transporters.

l.4. Role and regulation of MCTs in cancer

Having in mind the importance of lactate in major steps of carcinogenesis, as schematized in
Figure 2, it becomes essential to take a closer look at MCT4 - the transporter playing a major role in its
export from tumor cells (Halestrap & Price, 1999). In particular, as said, MCT1 and MCT4 were proven
to have an overexpression in a variety of cancers (Kim et al., 2015; Pinheiro et al., 2012; Walters et al.,
2013). Their higher rates of expression in cancer cells result from the need to export the large amounts
of lactate produced by these cells, as a result of their high glycolytic rates. Through the mediation of the
co-transport of lactate with protons, MCTs allow not only for the maintenance of cancer cells’ elevated
glycolytic rates, but also help in the counterattack of acid-induced apoptosis, through stabilization of
alkaline values inside tumor cells (Pinheiro et al., 2008, 2012).

An example of this overexpression is found in colon tumor cells, that present increased levels of
MCT1 and MCT4 when compared to cells of the normal epithelium (Koukourakis et al., 2006; Pinheiro
et al.,, 2008). The upregulation of MCT1 in these tissues revealed an association with angiogenesis
(Pinheiro et al., 2012). Furthermore, the increased levels of these two monocarboxylate transporters were
found in a wide range of tumor cell types, such as lung, breast, and even ovarian cancer cells, in
comparison to what was found in the normal epithelium of each tissue (Pinheiro et al., 2012).

As aforementioned, MCT4 expression is stimulated by HIF-1a, which in turn is upregulated under
hypoxia, a subliminal condition to many cancers, resulting in an increase of mRNA levels in cancer cells

comparing to normal cells (Ullah et al., 2006). This increase in MCT4 gene transcription was shown to
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occur in bladder cancer, favoring the extrusion of large amounts of lactate resultant from the enhanced
glycolytic metabolism (Ord et al., 2005). On the other hand, HIF-1a does not interact with MCT1,
therefore it is not responsible for regulating its expression under hypoxia. This control is attributed to the
tumor suppressor protein p53, whose correspondent wild type was already shown to have a repressor
activity regarding MCT1 transcription and to decrease its mRNA stability in colon cancer cells (Boidot et
al., 2012). Therefore, pb3 deficiency upon hypoxic conditions, promotes MCT1 expression, facilitating
the export of large amounts of lactate. Upon glucose deprivation, and under moderate hypoxia conditions,
in p53 null cells, the upregulated MCT1 has shown to work in reverse of its initial action, mediating lactate

import to be used in mitochondrial respiration, promoting cell proliferation (Boidot et al., 2012).

1.4.1. MCTs as therapeutic targets in cancer

As aforementioned, MCTs have a wide tissue distribution and a broad range of substrates, adding
their potential to affect the pharmacokinetics of compounds. MCT1 and MCT4 have been explored as
targets in cancer therapy. One of the main goals in this area of research aims at inhibiting these
transporters, which might result in a chemotherapeutic strategy (Felmlee et al., 2020).

Many studies have been conducted following this line of thought, like the one published by Lim et
al., 2014. The authors used short-hairpin RNAs to suppress MCT4 expression, which led to a growth
inhibition of 50-80% in two of the glioblastoma cell lines tested, under hypoxic conditions (Lim et al.,
2014). These results suggest that cancer cell lines’ growth impairment can be acquired through the
inhibition of MCT4. In a more recent study, the researchers focused on MCT1, and the use of a potent
MCT1’s inhibitor - AZD3965 - as a novel therapeutic compound. It is already on Phase | of clinical trials
in the United Kingdom for the treatment of Burkitt lymphoma and diffuse large B cell lymphoma (Noble
etal., 2017).

Another study revealed that exposure of immunomodulatory drugs (IMiDs), such as thalidomide or
pomalidomide, in IMiDs-sensitive multiple myeloma cells, causes destabilization of the CD147-MCT1
complex. Consequently, in these cells a variety of cellular functions are put to an end, including

proliferation, invasion and angiogenesis (Eichner et al., 2016).
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1.5. Glycolysis and oxidative phosphorylation involvement in cancer

The activity of cytochrome ¢ oxidase is essential for oxidative phosphorylation and is affected by
copper (Cu) levels in tumors (Ishida et al., 2013). Additional copper bioavailable facilitates the increase
of ATP production, which is consumed for the rapid proliferation of cancer cells (Ishida et al., 2013).
Nevertheless, copper does not initiate the initial transformation of cancer cells but may contribute to its
proliferation by providing the energy needed for cell-cycle progression.

Glycolysis is usually used by normal cells as an adaptive mechanism in response to low levels of
oxygen, or even in its total absence. However, tumors yield increased amounts of lactate even in the
presence of oxygen (Warburg et al., 1927). Ishida et al., 2013, suggest that the increased glycolysis in
tumors may reflect a lack of bioavailable copper in the tumor microenvironment (Ishida et al., 2013).
Moreover, they show copper levels' ability to modulate oxidative phosphorylation in tumors (Ishida et al.,
2013). Interestingly, and reinforcing the previous idea, in chinese hamster ovary cells was already
demonstrated that an increase of 20-fold in initial copper concentration enabled these cell cultures to
start consuming lactate instead of producing it (Luo et al., 2012; Qian et al., 2011). Weinhouse, S., 1956,
reported that oxygen consumption is not quantitatively reduced in a variety of tumors despite increased
glycolysis (Weinhouse, 1956), and in fact, in the majority of cancer cells, 70-90 % of total ATP produced
is generated by oxidative phosphorylation, being glycolysis responsible for the remaining percentage
(Ishida et al., 2013).

Thus, cancer cells reveal to have a complex and tightly regulated metabolism, dependent on several
factors, such as copper and oxygen bioavailability (Denoyer et al., 2015; Gatenby & Gillies, 2004), initial
transformation stage, or proliferation stage (Ishida et al., 2013; Vander Heiden et al., 2009), as well as
glucose levels in the surroundings.

Through the balance of oxidative phosphorylation and aerobic glycolysis cancer cells can achieve
the best metabolic combination for their increased proliferation and malignancy. Hence, copper and
lactate levels are connected, and their transporters are key regulators of cancer proliferation, turning them

into excellent targets for anticancer treatments.
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1.6. The biological importance of copper

Copper is an essential metal ion required for all cells in the human body to fulfill their metabolic
needs. Being so, copper has a crucial role in the biochemistry of every living organism, acting as a co-
factor for several enzymes. As discovered in the late '50s by Wende and Wainio, copper is needed for the
proper function of cytochrome ¢ oxidase, in mitochondria (Vander Wende & Wainio, 1960). Later, McCord
and Fridovich found that Cu acts as an essential co-factor for superoxide dismutase (McCord & Fridovich,
1969). These two roles render Cu a key player in cellular respiration and in the detoxification of oxygen
radicals, respectively. Furthermore, copper is involved in a series of physiological events, as hemoglobin
formation, carbohydrate metabolism, or even in the antioxidant defense mechanism (lakovidis et al.,
2011). Copper deficiency diminishes the activity of its associated enzymes, thus affecting their
physiological functions (Gupta & Lutsenko, 2009). However, excess copper is also harmful to cellular
metabolism, affecting tissues and organs, as is the example of the brain, whose structure and function
are affected by copper toxicosis (Erfanizadeh et al., 2021; Smolinski et al., 2019).

Therefore, tight and extremely well-coordinated regulation of copper levels in cells and tissues is
mandatory for proper cellular homeostasis. To properly play its biological role, Cu has the ability to shuttle
between different oxidation states, Cu®" (oxidized) and Cu® (reduced). In turn, it interferes with its
acquisition regarding bioavailability and uptake’s specificity (Ohrvik & Thiele, 2014), and even increasing
the risk for toxicity if mis regulated (Grubman & White, 2014). This toxicity is associated with excessive
levels of copper, or even with its redox cycling, where Cu may generate reactive oxygen species, resulting
in oxidative damage to tissues (Pham et al., 2013). Therefore, through evolved protein-based systems
that tightly regulate/modulate copper trafficking it is possible to maintain copper homeostasis in both

cells and tissues across the human body.

l.7. Cellular transport of copper

Throughout the years, several key proteins involved in the influx, distribution, and efflux of copper
from cells have been identified. Among those, in humans, there are the copper-transporting ATPases -
ATP7A and ATP7B (Gupta & Lutsenko, 2009). These proteins, through the efflux of copper, demonstrate

to be key players in the prevention of excess copper levels, a condition that has been described to lead
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to hepatic abnormalities and/or neurological impairment in patients with Wilson's disease (WND), which
is caused by a mutation in the A7P/B gene (Das & Ray, 2006; Smolinski et al., 2019).

Copper transporter 1 (CTR1) (encoded by SLC31A1) and copper transporter 2 (CTR2) (encoded
by SLC31A2) are the two copper importers known to exist in mammals (Mandal et al., 2020) (see Figure
4). CTR1 is the high-affinity transporter of Cu, responsible for both influx of Cu across the PM and
endomembranes, located mostly at the PM (Mandal et al., 2020). CTR2 locates mostly in the endosomal
system (Ohrvik et al., 2013; Van Den Berghe et al., 2007). However, there is already evidence that CTR2
might be connected, to some extent, with copper influx (Van Den Berghe et al., 2007). These CTR proteins

and their roles and regulation will be further described in the following section.

Cytosol*

COOH COOH
Ctr1 homotrimer Ctr2 homotrimer

Figure 4: Schematic representation of copper transporter 1 and copper transporter 2 homotrimers. Cys,
cysteine; His, histidine; Met, methionine; CTR1: Copper transporter 1; CTR2: Copper transporter 2; MX3M, crucial
motif for Cu transport; TMD1-3, CTR1/CTR2 monomer number 1; TMD1"-3’, CTR1/CTR2 monomer number 2
(Ohrvik & Thiele, 2015).

I.7.1. Copper transporter 1

Through genetic studies in baker's yeast, Saccharomyces cerevisiae, the CTR1 encoding gene was
the first eukaryotic gene encoding a specific copper importer ever discovered (Dancis et al., 1994). The

resultant protein is a member of the family of copper uptake transporters identified as high-affinity copper
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transporters in insects, fungi, plants, mammals, such as hCTR1 for humans (Puig et al., 2002).
Furthermore, through a knockout study of the Ctr/ gene in mice, was demonstrated that it its critical role
in the uptake of dietary Cu /n vivo, since its absence resulted in cardiac hypertrophy, iron accumulation
in the liver, among several other life-threatening consequences (Nose et al., 2006).

But how does this metal ion enter the cell? Considering the two distinct forms that copper appears
in nature, it is important to notice that only the reduced form can be imported via hCTR1. Therefore,
extracellular Cu*" suffers a metal-reduction carried out by Cu® cell-surface reductases (Hassett &
Kosman, 1995), before its uptake through hCTR1 (Ohrvik & Thiele, 2014).

Regarding the physical process involved in copper import into human cells, through its high-affinity
transporter hCTR1 (Dancis et al., 1994), urges the need to look closely at the structure of this protein.
This transmembrane transporter is composed of three transmembrane domains (TMD), with an
extracellular amino-terminal metal-binding domain rich in methionine residues, responsible for the
mediation of high-affinity Cu” intake from the extracellular milieu (Brady et al., 2014; Eisses & Kaplan,
2002; Y. Guo, Smith, Lee, et al., 2004).

Cu's transport through CTR1 is unidirectional and passive, from the extracellular milieu to the
cellular interior. The study of Tsigelny et al., from 2012, suggests that the negative charge of the amino
terminus of hCTR1 attracts Cu" from the extracellular environment, directing it to the center of the hCTR1
pore, where it has a neutral passage. Regarding its liberation into the cytoplasm, it is conducted by the
dipole formed in the carboxyl-terminal tail of this transporter, due to the duality of charges present. This
tail displays a positive charge in the proximal parts of the center of the channel and a negative charge in
the sides, further from the center, which in turn repels Cu" and directs its way into the cell (Tsigelny et
al., 2012). Other works have suggested that conformational changes may also contribute to force the
passage of Cu” through the pore, being these, induced by ligand exchange reactions occurring in different
binding sites of the pore (De Feo et al., 2009; Puig et al., 2002; Rubino et al., 2010). Overall, changes
in the electrostatic field and in hCTR1 conformation, allied to concentration gradients of copper, are the
driving forces of copper cell intake through hCTR1 (Ohrvik & Thiele, 2014).

Even though CTR1 is the main copper importer in mammalian cells, its cellular location varies
between the PM and intracellular vesicles, as previously described (Van Den Berghe & Klomp, 2010).
Being, however, well known that its principal cellular location resides in the cell membrane (Mandal et

al., 2020; Puig et al., 2002).

15



Chapter I - Introduction

hCTR1 is broadly expressed, being found in every organ and/or tissue examined, with the highest
expression found in liver, heart, and pancreas (Zhou & Gitschier, 1997). In mice, CTR1's highest
expression levels were detected in liver, heart, small intestine, and kidneys (Y. Kuo et al., 2006; J. Lee et
al., 2001). Regarding ACTRI's regulation, it has been described that at the genomic level, that
both ACTRI and ACTRZ respond to cellular copper requirements and variations of microenvironmental
copper levels (Wee et al., 2013). Moreover, it was discovered that the specificity protein 1 (Sp1) binds
to ACTRI's promoter and its own promoter, under copper-depleted conditions, favoring the expression of
both proteins, and consequently copper import. On the other hand, excess copper levels prevent the
binding of Sp1l to Sp/ and ACTRI promoters, diminishing their expression, and in turn controlling copper
homeostasis (Liang et al., 2012).

The regulation of hCTR1 in response to copper levels does not stop there, in fact, its location is
reactive to extracellular copper concentrations. In response to a high extracellular copper concentration,
hCTR1 is internalized and degraded (Wee et al., 2013). Other post-translational regulatory actions regulate
hCTR1's function. For example, with the cleavage of the N-linked glycosylation of hCTR1 at residue 15,
its copper transport activity is significantly reduced, when compared to the fulldength hCTR1 protein
(Maryon et al., 2007). However, its O-linked glycosylation at Thr27 protects hCTR1 from proteolytic
cleavage (Maryon et al., 2007; Wee et al., 2013).

|.7.2. Copper transporter 2

CTR2 is the second transporter of the copper transporter family — CTRs — known as the low-affinity
transporter of copper. It was first discovered through the screening of cDNA libraries, which culminated
in the determination of the hCTR2 full-length coding region (Zhou & Gitschier, 1997). Even though
structural and biochemical studies focused on hCTR2 are lacking, it is known that it has structural
homology with the second TM of hCTR1, which is fundamental for the transport of copper (Zhou &
Gitschier, 1997). Regarding its structural organization, CTR2 is very similar to CTR1, with three putative
TMs but without an extended N-terminal domain, and functioning as an oligomeric protein (Schweigel-
Rontgen, 2014) (see Figure 4).

In mammals, CTR2 mainly locates in the membranes of intracellular organelles, as endosomes
and lysosomes (Van Den Berghe et al., 2007). However, it is estimated that 5 % of total CTR2 present is

localized in the PM and mediates copper transport into the cytoplasm (Bertinato et al., 2008; Van Den
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Berghe et al., 2007). Furthermore, CTR2 might display a role in recycling copper from intracellular stores
as hypothesized in Gupta and Lutsenko, 2009 (Gupta & Lutsenko, 2009). These researchers theorized
that if CTR2 is localized in lysosomes and exports copper from there, it might be retrieving copper from
cuproenzymes that were degraded in these lysosomes.

In rat, the highest levels of CTR2 were found in the heart and placenta (Bertinato et al., 2008), in
contrast to the broad expression detected for CTR1. However, the first study on hCTR2, by Zhou and
Gitschier, 1997, revealed a wider expression at the transcript level, however much weaker in comparison
to hCTR1. CTR2 highest expression levels were found in the placenta, spleen, heart, and brain (Zhou &
Gitschier, 1997) Further expression analyses are required to determine the exact expression profile of
hCTR2, at both transcript and protein levels.

In humans, ACTRZ regulation, at the genomic level, is similar to the expression regulation
of hCTRI1. hCTRZ responds to changes of microenvironmental copper levels, as well as to cellular copper
requirements (Bertinato et al., 2008; Wee et al., 2013) Nonetheless, little to nothing is known about

hCTR2 expression regulation, from the transcriptional to the post-translational level.

1.8. Copper importers in Sertoli cells

Even though in the last 30 years our knowledge regarding copper metabolism and regulation at a
molecular level has significantly increased, there is still much to understand when it comes to the male
reproductive system. What is already known is the deleterious effect of high copper concentrations in both
the testis structure and the spermatogenic process, reported in both humans and animals (Akinloye et
al., 2011; Aydemir et al., 2006; Y. Li et al., 2021; Liu et al., 2016). Copper deficiency has also shown to
display consequences in male fertility (Tvrda et al., 2015; Van Niekerk & Van Niekerk, 1989).

However, there was a contradictory study conducted by Ghaffari et al., in 2019, where they
generated mice with a SC-specific disruption of the Cfr7 gene. Even though there was a decrease of
copper concentration in the testicles by about 30 %, this reduction did not affect the fertility of these
animals, that when mated with virgin WT females sired a comparable number of pups as to WT males
(Ghaffari & Richburg, 2019). The discrepancy of these results might be related with the cell and tissue
specificity of copper deficiency, instead of the systemic deficiency of Cu reported in some studies
(Lyubimov et al., 2004; Van Niekerk & Van Niekerk, 1989). However, the loss of CTR1's function in germ

cells leads to a progressive failure of spermatogenesis in adult mice (Ghaffari & Richburg, 2019). There
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is still much to investigate regarding CTR2 expression in Sertoli cells or even its involvement in the

spermatogenic process.

1.9. Copper and cancer

In recent years, it has been increasingly documented that copper levels are significantly elevated
in both serum and tumor in cancer patients when compared to healthy individuals (Gupte & Mumper,
2009). These high levels were described in a wide variety of tumors, including lung (Diez et al., 1989),
breast (H. W. Kuo et al., 2002), prostate (Habbib et al., 1980), ovarian (Chan et al., 1993), among others.
Due to Cu’s involvement in several physiological phenomena and interaction with numerous enzymes

(lakovidis et al., 2011), it is only plausible that Cu is involved in this pathological condition — cancer.

1.9.1. The importance of CTRs in cancer progression

The excessive levels of Cu have been linked with phenomena involved in cancer progression, such
as cancer cell proliferation, metastasis, immune evasion, and angiogenesis (Denoyer et al., 2015;
Grubman & White, 2014; Gupta & Lutsenko, 2009; Y. Li, 2020; Shanbhag et al., 2021). Furthermore,
increased expression of the high-affinity transporter of copper — CTR1 - in several tumors (Denoyer et
al., 2015; Grubman & White, 2014; Gupte & Mumper, 2009; Y. Li, 2020; Shanbhag et al., 2021)
reinforces Cu determinant roles in cancer progression.

The programmed death-ligand 1 (PD-L1) is a transmembrane protein that allows evasion of the
immune system (Voli et al., 2020) through binding to its receptor, programmed death receptor 1 (PD-1),
present on the extracellular side of lymphocytes’ PM, which in turn suppresses cytotoxic T-cells from
killing cancer cells (Xu et al., 2020). Increased copper accumulation, due to increased expression of
CTR1, was found to upregulate two signaling pathways that lead to elevated expression levels of PD-L1,
demonstrating that copper has an, although indirect, effect on tumor immune evasion (Shanbhag et al.,
2021; Voli et al., 2020).

Copper has also been demonstrated to be involved in oncogenic signaling, where its uptake via
CTR1 stimulates the mitogen-activated protein kinase (MAPK) pathway (Turski et al., 2012). In more
detail, MAPK kinase Mekl, the penultimate kinase in the MAPK pathway, has a high-affinity copper-
binding site, that stimulates Mek1-dependent phosphorylation of the following kinase, and potentiate gene
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expression, promoting cell survival and proliferation. Therefore, copper allosterically activates Mek1 and
potentiates oncogenic signaling via the MAPK pathway (Brady et al., 2014; Shanbhag et al., 2021).

Cancer cell migration and metastasis are also influenced by copper through its binding to the family
of copper-dependent lysyl oxidase enzymes (LOX and LOXL1-4). In resume, copper import via CTR1
enables its delivery by ATOX1 to the ATP7A copper pump, which transports copper to the LOX family of
enzymes. Subsequently, the LOX family catalyzes the cross-linking of collagen fibers, generating H,0o,
which enables the activation of the focal adhesion kinase (FAK1), and consequently promote cancer cell
migration and metastasis (Baker et al., 2013; Shanbhag et al., 2021; Su et al., 2016).

Considering all of copper’s roles in cancer progression, it is only plausible to target its high-affinity
cellular importer — CTR1 - for anticancer treatments. Cisplatin is an anticancer platinum-based DNA
crosslinking drug used in a high percentage of cancer patients that undergo chemotherapy (Shanbhag et
al., 2021). However, there has been a growing biological resistance towards cisplatin treatment, including
a mechanism that reduces its accumulation or even allows its sequestration by endogenous nucleophiles
(Shanbhag et al., 2021). It was found that cisplatin seemed to bind with high affinity with domains and
Cu-binding residues of CTR1 (Y. Guo, Smith, & Petris, 2004). Hence, allowing the cellular uptake of
cisplatin by cancer cells, without however existing a fully understood mechanism of how cisplatin influx
occurs (Shanbhag et al., 2021). Furthermore, hCTR1 silencing reduces cellular cisplatin levels compared
to control in some cancer types (Holzer et al., 2004; Ishida et al., 2002), having high levels of hCTR1
already been associated with a good prognosis and chemotherapy response (Chen et al., 2012; Ishida et
al., 2002; Y. Y. Lee et al., 2011). On the other hand, CTR2 expression is linked with cisplatin insensitivity.
Lee et al., 2011, demonstrated that concomitant loss of hCTR1 expression and hCTR2 up-regulation are
indicators of poorer cancer patient outcomes in breast and ovarian cancer (Y. Y. Lee et al., 2011).
Therefore, the assessment of the hCTR1/hCTR2 ratio in cancer patients allows whether platinum-based
drug therapies, like cisplatin, are the right treatment.

However, far more knowledge regarding CTR1 and CTR2 expression regulation and interplay is still
to acquire. This work aims at facilitating this area of research through the future use of the biomolecular

tools developed.
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. OUTLINE OF THE THESIS

This work was focused on two groups of nutrient transporters: MCT4 monocarboxylate transporter
and Copper transporters 1 and 2, whose interplay has never been investigated in carcinogenesis or
spermatogenesis. As aforementioned, both MCT4 lactate transporter and CTRs play important roles in
major steps of these biological processes. On the other hand, copper levels influence cellular metabolism,
namely mitochondrial respiration and glycolysis, justifying its impact on the two glycolytic cell types
mentioned above — Sertoli and cancer cells.

One of the main objectives of this work was to compare the expression and trafficking of MCT4 in
cancer versus Sertoli cells, as there are few studies on this matter. In the first part of this thesis, a
previously developed construct harboring MCT4 fused with mCherry was transfected to PC-3 and TM4
cell lines to study the expression and trafficking of pMCT4-mCherry by fluorescence microscopy and
western blot, upon distinct glucose treatments.

In the second part of this thesis, we aimed at generating several biomolecular tools that will be
used in the future to study the expression and trafficking of copper transporters CTR1 and CTR2, both in

the PC-3 Prostate cancer cell line and in the TM4 Sertoli cell line.
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lll. MATERIALS AND METHODS

[1l.1. Chemicals

Fetal Bovine Serum (FBS) was purchased from Biochrom AG (Berlin, Germany). Insulin-transferrin
sodium selenite supplement (ITS supplement) was obtained from Life Technologies (Gaithersburg, MD,
USA). Radio-lmmune Precipitation Assay (RIPA) and BCA Protein Assay Kit were purchased from Life
Technologies. WesternBright™ ECL substrate was obtained from Bio-Rad (Hemel Hempstead, UK).
Dulbecco’s Modified Eagle Medium: Ham'’s Nutrient Mixture F12 (DMEM: Ham's F12), DMEM without
glucose, Roswell Park Memorial Institute (RPMI) 1640, Bovine Serum Albumin (BSA), EDTA, trypsin-EDTA

and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless stated otherwise.

[1.2. Cell line culture

Mouse Sertoli cells (TM4 cell line) were purchased from ATCC (Manassas, VA, USA), and the
Human Prostate Cancer cell line (PC-3 cell line) (neoplastic cell line) was kindly provided by Dr. @
Margarida Fardilha (University of Aveiro, Portugal). In brief, TM4 and PC-3 cells were cultured in 75 cm?
flasks (VWR collection, Amadora, Portugal) at 37°C, 5 % CO,, with specific Sertoli culture medium -
DMEM: Ham’s F12 1:1 — or RPMI medium, respectively, supplemented with 50 ug/mL gentamicin, 50
U/mL penicillin, 50 mg/mL streptomycin sulfate, 0.5 mg/mL fungizone and 10 % heat inactivated FBS
at pH 7.4. TM4 is a Sertoli cell line derived from the testis of immature BALB/c mouse selected by

morphology and hormonal response (Mather, 1980) that express specific Sertoli cell markers (Wang et

al., 2016). Every “n” corresponds to a cell passage.

l1l.3. Transfection

The previously generated plasmid pMCT4-mCherry (see Appendix A Figure 30), was transiently
transfect in PC-3 cells using Lipofectamine™ 3000 Transfection Reagent (Invitrogen™, Waltham,
Massachusetts, USA).

Initially, the plasmid was extracted using the NZYTech Midiprep Kit, according to manufactorer’s

protocol, to obtain a high plasmid concentration for the transfection protocol. Briefly, PC-3 cells were
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plated in a 96-well glass-bottom plate, for low fluorescence emission, and cultured for 24 h at 37°C, 5 %
CO,. The plasmid construction component was prepared through the addition of 5 uL Opti-MEM per well
and 1 pL/500 ng DNA of P3000 reagent (complementary reagent of the Lipofectamine™ 3000
purchased). Lipofectamine was also prepared by the addition of 5 uL Opti-MEM per well. Both
components were mixed for the determined incubation time. Afterward, the mix was added to each well,
and cells were left in the optimal growing conditions.

Prior to the use of transfection for MCT4 localization studies, a transfection optimization was
recquired. For that, the following conditions were tested (per well of a 96-well plate):

- number of initially plated cells: 1.24 x 10* versus 2.48 x 10* cells;

- volume of Lipofectamine 3000 reagent (which results in a different lipid: DNA ratio): 0.15 pL

versus 0.3 uL;

- quantity of DNA: 25 ng versus 50 ng versus 100 ng;

- time of incubation prior to transfection (to allow the establishment of lipid-DNA complexes for
transfection): 8 versus 12 min.

Cells were stained using Hoechst dye, for nuclei count. Concisely, the culture medium was
exchanged to a medium containing an optimized Hoechst dye concentration of 0.5 ug/mL at 37 °C, for
30 min. Afterwards, medium containing Hoechst was removed and replaced with Hank’s Balanced Salt
solution (HBSS), for image acquisition purposes after 24 h and 48 h post-transfection, using Zoe
Fluorescent Cell Imager (Bio-Rad). Trough the ratio from transfected/total cells was possible to access

transfection efficiency.

l11.4. /n vitro Treatments

When TM4 and PC-3 cultures reached the optimal time post-transfection, or, for protein expression
studies (without transfection), after they reached 90-95 % confluence, cells were washed thoroughly and
the culture medium replaced by serum free DMEM without glucose (with ITS supplement: insulin 10
mg/L; sodium selenite 6.7 pug/L; transferrin 5.5 mg/L, pH 7.4). In order to evaluate the effect of glucose
on TM4 and PC-3 cells we defined four experimental groups, the first group was glucose-free, and the
three following groups were supplemented with glucose in increasing concentrations of 2 mM, 5.5 mM
and 20 mM. The 5.5 mM concentration was selected in accordance with the physiological blood glucose

concentration (World Health Organization, 2021), hence being the control group. The 20 mM of glucose,

24



Chapter Ill — Materials and Methods

was chosen given that it is already a hyperglycemic value, presented by an individual with diabetes (World
Health Organization, 2021). We also considered pertinent to evaluate the effects of a hypoglycemic value
of 2 mM (World Health Organization, 2021), and 0 mM. Treatments were performed for 24 h, at 37 °C

in an atmosphere of 5 % CO,.

[11.5. Immunofluorescence and internalization analysis

For the localization analysis, cells were seeded in 48-well plates containing glass coverslips, and
transfection was performed using an adequate proportion for the optimal transfection values determined
previously. 48 h later, cells were treated with the glucose concentrations mentioned in the previous
section, for 24 h. After the treatments, cells were fixed with paraformaldehyde (PFA) 4 % for 20 min. After
rinsing with phosphate buffer saline (PBS) 1x, cells were permeabilized with PBS-Triton 0.1 % for 15 min,
and rinsed again with PBS 1x. Cells were then blocked in PBS-Gelatin 0.1 % for 15 min and washed with
PBS 1x. Subsequently, cells were incubated with the primary antibody rabbit anti-B-catenin (1:50, Abcam,
Cambridge, MA, ab68183), in PBS-Gelatin 0.1 % at 4 °C overnight in a humidified chamber. Afterwards,
cells were washed with PBS-Gelatin 0.1 % and then labelled with goat anti-rabbit Alexa fluor 488 (1:1500,
Invitrogen™, Waltham, Massachusetts, USA) for 1 h in a humidified chamber. Cell were then washed with
PBS 1x, and the coverslips mounted into a lamina using Vectashie/d Mounting Medium with DAPI.
Samples were maintained at -20 °C until visualization. The results were visualized in a Nikon Eclipse
E400 microscope equipped with a Y-FL epi-fluorescence attachment and HB-10103AF Super high-
pressure mercury lamp power supply (Nikon, Shinagawa, Tokyo, Japan), coupled with a Nikon NIS

Elements Image Software.

l11.6. Total protein extraction

After the 24 h treatments, TM4 and PC-3 cells were detached from the culture dishes with the use
of a trypsin-EDTA solution. Once detached, the total cell number was determined with the use of a
Neubauer chamber. Following, cells were washed in PBS and collected with a centrifugation of 3000 g
for 5 min.

Cells were lysed with an appropriate volume of RIPA buffer (1x PBS, 1 % NP-40, 0,5 % sodium

deoxycholate, 0,1 % SDS, 1 mM PMSF) supplemented with 1% protease inhibitor cocktail, aprotinin and
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100 mM sodium orthovanadate, and left at 4 °C for 40 min. Finally, the suspension was centrifuged at
14000 g, at 4 °C for 20 min. Subsequently, the pellet was discarded. Finally, the total protein
concentration was determined with the use of the Pierce™ BCA Protein Assay Kit according to
manufacturer’'s instructions, where different known concentrations of BCA are used as standards for

calibration, and the optical densities measured at 595 nm.

l1l.7. Western blot

Western blot was performed to analyze protein levels of MCT4 following treatments in TM4 and
PC-3 cells. Briefly, protein samples (20 pug) were mixed with sample buffer (10 % glycerol, 2 % SDS, 60
mM Tris.HCI, 5 % [-mercaptoethanol, 0.01 % bromophenol blue, pH 6.8) and denatured at 70 °C for 10
min. The protein samples were fractionated in 12 % polyacrylamide gels from the Kit TGX Stain Free 12
% at 90 V for 90 min. Subsequently, proteins were transferred to previously activated polyvinylidene
difluoride membranes (Bio-Rad) in a Mini Trans-Blot® cell (Bio-Rad), and the total transferred protein was
read with the Bio-Rad ChemiDoc XR (Bio-Rad). Afterwards, the membrane was blocked for 3 hours in a
5 % BSA solution at room temperature. The membranes were then washed and incubated overnight at 4
°C with rabbit anti-Slc16a3 (1:5000, Abcam, Cambridge, MA, Ab 74109) for the PC-3 protein extracts
and with rabbit anti-Slc16a3 (1:1000, Alomone Labs, Jerusalem, Israel, AMTO14) for the TM4 protein
extracts. The immune-reactive protein was detected using mouse anti-rabbit IgG-HRP (1:5000, Santa Cruz
Biotechnology Heidelberg, Germany, SC-2357). Membranes were reacted with WesternBright™ ECL and
read in the Bio-Rad ChemiDoc XR (Bio-Rad). The densities from each band were obtained according to
standard methods with the Image Lab Software (Bio-Rad). Each band density was divided by the

respective total protein density and then normalized with the control group value.

111.8. Proton Nuclear Magnetic Resonance (*H-NMR) spectroscopy

The post-treatment media was analyzed for the presence of certain metabolites by proton nuclear
magnetic resonance (‘H-NMR) and spectra analysis. 1D 'H-NMR spectra were acquired on a 500 MHz
Bruker Avance Il HD spectrometer equipped with a 5-mm TXI probe, at 298 K. 120 uL of sodium

fumarate 10 mM were added to each 480 L of post-treatment medium, for a final volume of 600 pL.

26



Chapter Ill — Materials and Methods

Sodium fumarate was used as the internal reference for metabolite quantification in the media. The
following metabolites were quantified (multiplicity, chemical shift (ppm)): alanine (doublet, 1.46); acetate
(singlet, 1.90); pyruvate (singlet, 2.35); glutamine (multiple, 2.45); lactate (quartet, 4.09); glucose
(doublet, 5.22). The baseline was corrected, and the spectra manually phased. NUTS-Pro NMR software
(Acorn NMR, Inc, Fremont, CA, USA) was used to process and integrate the peaks of the chosen

metabolites. The concentration of the chosen metabolites is expressed in nmol/10° cells.

[11.9. Strains and cell culture media

During this study, £scherichia coli strain XL1 Blue (Table 1) was used. The protocol for making
competent cells is described in Appendix B. The transformation of these cells was carried out following

the protocol described in section 111.12.6.

Table 1; Description of £scherichia coli strain XL1 Blue.

Strain Genotype Source
recAl endAl gyrA96 thi-1 hsdR17 supE44
XL1 Blue relAl lac [F’ proAB + lac LgZ AM15 Tn 10 This study / laboratory collection
(Tet?)]

Luria-Bertani broth (LB) medium was used to grow the £. coli cultures. This medium is composed
of bg/L yeast extract, 5 g/L NaCl, 10 g/L tryptone ad 18 g/L Agar*. For optimal growth conditions, cells
were incubated at 37 °C, 200 rpm in an orbital agitator. Furthermore, kanamycin was added to the
medium, at the final concentration of 50 pug/mL, as the selection marker for the bacteria that were
successfully transformed with the plasmids.

*Used only in solid media

11.10. Plasmids

The plasmids used in this study are described in Table 2. For more detailed information, such as
the predicted nucleotide sequences and the horizontal map of the constructed plasmids see Appendix C

Figure 31, Figure 32, Figure 33, Figure 34 and Figure 35.
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Table 2: List of plasmids used in this study.

Plasmids Selectable markers Promoter Source
pAcGFP1-C1 Kanamycin/Neomycin CMV Takara Bio Group
pAcGFP1-N1 Kanamycin/Neomycin CMV Takara Bio Group
pmCherry-C1 Kanamycin/Neomycin CMV Takara Bio Group
pmCherry-N1 Kanamycin/Neomycin CMV Takara Bio Group
pEYFP-CTR1 Kanamycin/Neomycin CMV Laboratory collection
pEYFP-CTR2 Kanamycin/Neomycin cMv Laboratory collection

pCTR1-mCherry Kanamycin/Neomycin CMV This study
pmCherry-CTR1 Kanamycin/Neomycin CcMmv This study
pCTR2-mCherry Kanamycin/Neomycin CMV This study
pCTR2-AcGFP Kanamycin/Neomycin CMV This study
pAcGFP-CTR2 Kanamycin/Neomycin CMV This study
pMCT4-mCherry Kanamycin/Neomycin cMmv Laboratory collection

Abbreviations: CMV: cytomegalovirus.

[Il.11. Primer design

The primers used in this study are described in the following table (Table 3), the ones used to
amplify ACTRI and ACTRZ2 genes, and the primers for the confirmation of the plasmid constructions

obtained, through sequencing.
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Table 3: List of primers used in this study. The enzymes’ restriction sites in the primers are marked in bold.

Primers Sequence (5'- 3) Source
FW_CTR1 GAAGATCTATGGATCATTCCCACCATATGGGGATG This study
RV_mCherry_CTR1 GAAAGCTTTCAATGGCAATGCTCTGTGATATCCAC This study
RV_CTR1_mCherry GAAAGCTTATGGCAATGCTCTGTGATATCCACTAC This study
FW_CTR2 GAAGATCTATGGCGATGCATTTCATCTTCTCAGAT This study
RV_CTR2_mCherry/AcGFP GAAAGCTTAGCTGTGCTGAGAAGTGGGTAAGCTAG This study
RV_AcGFP_CTR2 GAAAGCTTCTAAGCTGTGCTGAGAAGTGGGTAAGC This study

Seq_FW_CMV
Seq_RV_CTR_GFP
Seq_FW_mCherry_CTR
Seg_RV_CTR_mCherry
Seq_FW_GFP_CTR
Seg_RV_TAG_CTR

CGCAAATGGGCGGTAGGCGTG
CTCACGCTGAACTTGTGGCCATTCACATCGCCATT
GGACATCACCTCCCACAACGAGGAC
CCGTTCACGGAGCCCTCCATGTGCACCTTGAAGCG
AAGCGCGATCACATGATCTACTTCG
TGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTT

Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection

Laboratory collection

The first group of primers includes specific restriction sites flanking the target genes, present in

the Multiple Cloning Site (MCS), but absent in any other part of the vector, and a GA tail needed to prevent
the exclusion of the nucleotides that follow. These components are required for the insertions of the genes
into different expression vectors, through the sticky-ends created.

All the primers were designed using the ApE program 2.0.55 (created by Wayne Davis from the

University of Utah), and synthetized by Eurofins Genomics.

[11.12. Cloning strategy

Using the classical cloning method, we designed and construct 5 plasmid constructions harboring
hCTRI or hCTRZ2 genes, fused with the Green Fluorescent Protein (GFP) or the fluorescent protein m-
Cherry, giving rise to the following biomolecular tools: pmCherry-CTR1, pCTR1-mCherry, pCTR2-mCherry,
pPCTR2-AcGFP and pAcGFP-CTR2.

As it is well known, this traditional cloning method relies on five main steps, starting by the insert
preparation, which includes insert amplification and digestion with specific restriction enzymes, followed
by vector preparation, meaning the digestion of the vector, the ligation of the digested fragments, and,
finally, transformation with the plasmid constructions created and colony screening, as schematically

shown in Figure b.
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In more detail, genes ACTRI and ACTR2were amplified by Polymerase Chain Reaction (PCR), with
the following combination of primers. To fuse mCherryto the 3’ end terminal of ACTR1, the hCTRI gene
was amplified from the pEYFP-CTR1 plasmid, using primers FW-CTR1 and RV_CTR1_mCherry. Whereas
for the fusion of mCherryto the 5’ end terminal of #/CTR1, the hCTRI gene was amplified from the pEYFP-
CTR1 plasmid, using primers FW-CTR1 and RV_mCherry_CTR1. For the fusion of GFPor mCherryto the
3’ end terminal of ACTR2, the ACTR2 gene was amplified from the pEYFP-CTR2, using primers FW-CTR2
and RV_CTR2_mCherry/AcGFP. At last, for the fusion of GFP gene to the 5’ end terminal of ACTR2, the
hCTR2 gene was amplified from the plasmid pEYFP-CTR2, using primers FW-CTR2 and RV_AcGFP_CTR2.
For the fusion of mCherryor GFPgenes at the 5" end terminal of the C7Rs genes, we used pmCherry-N1
and pAcGFP-N1 as backbones, respectively. To fuse mCherry or GFP genes at the 3’ end terminal of the
CTRs genes, plasmids pmCherry-C1 and pAcGFP-C1 were used as backbone, respectively. After the
amplification, both inserts and plasmids were digested with Bgll and Hindll (Thermo Scientific™,
Waltham, Massachusetts, USA) restriction enzymes. The digested inserts were then purified using the
NZYTech Gelpure Kit (NZYTech, Portugal). Regarding the digested plasmids, they were run in an agarose
gel (1 % TAE agarose) and extracted from the gel following the manufacturer’s protocol, also from the

NZYTech Gelpure Kit (NZYTech, Portugal).
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Figure 5: Schematic representation of the classical cloning strategy. Firstly, the classical cloning strategy
relies on the digestion of both insert and vector, with specific restriction enzymes, namely Hindll and Bgil. The
action of these enzymes creates sticky ends in the digested fragments. Following, insert and vector suffer ligation
through the action of DNA ligase, giving rise to the plasmid construction (created with Biorender.com). CTR1:
Copper transporter 1; CTR2: Copper transporter 2. Some components were drawn using Biorender

(https://biorender.com/).

The ligation between the plasmids and the respective insert was made and then transformed in £.
coli XL1 Blue competent cells, in LB medium, supplemented with kanamycin 50 pg/mL, so that the
positive transformants could be selected. After the first confirmation by colony PCR, there was another
confirmation where the plasmid from 1/2 positive colonies was extracted following the manufacturer’s
protocol from the NZYTech Miniprep Kit (NZYTech, Portugal). Finally, all the constructions made were

confirmed by sequencing (see section [11.12.9.), using the previously extracted plasmids.
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[1.12.1. Insert Amplification by PCR

PCR is an /n vifro method that allows the amplification of a single and specific region of a DNA
molecule, into millions of identical copies. Following that, genes ACTRI and ACTRZ were amplified by
PCR using Supreme NZYProof DNA Polymerase (NZYTech, Portugal), from pEYFP-CTR1 and pEYFP-CTR?2,
respectively, using the primers stated in section II.11.

The reaction mixture was composed by the following components: Reaction Buffer 1 x (NZYTech);
dNTPs 0.2 mM (NZYTech); Supreme NZYProof DNA Polymerase 0.025 U/ uL (NZYTech); Primer Forward
0.5 puM; Primer Reverse 0.5 uM; Ultrapure Water to final volume of 20 uL; Template 0.05 ng/uL. After
the preparation, the reaction mixture was gently mixed, and the PCR tubes placed in the TI00TM Thermal
Cycler (Bio-Rad) for amplification. Regarding the PCR cycling conditions of each amplification, they are
described in Table 4 and Table 5. Finally, to confirm amplification, the samples were runonan 1 % (w/v)
Tris-Acetate-EDTA (TAE) agarose gel electrophoresis at 180 V, and their quantity and quality assessed
using the NanoDrop® ND-1000 system.

Table 4: PCR cycling parameters for ACTRI amplification from pEYFP-CTR1 using Supreme NYZPROOF.

Step Temperature (°C) Time Cycles
Initial denaturation 96 4 min 1
Denaturation 96 30s 30
Annealing 57 30s 30
Extension 72 45s 30
Final 72 10 min 1

Table 5: PCR cycling parameters for ACTR2 amplification from pEYFP-CTR2 using Supreme NYZPROOF.

Step Temperature (°C) Time Cycles
Initial denaturation 96 4 min 1
Denaturation 96 30s 30
Annealing 58 30s 30
Extension 72 45s 30
Final 72 10 min 1
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[11.12.2. Agarose gel electrophoresis of DNA

So that the PCR products could be analyzed, agarose gels were prepared by mixing Agarose (Grisp)
with TAE buffer, for the final concentration of 1 % (w/v). To dissolve the agarose, the mixture was heated
using a microwave. The solution was left at room temperature until it cooled down, and finally, poured in
a specific gel tray and left to solidify.

The NZYDNA Ladder Il (NZYTech) was used as the DNA molecular weight marker. DNA samples
were then prepared through mixing with the loading buffer 12 % (w/v) FICOLL 400 (100 %); 0,0075 %
(w/v) Xylene Cyanole FF (1 mg/mL); 1,8 % (v/v) VAHINE yellow; 0,144 % (v/v) Orange G (1 % w/v).
Subsequently, the samples were run on a 1 % (w/v) TAE agarose gel electrophoresis at 180 V. For proper
visualization of DNA bands, the gel was post-stained with Midori green (Nippon genetics), and their images

acquired at 610 nm in a UV transilluminator (VWR Genosmart, VWR).

[11.12.3. DNA purification

After the ACTR genes’ amplification, the PCR products were purified for the removal of primer
dimers, enzymes, proteins, nucleotides and other impurities, using the NZYTech Gelpure Kit (NZYTech)
by following manufacturer’s protocol. Finally, the concentration and quality of the DNA samples were

determined using the NanoDrop® ND-1000 system. The purified DNA was stored at -20 °C.

[1.12.4. Plasmids and inserts’ digestion

Before the ligation step, both inserts and plasmids (pAcGFP-N1, pAcGFP-C1, pmCherry-N1 and
pmCherry-C1) were digested using Bgll (ThermoFisher) and Hindlll (ThermoFisher) enzymes. The
reaction mixture was composed by the following components: Buffer Fast Digest 1 x; Bgll restriction
enzyme 0.33 mM; Hindll restriction enzyme 0.33 mM; DNA 50 ng/uL. After gently mixing all the
components, they were kept at 37 °C, for 1 h. Sequentially, the digested plasmids were stained with
loading buffer (previously described) and run on a 1 % (w/v) TAE agarose gel electrophoresis at 180 V,
alongside with the NZYDNA Ladder Il. For the visualization of DNA, the gel was once again post-stained

with Midori green (Nippon genetics), and the gel observation performed at 610 nmin a UV transilluminator
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(VWR). At last, the linearized plasmids were directly extracted from the gel and purified using the NZYTech

Gelpure Kit (NZYTech), following manufacturer’s protocol.
[11.12.5. Ligation

After both inserts (PCR amplified fragments) and vectors (digested plasmids) were prepared, they
undergone the process of ligation using the T4 DNA Ligase (ThermoFisher). The ligation reactions were
performed for two molar ratios of vector: insert, namely 1:1 and 1:5. To calculate the amount of insert
added to the mixture, the concentration of the vector and the sizes of both vector and insert were

considered, applying the following equation (Figure 6):

ng of vector x kb size of insert ) insert
x molar ratio of
vector

- = ng of insert
kb size of vector &

Figure 6: Equation for the determination of the optimal quantity of DNA insert in a ligation reaction.

These calculations were performed using an online tool, found at:

https://worldwide.promega.com/resources/tools/biomath/?calc=ratio&fbclid=IwWARONOMXJDk13NGC

96rUSm3x0B3nfijhTRVGhE-kMznmzlgPyKwco5Hylkio

Therefore, the ligation mixture was composed by the following components: T4 DNA Ligase 0.25
U/ uL; T4 DNA Ligase buffer 1 x; vector (1 uL); insert (variable volume); Ultrapure water. Afterwards, the

reaction mixture was incubated at room temperature (22 °C) for 1 h.

11.12.6. E. colitransformation

The transformation of competent £. co/i XL1 Blue cells, with the fully constructed designed
plasmids, was done by heat-shock. Firstly, cells were transferred from the deep-freezer (-80 °C) to ice,
where they stayed for 10 to 15 min. For each transformation, 100 uL of competent cells were used.
Afterwards, the ligation mixture was added to the cell suspension, by the flame, which were put back on

ice for more 30 min. Immediately after, the heat-shock was performed at 42 °C for 45 s, and cells return
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to ice for 10 min. After the heat-shock strategy, 800 uL of Super Optimal broth with Catabolite repression
(SOC) antibiotics free were added to the cell suspension, for recovery purposes, and incubated for at 37
°C, 200 rpm, for 1 h. Cells were then centrifuged for 1 min at 5000 rpm, and 750 uL of the supernatant
is removed. A small volume of media remains to facilitate the pellet's gently resuspension. After this step,
the entire remaining volume was spread on the previously made plates of LB with kanamycin 50 pg/mL,
and incubated overnight at 37 °C. After 18-24 h, some of the positive colonies were collected and streaked
onto a new LB plate and incubated at 37 °C for another 18-24 h.

NOTE: There were performed 3 controls, under the exact conditions described above, for the
transformation of each plasmid construction made. The controls were: negative control with only cells (no
DNA); control with the digested vector (without the insert); positive control with the vector without the

insert.

[11.12.7. Colony PCR

After £. colitransformation, some of the positive colonies were picked, and grown overnight at 37
°C. In the following day, the grown colonies were tested by PCR (colony PCR), to confirm the presence of
the desired plasmid. To verify the constructs, the same primers used in section [11.12.1. to amplify ACTRI
and ACTRZ from pEYFP-CTR1 and pEYFP-CTR2, respectively, were used.

The reaction consisted in the amplification of gene ACTRI or hCTRZ, from the supposedly positive
colonies. For the template, a small amount of each colony was suspended in 100 uL of Ultrapure water,
and only 3 uL of that suspension was used.

The reaction mixture was composed by the following components: Master mix 1 x (PCR buffer 5 x;
MgCl, 25 mM; dNTPs 5 mM; Taqg Polymerase (0.025 U/uL); Ultrapure water); Primer Forward 1 pM;
Primer Reverse 1 uM; Template (3 ulL); Ultrapure water. Regarding the PCR cycling conditions of each
amplification, they are described in Table 6 and Table 7. It is important to notice that the initial
denaturation lasted 10 min so that cell lysis occurs, and DNA could be exposed to the PCR reaction.

At the end of the PCR reaction, the amplification products were run on an 1 % (w/v) TAE agarose
gel electrophoresis at 180 V, and their quantity and quality determined using the NanoDrop® ND-1000

system.
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Table 6: PCR cycling parameters for ACTR1 amplification from pmCherry-CTR1/pCTR1-mCherry using

Taq DNA Polymerase.
Step Temperature (°C) Time Cycles
Initial denaturation 94 10 min 1
Denaturation 94 30s 30
Annealing 59 30s 30
Extension 72 Imin30s 30
Final 72 10 min 1

Table 7: PCR cycling parameters for ACTR2 amplification from pCTR2-mCherry/ pCTR2-AcGFP/ pAcGFP-
CTR2 using 7ag DNA Polymerase.

Step Temperature (°C) Time Cycles
Initial denaturation 94 10 min 1
Denaturation 94 30s 30
Annealing 60 30s 30
Extension 72 1min30s 30
Final 72 10 min 1

111.12.8. Confirmation PCR

After the colony PCR, 1/2 positive colonies were inoculated in 5 mL LB, supplemented with
kanamycin 50 pg/mL, overnight at 37 °C, under 200 rpm. On the following day, it was performed a
plasmid extraction using the NZYTech Miniprep Kit, following manufacturer’s protocol. The plasmid
concentration was determined using the NanoDrop® ND-1000 system, and then the microcentrifuge
tube with the extracted plasmid were stored at -20 °C.

The extracted plasmids were then used as template for a final PCR confirmation of the positive
colonies, using once again the primers mentioned in section Ill.12.1. The reaction mixture was composed
by the following components (and respective final concentrations): Master mix 1 x (PCR buffer 5 x; MgCl,
25 mM; dNTPs 5 mM; 7ag DNA Polymerase (0.025 U/uL); Ultrapure water); Primer Forward 1 plM;
Primer Reverse 1 uM; Template (3 ulL); Ultrapure water. Regarding the PCR cycling conditions of each
amplification, they are described in Table 6 and Table 7, only varying at the duration of the initial
denaturation step, which is changed for only 4 min. Finally, the amplification products were run on an 1
% TAE agarose gel electrophoresis.
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[11.12.9. Sequencing

To properly confirm that the plasmids constructed did not had any errors introduced during the
cloning strategy, their sequence was confirmed by DNA sequencing (Eurofins Genomics).

The primers used for sequencing pCTR1-mCherry and pCTR2-mCherry were Seq_FW_CMV and
Seq_RV_CTR_mCherry. Whereas for sequencing pCTR2-AcGFP the primers used were Seq_FW_CMV
and Seq_RV_CTR_GFP. Primers Seq_FW_GFP_CTR and Seq_RV_TAG_CTR were the ones used for
sequencing pAcGFP-CTR2. Finally, for the sequencing of pmCherry-CTR1, the used primers were
Seq_FW_mCherry_CTR and Seq_RV_TAG_CTR.

[1.12.10. Glycerol stocks

After validation of the plasmid constructions by sequencing, glycerol stocks were prepared to
preserve the sequences for further extraction to future studies.

In more detail, one day before the preparation of the stocks, cells were incubated in 5 mL of LB
medium with kanamycin 50 ug/mL, at 37 °C with 200 rpm. In the following day, cell suspension was
centrifuged for 2 min at 5000 rpm, and the pellet resuspended in a 40 % glycerol solution. The stocks

were then kept in the deep freezer (-80 °C).

[11.13. Statistical Analysis

The statistical significance among the experimental groups was assessed by ANOVA multiple
comparisons. In some experimental results, the control sample is represented by 1, and results are
presented by relative comparison with control group. The experimental data are shown as Mean + SEM.
Possible outliers were removed using Grubbs' method, alpha=0.2. Statistical analysis was performed

using GraphPad Prism 8 (GraphPad software, San Diego, CA, USA). p < 0.05 was considered significant.
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IV. RESULTS

IV.1. MCT4 Expression and Intracellular Trafficking analysis in response to distinct glucose
concentrations: a comparison between PC-3 Prostate Cancer cell line and TM4 Sertoli cell

line

For many years, research on MCT4 has been separately focused on cancer cells and Sertoli cells.
However, the urge of a comparative study rises, for better understanding their phenotypical differences
upon the same Warburg-like metabolism. For that we studied the trafficking and expression of MCT4 in a
comparative manner between the PC-3 cell line and the TM4 cell line, upon different glucose treatments,
ranging from zero to hyperglycemic levels. For that we used the previously described plasmid construction
harboring Human MCT4 fused with the mCherry gene, which results in a MCT4 protein fused with
mCherry after transfection. Further concluded with an analysis of glucose and glutamine consumption,

and lactate, pyruvate, alanine and acetate export, in response to the same glucose treatments.

IV.1.1. Transfection optimization of pMCT4-mCherry in PC-3 cells

Prior to the expression and trafficking analysis of MCT4 fused with mCherry fluorescent protein we
developed an optimized protocol using Lipofectamine™ 3000 for the transfection of pMCT4-mCherry into
both PC-3 and TM4 cell lines. Several conditions were tested in a 96-well glass-bottom plate, for low
fluorescence emission, allowing to test several conditions in one single experiment, such as the number
of plated cells, the volume of Lipofectamine™ 3000, DNA amount, and optimal time after transfection for
the highest transfection efficiency in PC-3 cells. Transfection efficiency was determined by the count of at
least 500 cells in several microscopic fields and through the calculation of the percentage of red
fluorescent cells relative to total cells (with nuclei stained in blue with Hoechst dye). For control purposes,
the plasmid carrying only the mCherry gene was also transfected into the PC-3 cell line. It is important to
notice that the values of each condition tested are indicated per well of the 96-well plate.

As depicted in Figure 7, there were no significant differences between 50 or 100 ng of DNA used
when 1.24 x 10 cells were plated. Therefore, we selected 50 ng as the optimal amount of DNA for

transfection. However, there was a significant statistical difference in transfection efficiency between 24
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h (14.47 + 2.807 %) and 48 h (33.93 + 3.580 %) after transfection, using 50 ng of DNA. On the other
hand, when 2.48 x 10* cells were plated, there was no significant difference in the transfection efficiency,
as presented in Figure 8, either between DNA amounts or time post-transfection. Finally, considering only
the values of 48 h post-transfection with 50 ng of DNA, it is possible to determine that 1.24 x 10* plated
cells is the most adequate number to reach the highest transfection efficiency (33.93 + 3.580 %) when

compared to the values reached by plating 2.48 x 104 (16.13 + 1.524 %), as seen in Figure 9.
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Figure 7: Transfection efficiency in the PC-3 cell line at 24 and 48 h after transfection with pmCherry-N1 or

pMCT4-mCherry, using the Lipofectamine™ 3000 reagent, with 1.24 x 10* plated cells. (A) Percentage of
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transiently transfected cells with pmCherry-N1 or pMCT4-mCherry. Results are expressed as Means + SEM (n=3).
* p<0.05: " p<0.01; *** p<0.001. The horizontal bar corresponds to the statistical significance between 24
h and 48 h post-transfection. (B) Analysis of transiently transfected cells with pmCherry-N1 or pMCT4-mCherry.
Representative images of PC-3 cells 24 h and 48 h after transfection. Staining of cell nuclei with Hoechst (blue) of

transiently transfected cells with the pmCherry-N1 or pMCT4-mCherry to determine the transfected cells (red).
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Figure 8: Transfection efficiency in the PC-3 cell line at 24 and 48 h after transfection with pmCherry-N1 or

pMCT4-mCherry, using the Lipofectamine™ 3000 reagent, with 2.48 x 10* plated cells. (A) Percentage of
transiently transfected cells with pmCherry-N1 or pMCT4-mCherry. Results are expressed as Means + SEM (n=3).
(B) Analysis of transiently transfected cells with pmCherry-N1 or pMCT4-mCherry. Representative images of PC-3
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cells 24 h and 48 h after transfection. Staining of cell nuclei with Hoechst (blue) of transiently transfected cells with

the pmCherry-N1 or pMCT4-mCherry to determine the transfected cells (red).
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Figure 9: Transfection efficiency in the PC-3 cell line at 48 h after transfection with pMCT4-mCherry, using
the Lipofectamine™ 3000 reagent, comparing 1.24 x 10* with 2.48 x 10* plated cells. Results are expressed as
Means + SEM (n=3). ** p<0.01; *** p<0.001; **** p< 0.0001. The horizontal bar corresponds to the statistical
significance between 1.24 x 10*and 2.48 x 10* plated cells.

Therefore, we discovered that the best conditions (per well of a 96-well plate) to achieve the highest
transfection efficiency of pMCT4-mCherry into PC-3 cells include the use of 50 ng of DNA, 1.24 x 10*
plated cells, and 48 h posttransfection. These conditions were then adapted in subsequent

immunofluorescence experiments, for the use of a 48-well plate.

IV.1.2 MCT4 trafficking is altered in PC-3 cell line, but not in TM4 cell line, in response to distinct

glucose treatments

After the determination of the optimal transfection conditions, both PC-3 and TM4 cell lines were
transiently transfected with the pMCT4-mCherry plasmid and submitted to four different glucose
treatments (in mM: 0, 2, 5.5 and 20).

MCT4 is a transmembrane protein (Halestrap & Meredith, 2004), therefore, to study its subcellular
trafficking and possible internalization, we used B-catenin, that is expressed at the PM (Ozawa et al.,

1989), as a PM marker.
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In the absence of glucose (0 mM) and in the presence of 2 mM glucose there was an increase of
the MCT4-mCherry fluorescent signal in the cytoplasm of PC-3 cells when comparing to the other 5.5 and
20 mM treatments, (arrowheads in Figure 10 Panel A). Whereas in the presence of 5.5 and 20 mM of
glucose MCT4 co-localizes with B-catenin in the PM (Figure 10 Panel A). On the other hand, treatments
with distinct glucose concentrations in TM4 cell line did not affect MCT4 localization at the PM (Figure 10

Panel B).

DAPI B -catenin MCT4-mCherry
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B -catenin MCT4-mCherry

Figure 10: MCT4 cellular trafficking in response to distinct glucose concentrations in the PC-3 cell line
versus the TM4 cell line. (A) Cellular localization of MCT4 in the PC-3 cell line in response to a 24 h treatment of
DMEM-without glucose non-supplemented, supplemented with 2 mM, supplemented with 5.5 mM and

supplemented with 20 mM of glucose. Immunostaining for B-catenin (green) and DAPI (blue) of cells transiently
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transfected with the pMCT4-mCherry to determine the cellular trafficking of MCT4 (red). Arrow heads: cell with
cytoplasmic localization of MCT4. (B) Cellular localization of MCT4 in the TM4 cell line in response to a 24 h
treatment of DMEM-without glucose non-supplemented, supplemented with 2 mM, supplemented with 5.5 mM
and supplemented with 20 mM of glucose. Immunostaining for -catenin (green) and DAPI (blue) of cells transiently
transfected with the pMCT4-mCherry to determine the cellular trafficking of MCT4 (red). Shown are representative

images of 2 independent experiments.

IV.1.3. MCT4 protein expression does not alter in response to different glucose concentrations,

on PC-3 and TM4 cells

After observing the differences regarding MCT4 internalization between PC-3 and TM4 cells, we
analyzed the protein expression levels of MCT4 in both cell lines, by Western-blot. The protein levels of
MCT4 were not significantly different in the PC-3 cell line upon glucose treatments when compared with
the group of the physiological concentration — 5.5 mM of glucose — nor the unphosphorylated protein,
the phosphorylated protein, and the total MCT4 protein expression (Figure 11 Panel B, C, and D). These
results were normalized to the total transferred protein present in the previously activated polyvinylidene
difluoride membranes (see Appendix D Figure 42), read with the Bio-Rad ChemiDoc XR, and calculated

using the Image Lab Software.
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Figure 11: Effect of increasing glucose concentrations in the media on MCT4 protein levels in PC-3 cells.
Panel A shows a representative western-blot experiment. Panels B, C and D show pooled data of independent
experiments. Panel B indicates the fold variation of the 49 kDa unphosphorylated MCT4 protein levels found in PC-
3 cells when compared to the 5.5 mM group treatment (physiological level). Panel C indicates the fold variation of
the 75 kDa phosphorylated MCT4 protein levels found in PC-3 cells when compared to the 5.5 mM group treatment
(physiological level). Panel D indicates the fold variation of the total MCT4 protein levels found in PC-3 cells when
compared to the 5.5 mM group treatment (physiological level). The results are presented as Tukey’s whisker boxes

(median, 25" to 75" percentiles + 5" to 95™ percentile values) (n=6).
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Likewise, in the TM4 cell line, there were no statistical differences detected for the protein levels
of MCT4 upon the glucose treatments when compared with the group of the physiological concentration
- 5.5 mM of glucose - nor the unphosphorylated protein, the phosphorylated protein, and the total MCT4

protein expression (Figure 12 Panel B, C, and D).
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Figure 12: Effect of increasing glucose concentrations in the media on MCT4 protein levels in TM4 cells.
Panel A shows a representative western-blot experiment. Panels B, C and D show pooled data of independent
experiments (n=6). Panel B indicates the fold variation of the 50 kDa unphosphorylated MCT4 protein levels found
in TM4 cells when compared to the 5.5 mM group treatment (physiological level). Panel C indicates the fold
variation of the 60 kDa phosphorylated MCT4 protein levels found in TM4 cells when compared to the 5.5 mM

group treatment (physiological level). Panel D indicates the fold variation of the total MCT4 protein levels found in
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TM4 cells when compared to the 5.5 mM group treatment (physiological level). The results are presented as

Tukey’s whisker boxes (median, 25" to 75" percentiles + 5" to 95" percentile values) (n=6).

Finally, total MCT4 protein expression levels in response to the glucose treatments were
compared, between the PC-3 and TM4 cell lines (Figure 13). However, there was any significant

statistically difference found.
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Figure 13: Comparison of the effects of increasing glucose concentrations in the media on MCT4 protein
levels in PC-3 versus TM4 cells. The results are presented as Tukey's whisker boxes (median, 25" to 75"

percentiles + 5" to 95" percentile values) (n=6).

IV.1.4. Glucose consumption and lactate export are augmented in response to increasing glucose
concentrations, whereas pyruvate and alanine export, and glutamine consumption levels are not

significantly altered

Glucose is the main substrate for cancer cells, as well as Sertoli cells, for their main purpose of
producing and exporting lactate (Oliveira et al., 2015). Therefore, to disclose the effects of the different
glucose concentrations at test on the metabolism of PC-3 and TM4 cells, we performed a ‘H-NMR
analysis, for determining glucose consumption, lactate, pyruvate, and alanine production, and glutamine
consumption.

As we can see in Figure 14 Panel A, regarding glucose consumption of PC-3 cells, there were
significant differences detected when comparing the treatments of 0 mM (0 + 0 nmol/10° cells) and 2

mM (2.653 + 0.4435 nmol/10° cells) with both 5.5 mM (7.472 + 1.442 nmol/10° cells) and 20 mM
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(10.70 + 1.225 nmol/ 10° cells). TM4 cells showed significant statistical differences between the 20 mM
treatment (6.759 + 1.523 nmol/10° cells) and the O mM treatment (O + O nmol/10° cells), as well as 2
mM (0.8143 + 0.2850 nmol/10° cells) and 5.5 mM (2.002 + 0.1080 nmol/10° cells). The comparison
of glucose consumption between the two cell lines, revealed a significant increase in TM4 cells relatively
to PC-3 cells, both in the 5.5 mM (2.002 + 0.1080 and 7.472 + 1.442, respectively, in nmol/10° cells)
and the 20 mM (6.759 + 1.523 and 10.70 + 1.225, respectively, in nmol/10° cells) treatments.

Regarding lactate production (see Figure 14 Panel B), it is null in the treatment without glucose in
both cell lines. However, the treatment of 20 mM (6.759 + 1.523 nmol/10° cells) of glucose in the TM4
cell line originated significant increases in lactate production when comparing to 0 mM, 2 mM and 5.5
mM treatments (0 + 0, 0.8143 + 0.2850 and 2.002 + 0.1080, respectively, in nmol/10° cells), which
was also detected regarding the 20 mM (10.70 + 1.225 nmol/10° cells) treatment in the PC-3 cell line
(0 +0, 2.653 + 0.4435 and 7.472 + 1.442, respectively to each treatment, in nmol/10° cells). There
was also reported a significant increase in lactate production in PC-3 cells when comparing the 5.5 mM
treatment (7.472 + 1.442 nmol/ 10° cells) with 0 mM and 2 mM (0 + 0 and 2.653 + 0.4435, respectively,
in nmol/10° cells), as well as when comparing the 2 mM treatment (2.653 + 0.4435 nmol/10° cells)
with the non-glucose treatment (0 + 0 nmol/10° cells). Furthermore, there is a significant difference
between the PC-3 and the TM4 cell line, in both 5.5 mM (7.472 + 1.442 and 2.002 + 0.1080,
respectively, in nmol/10° cells) and 20 mM treatments (10.70 + 1.225 and 6.759 + 1.523, respectively,
in nmol/ 10° cells).

Pyruvate and alanine production did not display significant differences between the two cell lines,
in every glucose treatment (Figure 14 Panel C and D). However, the TM4 cell line exhibited statistically
different values for pyruvate production in the treatment of 5.5 mM (0.4604 + 0.08018 nmol/10° cells)
and 20 mM (0.4752 + 0.1085 nmol/ 10° cells), when compared to the non-glucose treatment (0.05196
+ 0.03745 nmol/10° cells). Regarding alanine production, only the treatments of 0 mM (0.4053 +
0.09650 nmol/10° cells) and 5.5 mM (1.061 + 0.1941 nmol/10° cells) in the PC-3 cell line displayed
significant differences.

At last, glutamine consumption did not exhibit statistically different results in any comparison made
(Figure 14 Panel E). Furthermore, acetate export was only assessed for TM4 cells, since it was not

quantifiable for PC-3 cells, and did not report significant statistical differences (Appendix E Figure 43).
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and PC-3 cells. These graphics represent the consumption or export of the mentioned metabolites found in the
media after a 24 h treatment with DMEM-without glucose, non-supplemented, supplemented with 2 mM of glucose,
5.5 mM of glucose and 20 mM of glucose (n=6). The results are presented as Tukey’'s whisker boxes (median,
25" to 75" percentiles + 5" to 95" percentile values). The significantly different results (p < 0.05) are indicated as
(a) relative to 0 mM group in PC-3; (b) relative to 2 mM group in PC-3; (c) relative to 5.5 mM group in PC-3 cells;
(d) relative to 20 mM group in PC-3 cells; (1) relative to 0 mM group in TM4 cells; (2) relative to 2 mM group in
TM4 cells; (3) relative to 5.5 mM group in TM4 cells; (4) relative to 20 mM group in TM4 cells.

IV.2. Design and construction of fluorescent tagged human CTRs

IV.2.1. Construction of pCTR1-mCherry and pmCherry-CTR1

Firstly, to generate the pCTR1-mCherry and pmCherry-CTR1 constructs, the sequence of ACTRI
gene was amplified from pEYFP-CTR1. The ACTRI (573 bp) gene was amplified from pEYFP-CTR1 with
primers FW_CTR1 and RV_CTR1_mCherry, or with FW_CTR1 and RV_mCherry_CTR1, for the insertion
in pmCherry-N1 and pmCherry-C1, respectively. The size of the PCR products was analyzed by DNA gel
electrophoresis, and images were acquired using a UV transilluminator (VWR) (Figure 15 and Figure 16).
After confirmation of the size of the PCR products, both inserts and vectors were digested with Bgll and
Hindll and subsequently ligated. The plasmid generated by ligation was transformed in competent £.
coliXL1 Blue competent cells were transformed with the resulting construct and plated in of LB medium

with kanamycin 50 pg/mL. The cloning strategy followed is schematized in Figure 17.

Figure 15: DNA agarose gel of the amplified ACTRI fragment obtained by PCR amplification from pEYFP-
CTR1, using specific primers to clone in pmCherry-N1. “M” lane: molecular weight marker (NZYDNA Ladder Ill).
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“@" lane: negative control (PCR reaction without template). (A) lane: ACTRI gene amplified (573 bp + 16 bp from
primers) from pEYFP-CTR1, using primers FW_CTR1 and RV_CTR1_mCherry, specific for cloningin pmCherry-N1.

600 bp

Figure 16: DNA agarose gel of the amplified hCTR1 fragment obtained by PCR amplification from pEYFP-
CTR1, using specific primers to clone in pmCherry-C1. “M” lane: molecular weight marker (NZYDNA Ladder Il1).
“@" lane: negative control (PCR reaction without template). (A) lane: ACTRI gene amplified (573 bp + 16 bp from
primers) from pEYFP-CTR1, using primers FW_CTR1 and RV_mCherry_CTR1, specific for cloning in pmCherry-C1.
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Figure 17: Schematic representation of the cloning strategy followed for the construction of the pCTR1-
mCherry and pmCherry-CTR1. CTR1 was amplified from pEYFP-CTR1, and digested, as pmCherry-N1 and
pmCherry-C1, with Bgll and Hindlll. pmCherry-N1 or pmCherry-C1 were ligated with CTR1, giving rise to pCTR1-
mCherry or pmCherry-CTR1, respectively. CTR1: Copper transporter 1.

To confirm that the grown colonies were positive transformants, containing the desired plasmid
constructions, a PCR colony was performed, through the amplification of ACT7RI (573 bp). As seen in
Figure 18, fourteen possible positive transformants of pCTR1-mCherry were tested, and only three tested

positive for the presence of ACTRI (Cl 2, 9 and 12).

53



Chapter IV — Results

Ci2 CI3 Cl4 CI5 Cl6é ClI7 Cig8 CI9 CI10 Ci11 ClI12 Ci13 Cl14

600 bp

Figure 18: DNA agarose gel of the amplified AC7TR! fragment obtained by PCR colony from pCTR1-mCherry.
“M” lane: molecular weight marker (NZYDNA Ladder lll). “@" lane: negative control (PCR reaction without
template). Lanes Cl 1 to Cl 14: ACTRI amplification (573 bp + 16 bp from primers) using primers FW_CTR1 and
RV_CTR1_mCherry. With this methodology, it came to conclusion that the positive transformants with pCTR1-
mCherry were Cl 2, Cl 9 and Cl 12. CI: clone.

For the pmCherry-CTR1 construction also fourteen potentially positive transformants were tested
by colony PCR, from which thirteen of tested positive by #C7R1 (573 bp) amplification (Cl 1, 2, 4, 5, 6,
7,8,9,10, 11, 12, 13 and 14) (Figure 19).

clg9 Cl10 Ci11t Cl12 Ci13 Cl14

600 by [ A e N e s e e N

Figure 19: DNA agarose gel of the amplified AC7R1 fragment obtained by PCR colony from pmCherry-CTR1.
“M” lane: molecular weight marker (NZYDNA Ladder lll). “@" lane: negative control (PCR reaction without
template). Lanes Cl 1 to Cl 14: ACTRI amplification (573 bp + 16 bp from primers) using primers FW_CTR1 and
RV_mCherry_CTR1. With this methodology, it came to conclusion that the positive transformants with pmCherry-
CTR1 were CI 1, Cl 2, Cl 4, Cl5,Cl6,Cl 7,ClI 8, Cl 9, ClI 10, Cl 11, CI 12, CI 13 and CI 14. CI: clone.
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For further confirmation of the effectiveness of the cloning strategy, 1 or 2 positive colonies were
selected, and their plasmid extracted. Finally, a confirmation PCR was performed, using specific primers
to amplify ACTR1 (573 bp) and the PCR products analyzed by DNA gel electrophoresis. All of the tested

clones were positive for the respective construction (Figure 20 and Figure 21).

Cl9 Cl12

600 bp

Figure 20: DNA agarose gel of the amplified #CT7R1 gene obtained by a confirmation PCR, from the pCTR1-
mCherry extracted from positive transformants. “M" lane: molecular weight marker (NZYDNA Ladder ll). “@" lane:
negative control (PCR reaction without template). Lanes Cl 9 and Cl 12: ACTRI amplification (573 bp + 16 bp from
primers) using primers FW_CTR1 and RV_CTR1_mCherry. Cl: clone. With this methodology, it came to conclusion

that clones 9 and 12 are effectively positive transformants.

600 bp

Figure 21: DNA agarose gel of the amplified AC7RI gene obtained by a confirmation PCR, from the
pmCherry-CTR1 extracted from positive transformants. “M” lane: molecular weight marker (NZYDNA Ladder Ill).
“@" lane: negative control (PCR reaction without template). Lane 2: #CTRI amplification (573 bp + 16 bp from
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primers) using primers FW_CTR1 and RV_mCherry_CTR1. CI: clone. With this methodology, it came to conclusion

that colony CI 2 is effectively a positive transformant.

After obtaining these positive results, one clone was selected for plasmid extraction and the DNA
sent for sequencing confirmation. Successfully, pCTR1-mCherry and pmCherry-CTR1 sequences were

confirmed.

IV.2.2. Construction of pCTR2-mCherry, pCTR2-AcGFP and pAcGFP-CTR2

Firstly, to develop the constructs pCTR2-mCherry, pCTR2-AcGFP and pAcGFP-CTRZ2, the sequence
of ACTR2 gene was amplified from pEYFP-CTR2. The ACTRZ (432 bp) gene was amplified from pEYFP-
CTR2 with primers FW_CTR2 and RV_CTR2_mCherry/AcGFP for the insertion in pmCherry-N1 and
PACGFP-N1. Whereas for the insertion in pAcGFP-C1, ACTR2 (432 bp) gene was amplified from pEYFP-
CTR2 using the primers FW_CTR2 and RV_AcGFP_CTR?2. The size of the PCR products was analyzed by
DNA gel electrophoresis, and images acquired using an UV transilluminator (VWR) (Figure 22). After
confirmation of the size of the PCR products, both inserts and vectors were digested with Bgll and Hindlll
and subsequently ligated. The plasmid generated by ligation was transformed in competent £. co/i XL1
Blue competent cells with the resulting construct and plated in LB medium with kanamycin 50 pg/mL.

The cloning strategy followed is schematized in Figure 23.

400 bp

Figure 22: DNA agarose gel of the amplified ACTR2 fragment obtained by PCR amplification from pEYFP-
CTR2, using specific primers to clone in pmCherry-N1, pAcGFP-N1 or pmCherry-C1. “M” lane: molecular weight

marker (NZYDNA Ladder Ill). “@” lanes: negative controls for the respective PCR reaction relative to the lane on
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the right (PCR reaction without template). (A) lane: ACTR2 gene amplified (432 bp + 16 bp from primers) from
pEYFP-CTR2, using primers FW_CTR2 and RV_CTR2_mCherry/AcGFP, specific for cloning in pmCherry-N1 or
pAcGFP-N1. (B) lane: ACTRZ amplified (432 bp + 16 bp from primers) from pEYFP-CTR2, using primers FW_CTR2
and RV_AcGFP_CTR2, specific for cloning in pmCherry-C1.
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Figure 23 : Schematic representation of the cloning strategy followed for the construction of the pCTR1-

mCherry and pmCherry-CTR1. CTR2 was amplified from pEYFP-CTR2, and digested, as pmCherry-N1, pAcGFP-N1
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and pAcGFP-C1, with Bgll and Hindlll. pmCherry-N1, pAcGFP-N1 and pAcGFP-C1 were ligated with CTR2, giving
rise to pCTR2-mCherry, pCTR2-AcGFP or pAcGFP-CTR2, respectively. CTR2: Copper transporter 2.

As seen in Figure 24, fourteen possible positive transformants of pCTR2-mCherry were tested by
colony PCR, through the amplification of #/CTR2 (432 bp). Ten clones tested positive for the presence of
hCTR2(Cl 2, 3,5,6,7,10, 11, 12, 13 and 14).

Cl2 Ci3 Cil4 CIS CI6 Cl7 Ci8 CiI9 Ci10 Ci11 Ci12 Ci13 Cl14

400 bp

Figure 24: DNA agarose gel of the amplified ACTR2fragment obtained by PCR colony from pCTR2-mCherry.
“M" lane: molecular weight marker (NZYDNA Ladder Ill). “@" lane: negative control (PCR reaction without
template). Lanes Cl 1 to Cl 14: ACTR2 amplification (432 bp + 16 bp from primers) using primers FW_CTR2 and
RV_CTR2_mCherry/AcGFP. With this methodology, it came to conclusion that the positive transformants with
pCTR2-mCherry were Cl 2, Cl 3, CI 5, CI 6, Cl 7, CI 10, Cl 11, Cl 12, Cl 13 and CI 14. CI: clone.

For the pCTR2-AcGFP construction only four potentially positive transformants were tested by

colony PCR, from which two tested positive by #CTR2 (432 bp) amplification (Cl 1 and 4) (Figure 25).
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400 bp

Figure 25: DNA agarose gel of the amplified #CTRZ2 fragment obtained by PCR colony from pCTR2-AcGFP.
“M" lane: molecular weight marker (NZYDNA Ladder Ill). “@" lane: negative control (PCR reaction without
template). Lanes Cl 1 to Cl 4: ACTR2 amplification (432 bp + 16 bp from primers) using primers FW_CTR2 and
RV_CTR2_mCherry/AcGFP. With this methodology, it came to conclusion that the positive transformants with
pCTR2-AcGFP were Cl 1 and CI 4. Cl: clone.

Finally, for the pAcGFP-CTR2 construction six possible positive transformants were tested by colony

PCR, and as seen in Figure 26 only clone 5 tested positive.

M @ ClI1 Cl2 CI3 Cl4 CI5 CI6

400 bp

Figure 26: DNA agarose gel of the amplified #C7R2fragment obtained by PCR colony from pAcGFP-CTR2.
“M” lane: molecular weight marker (NZYDNA Ladder lll). “@" lane: negative control (PCR reaction without
template). Lane Cl 1 to Cl 14: ACTR2 amplification (432 bp + 16 bp from primers) using primers FW_CTR2 and
RV_AcGFP_CTR2. With this methodology, it came to conclusion that the only positive transformant with pAcGFP-
CTR2 was the CI 5. Cl: clone.

For further confirmation of the effective cloning strategy, 1 or 2 positive colonies were selected,

and their plasmid extracted. Finally, a confirmation PCR was performed, using specific primers to amplify
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hCTR2 (432 bp) and the PCR products analyzed by DNA gel electrophoresis. All of the tested clones were

positive for the respective construction (Figure 27, Figure 28 and Figure 29).

400 bp

Figure 27: DNA agarose gel of the amplified #CTR2 gene obtained by a confirmation PCR, from the pCTR2-
mCherry extracted from positive transformants. “M" lane: molecular weight marker (NZYDNA Ladder Ill). “@" lane:
negative control (PCR reaction without template). Lanes Cl 5 and Cl 7: ACTR2 amplification (432 bp + 16 bp from
primers) using primers FW_CTR2 and RV_CTR2_mCherry/AcGFP. With this methodology, it came to conclusion

that colonies Cl 5 and CI 7 are effectively positive transformants. Cl: clone.

400 bp

Figure 28: DNA agarose gel of the amplified #CTR2 gene obtained by a confirmation PCR, from the pCTR2-
AcGFP extracted from positive transformants. “M” lane: molecular weight marker (NZYDNA Ladder lll). “@" lane:

negative control (PCR reaction without template). Lanes Cl 1 and Cl 4: #CTR2 amplification (432 bp + 16 bp from
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primers) using primers FW_CTR2 and RV_CTR2_mCherry/AcGFP. With this methodology, it came to conclusion

that colonies Cl 1 and CI 4 are effectively positive transformants. CI: clone.

400 bp

Figure 29: DNA agarose gel of the amplified #C7R2 gene obtained by a confirmation PCR, from the pAcGFP-
CTR2 extracted from positive transformants. “M" lane: molecular weight marker (NZYDNA Ladder Ill). “@" lane:
negative control (PCR reaction without template). Lane Cl 5: ACTR2 amplification (432 bp + 16 bp from primers)
using primers FW_CTR2 and RV_AcGFP_CTR2. With this methodology, it came to conclusion that the colony Cl 5

is effectively a positive transformant. Cl: clone.

After obtaining these positive results, one clone was selected for plasmid extraction and the DNA
sent for sequencing confirmation. Successfully, pCTR2-mCherry, pCTR2-AcGFP and pCTR2-AcGFP

sequences were confirmed.
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V. DISCUSSION AND FUTURE PERSPECTIVES

V.l. Intracellular Trafficking and Expression analysis of MCT4, and cellular metabolic

response to glucose stimuli in the PC-3 and TM4 cell lines

The MCT4 transporter is essential both in cancer and in spermatogenesis, due to its main role in
exporting monocarboxylic acids, namely lactate (Felmlee et al., 2020; San-Millan & Brooks, 2017). In this
work we evaluated the expression and trafficking of MCT4 upon different metabolic conditions, particularly
in response to glucose concentrations. This is a relevant study considering the lack of reports regarding
MCT localization and expression upon glucose variations, both in cancer and Sertoli cells. Based on data
from the World Health Organization, the selected concentrations were 0 mM and 2 mM (hypoglycemic
conditions), 5.5 mM (physiological concentration of glucose) and 20 mM (hyperglycemic condition —
diabetes indicator) (World Health Organization, 2021).

Initially, we transfected TM4 and PC-3 cell lines with the plasmid pMCT4-mCherry to analyze by
direct fluorescence the expression and cellular localization of MCT4. It is important to notice that the
encoded gene is the human MCT4 and that TM4 is a mouse cell line. However, MCT4 is still expressed
in these conditions since the vector used was pmCherry-N1, which is a mammalian expression vector,
containing the CMV IE Promoter (cytomegalovirusimmediate early promoter). Other studies revealed the
possibility of studying human genes and proteins in mouse cells (Kulesh & Oshima, 1988; Reardon et
al., 1986), and even the “humanisation” of the mouse genome is being explored, through targeted
replacement of mouse genomic regions with orthologous human sequences (Zhu et al., 2019). These
studies reinforce the viability and scientific strength of our study.

Firstly, the optimal transfection conditions were determined (see section 1V.1.1.), and the
transfection was carried out as described in section Il1.3. Since the medium values for highest transfection
efficiency are of only 33.93 + 3.580 %, it would have been of interest to perform Fluorescence-activated
Cell Sorting (FACS), so that we could have obtained a more homogeneous pool of transfected cells for
the following experiences, even with a short work window, considering it is a transient transfection. We
tested the possibility to select transfected cells with a blocker of polypeptide synthesis - G418 (geneticin)
- as the expression vector used, pmCherry-N1, contained a neomycin resistance gene from Tnb, which
encodes for aminoglycoside-3'-phosphotransferase, and provides transfected cells resistance to this

antibiotic. Either the higher concentrations of geneticin led to the total death of cells (transfected and not
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transfected), or although there was a good selection, the transfected cells were not able to proliferate.
The selected cells were few and too far apart in the culture well, which does not promote cell proliferation
in a timely manner that allowed for the maintenance of the plasmid, since it is transiently transfected
instead of incorporated into the genome. Therefore, the plasmid is lost before transfected cells could grow
enough to endure the treatments that would follow. The alternative protocol using FACS would allow a
quicker establishment of a larger homogenous pool of transfected cells and perhaps would give the
possibility for a wider net of treatments at test.

The results obtained in PC-3 cells are in accordance with what was expected since in physiological
or hyperglycemic glucose concentrations, in highly glycolytic cells, the glycolytic metabolism would be
maintain or enhanced, respectively, leading to higher lactate production and export rates. Therefore,
MCT4 localization in the PM would be fundamental to export the produced lactate. Low concentrations of
glucose, or even none, would lead to a decrease in the produced lactate levels, and consequently, MCT4
would no longer be as much necessary at the PM as in physiological glucose concentration, as observed
in the PC-3 cell line. However, it does not happen in Sertoli cells, demonstrating to have the same
localization in the PM in every glucose treatment performed, possibly due to its primordial function of
providing nutritional support - lactate — to developing germ cells (Oliveira et al., 2015). Furthermore,
Sertoli cells do not display the plasticity known to cancer cells when facing variable conditions. Although
we can see internalization of MCT4, it remains unclear if it enters the endocytic pathway for delivery to
lysosomes for degradation, or if it is internalized for later recycling to the PM. Therefore, it would be of
interest to analyze through co-localization with a lysosomal marker, as LAMP-1 (Alessandrini et al., 2017),
or even using a compound that would inhibit this recycling process, as monensin, that inhibits the
transport of macromolecules from the Golgi complex to the PM (Fan et al., 2016). In a study conducted
by Li et al., 2020, for the trafficking study of GLUT1, a tandem fluorescent tracing system was
implemented in live cells, through the use of a plasmid that translates in a protein with both mCherry and
EGFP fluorescence (Z. Y. Li et al., 2020). Their findings were based on the difference in pH resistance of
mCherry (is resistance to acidic pH) and EGFP (is quenched by acidic pH), altogether with endosomal
and lysosomal markers. Giving that in early endosomes pH values are of 6.8-6.1 and in late endosomes
they range from 6.0-4.8, a difference in red and green (Z. Y. Li et al., 2020) fluorescence (yellow though
overlapping) provides reliable intel on transporter trafficking. Hence, it would be at interest to develop a
similar plasmid for MCT4, with both mCherry and GFP, for a more detailed study of its PM and

endolysosomal trafficking system.
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We confirmed MCT4 expression in the non-transfected PC-3 and TM4 cell lines, and came to
conclusion that MCT4 protein expression is not significantly altered, in both cell lines, in response to all
the glucose stimuli. Since pMCT4-mCherry is composed of a constitutive promoter — CMV promoter -
MCT4 gene transcription is not regulated by its own promoter. Therefore, an expression study at the
transcriptional level, through realtime qPCR (quantitative PCR), would allow us to better understand the
fool dynamic of MCT4 in response to glucose levels, in both cancer and Sertoli cells.

Altogether, since PC-3 showed internalization of MCT4 in response to a hypoglycemic condition, it
was expected that there would be a significantly higher export of lactate in TM4 cells relatively to PC-3
cells. Nevertheless, we verify that it does not occur. As expected, the stimuli of increased glucose
concentrations led also to increase lactate export levels, in both cell lines. Interestingly, PC-3 cells
consume significantly more glucose than TM4 cells in response to the same treatments, and a
consequent significantly higher lactate efflux. These results suggest that there might be an important
player in the PC-3 cell line involved in lactate export, to overcome the effects of MCT4's internalization in
lactate export. The monocarboxylate transporter 1 — MCT1 — might be the protein in action, being already
described as a main exporter of lactate in cancer cells (reviewed in C. Pinheiro et al., 2012). Therefore,
it would be important to ascertain the protein expression profile of MCT1 in response to the glucose
stimuli described above, as well as to evaluate its intracellular trafficking in response to the same stimuli.
Moreover, the development of a plasmid containing MCT1 fused with GFP would give the possibility for a
co-transfection study with pMCT4-mCherry. This would allow for the simultaneous assessment of cellular
trafficking of MCT1 and MCT4, in order to better understand their dynamics in both cell types, especially
in the PC-3 cell line. Nevertheless, MCT4 is not entirely internalized, and the remaining protein localized
in the PM may be sufficient to maintain lactate export in the hypoglycemic treatment. Moreover, higher
lactate export and glucose consumption levels in the PC-3 cell line indicate that this cell line has a faster
glucose metabolism, leading them to produce more lactate than TM4. Even though MCT4 protein
expression is not increased, its activity might be, supporting the continuous and increased efflux of lactate
from PC-3 cells.

To notice, one molecule of glucose can give origin to two molecules of pyruvate, which through the
activity of lactate dehydrogenase are converted into two molecules of lactate (Odet et al., 2008). However,
if quantitatively analyzed, the ratio of glucose consumption and lactate export is 1:1, indicating that 3
carbons are being lost from the glycolytic pathway, in the metabolism of both TM4 and PC-3 cells. Cancer

cells rely on glycolysis as its main metabolic pathway, however, there is emerging evidence of tumor
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heterogeneity. In this case, some cells use the excess lactate produced as fuel for mitochondrial oxidative
phosphorylation (Sonveaux et al., 2008; Vander Heiden et al., 2009). Once again, an analysis via the
Seahorse Analyzer would allow for an advance and detailed study of ATP production in cancer cells. With
this information, we could unveil if the remaining carbons are entering the TCA cycle, augmenting ATP
production or if they are just supporting cell growth and proliferation. Furthermore, we would be able to
analyze the effects of glucose in these metabolic pathways.

Upon the results obtained in this work, it is crucial to further disclose the molecular mechanisms
involved in the MCT4 internalization from the PM, as well as analyze MCT4 expression at the

transcriptional level, and how its modulation affects both cancer and Sertoli cells’ metabolism.

V.Il. Biomolecular tools for future studies of hCTR1 and hCTR2 expression and

intracellular trafficking

The roles of copper in cells’ function and homeostasis have long been known, ranging from acting
as a fundamental co-factor for several enzymes (McCord & Fridovich, 1969; Vander Wende & Wainio,
1960), to its involvement in hemoglobin formation, carbohydrate metabolism, or even in the antioxidant
defense mechanism (lakovidis et al., 2011). This essential metal ion has been linked to pathological
phenotypes and their development and aggressiveness, from which cancer progression is a very
important example (Blockhuys & Wittung-Stafshede, 2017; Brady et al., 2014; Kagan & Li, 2003). Copper
imbalance and expression dysregulation of its transporters — CTR1 and CTR2 - showed to negatively
impact the primordial process of spermatogenesis (Ghaffari & Richburg, 2019; H. Guo et al., 2021),
elucidating the importance of emerging anti-cancer treatments directed to CTRs.

Ishida et al., 2013, suggested that the lack of copper in the extracellular milieu may lead to
increased glycolysis (Ishida et al., 2013). Using the novel biomolecular tools developed in this work,
namely, pCTR1-mCherry, pmCherry-CTR1, and pAcGFP-CTR2, we can study the trafficking modulation of
hCTR1 and hCTR2 in response to different copper concentrations. Considering copper’s roles in both
cancer progression and spermatogenesis (H. Guo et al., 2021; Gupta & Lutsenko, 2009), these studies
should be conducted on the PC-3 and TM4 cell lines, or if possible in human non-immortalized Sertoli

cells. Moreover, there are few studies focused on the interplay between CTRs and MCTs, both in
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carcinogenesis and spermatogenesis. Therefore, the development of these biomolecular tools will allow
to explore these potential relations and interactions.

Since lactate efflux and consumption are influenced by copper bioavailability, as aforementioned
in section 1.5., MCT4 trafficking should be evaluated simultaneously. For that, co-transfection strategy,
with one of the developed plasmids encoding CTR1 and GFP, should be performed, since the available
plasmid containing MCT4 results in MCT4 fused with mCherry.

Furthermore, the analysis of ATP production through a Seahorse Analyzer, with different copper
levels, would be of great interest due to its vital role in mitochondrial respiration (Ishida et al., 2013).
Through the use of this advanced analyzer, it would be possible to quantify the rate of ATP production
from glycolysis and mitochondria simultaneously. In addition, a complete analysis integrating both glucose
and copper variations would allow for proper metabolic analysis and comparison of the two distinct cell
types at study. This would complement the work presented, due to the known correlation between copper
and glucose metabolism (Luo et al., 2012). Altogether with an 'H-NMR analysis, we could evaluate
copper’s influence in CTR1, MCT4 and cellular metabolism. Considering the literature, low to no copper
in the medium should lead to an increase of the glycolytic pathway (Ishida et al., 2013; Luo et al., 2012;
Yuk et al., 2014), an augmented production and export of lactate, together with the placement of MCT4
in the PM.

Copper homeostasis is also of great importance for further fundamental studies. It has already
been demonstrated that the knockout of C7RZin mice increases tissue and cellular copper levels,
retaining Cu in endosomal or lysosomal compartments (Ohrvik et al., 2013). Moreover, CTR2 plays a
fundamental role in the biogenesis of a CTR1 truncated form, either by the recruitment of a protease or
through the stabilization of this truncated form against degradation. This truncated form of CTR1 lacks
the copper-binding ectodomain that confers full-length CTR1 its high-affinity for copper acquisition and
has been linked to the mobilization of copper from endosomes (Ohrvik et al., 2013; Ohrvik & Thiele,
2014). However, the mobilization of copper from endosomes and lysosomes is still fairly unknown, being
unclear if CTR2 and truncated CTR1 form a complex, or if they act as individual proteins. To answer that
question, and use the developed plasmids in this work, it would be interesting to perform a co-localization
study through a co-transfection strategy with two of the developed plasmids, for example, pCTR1-mCherry
and pCTR2-AcGFP. Nevertheless, to truly understand if these molecules interact, and not just co-localize,
the Fluorescence Resonance Energy Transfer (FRET) technique should be used. FRET is a powerful

technique with superior temporal (nanosecond) and spatial (angstrom) resolution, used for molecular
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interaction studies in living cells. This approach is distance-dependent and relies on the non-radiative
energy transference from a donor fluorophore in an excited electronic state to an acceptor fluorophore
through intermolecular long-range dipole-dipole interactions. As a result, the donor molecule fluorescence
extinguishes and the acceptor molecule is excited (Sekar & Periasamy, 2003).

Due to its sensitive range of activity of less than 10 nm, FRET is a reliable technique to report
protein interactions. In large protein complexes, labeled components might be too far for FRET reaction
to take place, resulting in a false-negative result. As seen in Figure 4 (CTRs constructs in the membrane),
CTRs display their N- and C- terminals on opposite sides of the membrane, therefore the chosen plasmids
should have the fluorescent tag in the same terminal, to ensure the best biologically meaningful results
possible.

Succinctly, the developed constructs are valuable molecular tools, essential for a deeper study of
CTR1 and CTR2 expression, endocytic trafficking and interaction. Indeed, studies focused on these
transporters, as well as in their interplay with MCTs in carcinogenesis versus spermatogenesis are lacking,

and these newly developed constructions are valuable assets for future research.
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VII. APPENDIX
VII. Appendix A: Circular map of pMCT4-mCherry
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Figure 30: Circular map of pMCT4-mCherry. The relevant features are highlighted, such as CMV IE Promoter
(human cytomegalovirus-immediate early promoter), CTR1 (human C7R! sequence), MCS (Multiple Cloning Site),
restriction sites for Bgll and Hindlll enzymes, SVAO origin (SV40 origin of replication induces replication within
mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin) and pUC origin

(plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.
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VII. Appendix B: Protocol for making XL-1 Blue competent cells

Day 1:

1. Streak out frozen glycerol stock of XL-1 Blue cells onto a Luria-Bertani broth plate (without
addition of antibiotics since these cells do not contain a plasmid). Leave the bacterial cells to grow on
plate overnight at 37 °C.

2. Autoclave:

e 1 L Transformation Buffer (TB) solution, with pH adjusted to 6.7
e 1 L Super Optimum Broth (SB)

e 1 L of 100 mM CaCl,

e 1L of 100 mM MgCl,

® 100 mL of 85 mM CaCl, with 15 % glycerol v/v

e 4 centrifuge bottles and caps

e microfuge tubes

e 1x 1 L Schott bottle

e 1x 1000 mL glass beaker

e 1x 1000 mL volumetric bottle

Note:
- Use clean glassware with no detergent residue. Clean glassware with a solution with 70
% EtOH and let it dry. Glassware can also be autoclaved with some water to achieve the same
result. It is best to set aside glassware for competent cell preparation that is not washed with
detergent.

- TB solution to 50 mL sterile falcons and store at 4 °C.

3. After the autoclave, cool the SOB media to room temperature and add 5 mL of the sterile
solutions of MgCl, 2 M and 5 mL of sterile MgS0,2 M.
4. Chill overnight at 4 °C:
¢ 100 mM CaCl,
¢ 100 mM MgCl,
e 85 mM CaCl, with 15 % glycerol v/v
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e 1 L TB solution autoclaved, with pH adjusted to 6.7

Day 2 (early in the morning):

1. Pick some of the £. coli colonies (2-3 mm in diameter) from the plate previously incubated
overnight, and inoculate them in 20 mL of SOB medium, in a 50 mL falcon, and incubate at 37 °C, 200
rpm for 6 h — 8 h.

2. At the end of the day, inoculate three 2 L flasks with 250 mL of SOB medium with this starter
culture (store the remaining SOB for DO dilutions and blanks).

3. Transfer 10 ml of starter culture into the first flask, 4 mL to the second flask and the third

receives 2 mL. Incubate the three flasks overnight at 18 °C, 200 rpm.

Day 3:

1. The following morning read the ODg40 and continue to monitor the OD every 45 min.

2. When the OD of one of the cultures reaches 0.55, transfer the culture vessel to an ice-water
bath for 10 min. Discard the other two cultures.

3. Split the culture to 4 x 50 ml falcons (discard properly the remaining culture; only 200 ml of
cultures will be used because our centrifuge only has place for 4 falcons).

4. Harvest the cells by centrifugation at 2,500 x g (i.e. 3727 rpm in the Eppendorf 5804R) for 10
min at 4 °C. Decant the supernatant and remove any drops of medium by pipetting them carefully.

5. Add 16 ml of ice-cold TB to each falcon and resuspend each pellet gently by swirling. After
resuspending the cells, transfer the content of one falcon to another falcon in order to have only 2 falcons
at the end.

6. Harvest the cells by centrifugation at 2500 x g (i.e. 3727 rpm in the Eppendorf 5804R) for 10
min at 4 °C. Decant the supernatant and remove any drops of medium by pipetting them carefully.

7. Add 8 mL of ice-cold TB solution to each falcon and resuspend gently by swirling.

8. Add 0.6 mL of DMSO (aliquots stored in the fridge) to final concentration of 7 %. Mix gently by
swirling and incubate on ice for 10 min.

9. Dispense the cell suspension in 200 pl aliquots and immediately flash-freeze by immersion in

liquid nitrogen. Store frozen cells at -80 °C.
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VII. Appendix C: Plasmid predicted nucleotide sequences

The predicted DNA sequences of the five plasmid constructions made (pCTR1-mCherry, pmCherry-
CTR1, pAcGFP-CTR2, pCTR2-AcGFP and pCTR2-mCherry) and the respective horizontal maps (Figure 31,
Figure 32, Figure 33, Figure 34 and Figure 35) are represented bellow. The nucleotide sequence
highlighted in yellow corresponds to the DNA sequence of ACTRI or hCTRZ, depending on the plasmid
construction presented. The nucleotide sequence in red corresponds to the mCherry DNA sequence, and

in green is highlighted the AcGFP nucleotide sequence.

1. pCTR1-mCherry

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCC
AATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATAT
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAAC
GGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA
AGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAGATCTATGGATCATTCCCACCATATGGGGA
TGAGCTATATGGACTCCAACAGTACCATGCAACCTTCTCACCATCACCCAACCACTTCAGCCTCACACTCCCATGGTGGA
GGAGACAGCAGCATGATGATGATGCCTATGACCTTCTACTTTGGCTTTAAGAATGTGGAACTACTGTTTTCCGGTTTGGTG
ATCAATACAGCTGGAGAAATGGCTGGAGCTTTTGTGGCAGTGTTTTTACTAGCAATGTTCTATGAAGGACTCAAGATAGCC
CGAGAGAGCCTGCTGCGTAAGTCACAAGTCAGCATTCGCTACAATTCCATGCCTGTCCCAGGACCAAATGGAACCATCCT
TATGGAGACACACAAAACTGTTGGGCAACAGATGCTGAGCTTTCCTCACCTCCTGCAAACAGTGCTGCACATCATCCAGG
TGGTCATAAGCTACTTCCTCATGCTCATCTTCATGACCTACAACGGGTACCTCTGCATTGCAGTAGCAGCAGGGGCCGGT

ACAGGATACTTCCTCTTCAGCTGGAAGAAGGCAGTGGTAGTGGATATCACAGAGCATTGCCATAAGCTTCGAATTCTGCAG

TCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCHERICAGOAAGEEoCACCACCATAACATEECoAIONE
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A A e O e A A EAGEREIARIAG 1A G GGCCGCGACTCTAGATCATAATCAGCCATACCAC

ATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTT
GTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACT
GCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCG
TTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGA
GATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAAC
CGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAA
ATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAA
AGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAA
TGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATAC
ATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTCCTGAGGCGGA
AAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCAT
GCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCA
ATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCC
CCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAG
GCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGA
TTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTG
ATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGA
ACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACT
GAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGA
AAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAA
CATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGC
TCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATG
CCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCG
CTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTT
ACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGG
TTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGG
CTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCT
AGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAA
AACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGA
CCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCG
CAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTT
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AATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGC
GTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAA
CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGC
GCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT
CGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCG
AACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAG
CGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTT
CGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGG
CCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACC
GTATTACCGCCATGCAT

SV40 origin
Kan(R) Promoter

(V40 early polyA signal(1)

MCS(1
(1185) HindIII

(609) BglII

MES

(HSV TK polyA signal(1)| [HSV TK polyA signall

(43}

Kozak sequence SVv40 early Promoter

Figure 31: Horizontal map of pCTR1-mCherry. The relevant features are highlighted, such as CMV IE
Promoter (human cytomegalovirus-immediate early promoter), CTR1 (human C7RI sequence), MCS (Multiple
Cloning Site), restriction sites for Bgll and Hindll enzymes, SV40 origin (SV40 origin of replication induces
replication within mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin)

and pUC origin (plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.

2. pmCherry-CTR1

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCC
AATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATAT
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAAC
GGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA

AGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGTCGCCACC HGEICACOAAC e CACEACCATAN
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e O G O e OGO O O S OATEEACEAGORGABANG T CC GGACTCAGATCTATGGATCATT

CCCACCATATGGGGATGAGCTATATGGACTCCAACAGTACCATGCAACCTTCTCACCATCACCCAACCACTTCAGCCTCA
CACTCCCATGGTGGAGGAGACAGCAGCATGATGATGATGCCTATGACCTTCTACTTTGGCTTTAAGAATGTGGAACTACTG
TTTTCCGGTTTGGTGATCAATACAGCTGGAGAAATGGCTGGAGCTTTTGTGGCAGTGTTTTTACTAGCAATGTTCTATGAAG
GACTCAAGATAGCCCGAGAGAGCCTGCTGCGTAAGTCACAAGTCAGCATTCGCTACAATTCCATGCCTGTCCCAGGACCA
AATGGAACCATCCTTATGGAGACACACAAAACTGTTGGGCAACAGATGCTGAGCTTTCCTCACCTCCTGCAAACAGTGCT
GCACATCATCCAGGTGGTCATAAGCTACTTCCTCATGCTCATCTTCATGACCTACAACGGGTACCTCTGCATTGCAGTAGC
AGCAGGGGCCGGTACAGGATACTTCCTCTTCAGCTGGAAGAAGGCAGTGGTAGTGGATATCACAGAGCATTGCCATTGAA
AGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGATCTAGATAACTGATCATAATCAGCCATACCA
CATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGT
TGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACT
GCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAACGCGTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCG
TTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGA
GATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAAC
CGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAA
ATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAA
AGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAA
TGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATAC
ATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTCCTGAGGCGGA
AAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCAT
GCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCA
ATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCC
CCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAG
GCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGA
TTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTG
ATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGA
ACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACT
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GAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGA
AAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAA
CATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGC
TCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATG
CCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCG
CTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTT
ACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGG
TTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGG
CTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCT
AGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAA
AACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGA
CCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCG
CAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTT
AATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGC
GTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAA
CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGC
GCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCT
CGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCG
AACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAG
CGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTT
CGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGG
CCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACC
GTATTACCGCCATGCAT

(Sv40 early polyA signall
(1909) HindIII

(1330) BglII (SV40 early polyA signal{1)! (HSV TK polyA signall
1000 2000 3000 4000 5000
| mChemy CTR1 [R5 ST Kan (R)/Neo(R) [ | pUC origin |
CMV IE Promoter | \ fl origin | |
MCS MCS(1) Kan(R) Promoter SV40 origin HSV TK polyA signal(1)
I I
Kozak sequence SV40 early promoter

Figure 32: Horizontal map of pmCherry-CTR1. The relevant features are highlighted, such as CMV IE

Promoter (human cytomegalovirus-immediate early promoter), CTR1 (human C7RI sequence), MCS (Multiple
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Cloning Site), restriction sites for Bgll and Hindlll enzymes, SV40 origin (SV40 origin of replication induces
replication within mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin)

and pUC origin (plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.

3. pCTR2-mCherry

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCC
AATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATAT
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAAC
GGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA
AGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAGATCTATGGCGATGCATTTCATCTTCTCAG
ATACAGCGGTGCTTCTGTTTGATTTCTGGAGTGTCCACAGTCCTGCTGGCATGGCCCTTTCGGTGTTGGTGCTCCTGCTT
CTGGCTGTACTGTATGAAGGCATCAAGGTTGGCAAAGCCAAGCTGCTCAACCAGGTACTGGTGAACCTGCCAACCTCCAT
CAGCCAGCAGACCATCGCAGAGACAGACGGGGACTCTGCAGGCTCAGATTCATTCCCTGTTGGCAGAACCCACCACAGG
TGGTATTTGTGTCACTTTGGCCAGTCTCTAATCCATGTCATCCAGGTGGTCATCGGCTACTTCATCATGCTGGCCGTAATG
TCCTACAACACCTGGATTTTCCTTGGTGTGGTCTTGGGCTCTGCTGTGGGCTACTACCTAGCTTACCCACTTCTCAGCACA
GCTAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACC HEICAGOAAGEEOGAE
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GATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACA
TAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCA
CAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAATTGTAAGCGT
TAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTT
ATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACT
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CCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGG
TCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACG
TGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAA
CCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCC
CTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAA
AAAGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCA
GCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCA
GAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCG
CCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGA
GCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGT
TTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCA
CAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCG
ACCTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCG
CAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTC
ATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCT
GCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGA
TCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGA
TCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTG
GCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATG
GGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGT
TCTTCTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACC
GCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCA
TGCTGGAGTTCTTCGCCCACCCTAGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTAT
GACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGC
ACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAG
TTCGGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTT
TAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAA
CGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTA
ATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCG
AAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAAC
TCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTAC
CGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAG
CTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGA
AAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGG
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TATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCT
ATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTT
ATCCCCTGATTCTGTGGATAACCGTATTACCGCCATGCAT

(SV40 early polyA signall
(1044) HindIII

(609) BgIII
(Sv40 early polyA signal(1)) (HSV TK polyA signal(1)l
1000 200 3000 4000 5000
|BEGEYINI  mChen (R i B ] kan(R)/Neo(R (N pUC origin
f1 origin | \
MCS MCS(1) Kan(R) Promoter SV40 origin HSV TK polyA signal
[ I
Kozak sequence SV40 early Promoter

Figure 33: Horizontal map of pCTR2-mCherry. The relevant features are highlighted, such as CMV IE
Promoter (human cytomegalovirus-immediate early promoter), CTR2 (human C7R2 sequence), MCS (Multiple
Cloning Site), restriction sites for Bgll and Hindlll enzymes, SV40 origin (SV40 origin of replication induces
replication within mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin)

and pUC origin (plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.

4. pCTR2-AcGFP

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCC
AATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATAT
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAAC
GGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA
AGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAGATCTATGGCGATGCATTTCATCTTCTCAG
ATACAGCGGTGCTTCTGTTTGATTTCTGGAGTGTCCACAGTCCTGCTGGCATGGCCCTTTCGGTGTTGGTGCTCCTGCTT
CTGGCTGTACTGTATGAAGGCATCAAGGTTGGCAAAGCCAAGCTGCTCAACCAGGTACTGGTGAACCTGCCAACCTCCAT
CAGCCAGCAGACCATCGCAGAGACAGACGGGGACTCTGCAGGCTCAGATTCATTCCCTGTTGGCAGAACCCACCACAGG
TGGTATTTGTGTCACTTTGGCCAGTCTCTAATCCATGTCATCCAGGTGGTCATCGGCTACTTCATCATGCTGGCCGTAATG
TCCTACAACACCTGGATTTTCCTTGGTGTGGTCTTGGGCTCTGCTGTGGGCTACTACCTAGCTTACCCACTTCTCAGCACA
GCTAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCATGGTGAGCAAGGGCGCCGAGCTGT
TCACCGGCATCGTGCCCATCCTGATCGAGCTGAATGGCGATGTGAATGGCCACAAGTTCAGCGTGAGCGGCGAGGGCGA
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ATCTACTTCGGCTTCGTGACCGCCGCCRCCATCACCCACGGCATGGATGAGCTGTACAAGTGAGCGGCCGCACTCTAG

ATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATA
AAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACA
AATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAATTGTAAGCGTTA
ATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTAT
AAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCC
AACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTC
GAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTG
GCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACC
ACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCT
ATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAA
AGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGC
AGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAA
GTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCC
CAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGC
TATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTT
CGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACA
ACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGAC
CTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCA
GCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCAT
CTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGC
CCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCT
GGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCT
CGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCC
GGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGC
TGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCT
TCTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCC
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GCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGC
TGGAGTTCTTCGCCCACCCTAGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTATGAC
GGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACT
CTGTCGATACCCCACCGAGACCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTC
GGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTTTAG
ATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACG
TGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAAT
CTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAA
GGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTC
TGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCG
GGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTT
GGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAG
GCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTAT
CTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATG
GAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC
CCCTGATTCTGTGGATAACCGTATTACCGCCATGCAT

(SV40 early polyA signal(1)!
(Sv40 early polyA signall
(1044) HindIII
{609} BgIII

CMV IE Promoter (HSV TK polyA signall [HSV TK polyA signal(1))
eo e
1000 200 3000 4000 5000
e oo IR el Kan(R)/Neo(R N oUC origin |
f1 origin | \
MCS MCS(1) Kan(R) Promoter SV40 early Promoter/Enhancer
5V40 origin

Figure 34: Horizontal map of pCTR2-AcGFP. The relevant features are highlighted, such as CMV IE Promoter
(human cytomegalovirus-immediate early promoter), CTR2 (human C7R2 sequence), MCS (Multiple Cloning Site),
restriction sites for Bgll and Hindlll enzymes, SVAO origin (SV40 origin of replication induces replication within
mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin) and pUC origin

(plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.
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5. pAcGFP-CTR2

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCC
AATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATAT
GCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAAC
GGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA
AGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGTCGCCACCATGGTGAGCAAGGGCGCCGAGETGTT
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CGATGCATTTCATCTTCTCAGATACAGCGGTGCTTCTGTTTGATTTCTGGAGTGTCCACAGTCCTGCTGGCATGGCCCTTT
CGGTGTTGGTGCTCCTGCTTCTGGCTGTACTGTATGAAGGCATCAAGGTTGGCAAAGCCAAGCTGCTCAACCAGGTACTG
GTGAACCTGCCAACCTCCATCAGCCAGCAGACCATCGCAGAGACAGACGGGGACTCTGCAGGCTCAGATTCATTCCCTG
TTGGCAGAACCCACCACAGGTGGTATTTGTGTCACTTTGGCCAGTCTCTAATCCATGTCATCCAGGTGGTCATCGGCTACT
TCATCATGCTGGCCGTAATGTCCTACAACACCTGGATTTTCCTTGGTGTGGTCTTGGGCTCTGCTGTGGGCTACTACCTAG
CTTACCCACTTCTCAGCACAGCTTAGAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGATCT
AGATAACTGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAAC
CTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCAC
AAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAACGCGTAAATT
GTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAA
AATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAAC
GTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTT
TTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCG
GCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTG
CGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGC
GGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATA
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ATATTGAAAAAGGAAGAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGG
CTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCA
GCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCC
TAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCG
GCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAGATCGATCAAGAGACAGGATG
AGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATG
ACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTITGT
CAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGT
TCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGAT
CTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCC
GGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGAT
CAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGAC
GGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCAT
CGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGC
GGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTC
TTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCG
ATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGG
GGATCTCATGCTGGAGTTCTTCGCCCACCCTAGGGGGAGGCTAACTGAAACACGGAAGGAGACAATACCGGAAGGAACC
CGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCA
GGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAATACGCCCGCGTTTCTTCCTTTTCCCCACCCCAC
CCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGCAGCCAACGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCA
TATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAA
ATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTC
TGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACT
CTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCAC
TTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTC
GTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA
CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCG
AAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAA
ACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGG
CGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTT
CCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCATGCAT
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(SV40 early polyA signal(1)!
(SV40 early polyA signall
(1777) HindIII

(1339) BgIII

(HSV TK palyA signall [HSV TK polyA signal(1)!

1000 3000 4000 5000

—_m I I I:I Kan(R)/Neo(R) I

CMV IE Promoter

MCS MCS(1) Kan(R) Promoter SV4O early Promoter/Enhancer

I =

Kozak sequence SV40 origin

Figure 35: Horizontal map of pAcGFP-CTR2. The relevant features are highlighted, such as CMV IE Promoter
(human cytomegalovirus-immediate early promoter), CTR2 (human C7R2 sequence), MCS (Multiple Cloning Site),
restriction sites for Bgll and Hindll enzymes, SV40 origin (SV40 origin of replication induces replication within
mammalian cells), Kan(R)/Neo(R) (this feature confers resistance to kanamycin or neomycin) and pUC origin

(plasmid origin of replication). This map was constructed using SnapGene version 3.1.1.
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VII. Appendix D: Sequencing results

To sequence the developed constructs, the plasmids were extracted and pre-mixed with specific
primers and, finally, sent to Eurofins genomics. The six primers were designed following the strategy
described in Figure 36. The constructs pCTR1-mCherry and pCTR2-mCherry were sequenced with
Seq_FW_CMV and Seq_RV_CTR_mCherry. The construct pmCherry-CTR1 was sequenced with
Seq_FW_mCherry_CTR and Seq_RV_TAG_CTR. The construct pCTR2-AcGFP was sequenced with
Seq_FW_CMV and Seq_RV_CTR_GFP. The -construct pAcGFP-CTR2 was sequenced with
Seq_FW_GFP_CTR and Seq_RV_TAG_CTR. The first alignment results using the forward primers, and
the second alignment corresponds to the sequencing results using the reverse primers (with

correspondent reverse-complementary sequence).

Seq_FW_mCherry CTR
or Seq_FW_GFP_CTR

(A)

DTN CTR1/CTR2 VLV

mCherry

pul

Seq_RV_TAG_CTR

(B) Seq_FW_CMV

W cmv CTR1/CTR2
mCherry

|

Seq_RV_CTR_mcherry or
Seq_RV_CTR_GFP

Figure 36: Schematic representation of the strategy for the design of the primers used for sequencing. All
of the primers were designed considering the position in sequence of the tag. In Panel A are represented the
primers used for sequencing pCTR1-mCherry, pCTR2-mCherry and pCTR2-AcGFP. In Panel B are represented the
primers used for sequencing pmCherry-CTR1 and pAcGFP-CTR2.
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1. pCTR1-mCherry
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- - - - - - - - - -
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Figure 37: DNA Alignment of the pCTR1-mCherry predicted sequence with results obtained by sequencing
of the pCTR1-mCherry plasmid using the Seq_FW_CMV and Seq_RV_CTR_mCherry. The alignment was
performed using the ApE program (v2.0.61).

Through DNA alignment of the pCTR1-mCherry predicted sequence with the results obtained by
sequencing of the pCTR1-mCherry plasmid using the Seq_FW_CMV and Seq_RV_CTR_mCherry, we can
observe that the different mutations that appear in one sequence, are not present in the other. Therefore,

it is expected that these mutations are sequencing errors.

2. pmCherry-CTR1

* * * * * * * * * *
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Figure 38: DNA Alignment of the pmCherry-CTR1 predicted sequence with results obtained by sequencing
of the pmCherry-CTR1 plasmid using the Seq_FW_mCherry_CTR and Seq_RV_TAG_CTR. The alignment was
performed using the ApE program (v2.0.61).

Through DNA alignment of the pmCherry-CTR1 predicted sequence with the results obtained by
sequencing of the pmCherry-CTR1 plasmid using the Seq_FW_mCherry_CTR and Seq_RV_TAG_CTR,
we can observe that there are no mutations observed. Only two nucleotide deletions are detected, in the
end and beginning of the Seq_FW_mCherry_CTR sequence, which are probably result from sequencing

errors, due to their sequence location.

3. pCTR2-mCherry
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Figure 39: DNA Alignment of the pCTR2-mCherry predicted sequence with results obtained by sequencing
of the pCTR2-mCherry plasmid using the Seq_FW_CMV and Seq_RV_CTR_mCherry. The alignment was
performed using the ApE program (v2.0.61).

Through DNA alignment of the pCTR2-mCherry predicted sequence with the results obtained by
sequencing of the pCTR2-mCherry plasmid using the Seq_FW_CMV and Seq_RV_CTR_mCherry, we can
observe that there are no mutations observed in the #C7R1 DNA sequence. However, the four insertions
that still appear in the Seq_RV_CTR_mCherry sequence, do not affect the ACTR2 gene sequence, and

are present in the beginning of the sequence, likely being sequencing errors.
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4. pCTR2-AcGFP
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Figure 40: DNA Alignment of the pCTR2-AcGFP predicted sequence with results obtained by sequencing of
the pCTR2-AcGFP plasmid using the Seq_FW_CMV and Seq_RV_CTR_AcGFP. The alignment was performed using
the ApE program (v2.0.61).

Through DNA alignment of the pCTR2-AcGFP predicted sequence with the results obtained by
sequencing of the pCTR2-AcGFP plasmid using the Seq_FW_CMV and Seq_RV_CTR_GFP, we can
observe the different mutations in the AC7R2 gene appear in one sequence, are not present in the other.

Therefore, it is expected that these mutations are sequencing errors.
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Figure 41: DNA Alignment of the pAcGFP-CTR2 predicted sequence with results obtained by sequencing of
the pAcGFP-CTR2 plasmid using the Seq_FW_GFP_CTR and Seq_RV_TAG_CTR. The alignment was performed
using the ApE program (v2.0.61).

Through DNA alignment of the pAcGFP-CTR2 predicted sequence with the results obtained by
sequencing of the pAcGFP-CTR2 plasmid using the Seq_FW_GFP_CTR and Seq_RV_TAG_CTR, we can

observe that there are no mutations present in any of the sequenced DNA sequences.

102



Chapter VII - Appendix

VII. Appendix E: Total protein transferred protein present in the previously activated

polyvinylidene difluoride membranes

Glucose treatments, in mM: Glucose treatments, in mM:
0 2 55 20 0 2 55 20
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Figure 42: Representative images of total transferred protein extracted from PC-3 and TM4 cells after
glucose treatments. Panel A shows a representative image of total transferred protein extracted from PC-3 cells,
present in an activated polyvinylidene difluoride membrane. Panels B shows a representative image of total
transferred protein extracted from TM4 cells, present in an activated polyvinylidene difluoride membrane. Both

images were acquired using the Bio-Rad ChemiDoc XR, and calculated using the Image Lab Software.
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VII. Appendix F: Measurement of acetate concentrations in the extracellular medium after

TM4 cells were treated with distinct glucose concentrations for 24 h
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Figure 43: Measurement of acetate concentrations in the extracellular medium after a 24 h of treatment
with distinct glucose concentrations in TM4 cells. The graphic represents the export of acetate after a 24 h
treatment with DMEM-without glucose, non-supplemented, supplemented with 2 mM of glucose, 5.5 mM of glucose

and 20 mM of glucose (n=6). The results are presented as Tukey's whisker boxes (median, 25" to 75" percentiles

+ 5" to 95" percentile values).
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VII. Appendix G: List of communications and prizes resultant from the work developed

during the M.Sc. in Molecular Genetics

1. List of communications resultants from the work developed during the M.Sc. in Molecular

Genetics:

Alves-Oliveira R., Barata-Antunes C., Natividade R., Alves R., Alves M.G., Oliveira P.F., Paiva S.
Development of Biomolecular Tools for Expression and Trafficking Studies of The Human Copper
Transporters. Xlll Jornadas de Genética e Biotecnologia | Ill Jornadas Ibéricas de Genética y Biotecnologia
- UTAD/UL. 14-16 of April of 2021.

Alves-Oliveira R., Moreira B. P., Lopes D., Barata-Antunes C., Alves R., Sorkin A., Alves M.G., Paiva
S., Oliveira P.F. Modulation of MCT4 trafficking by glucose levels — do Sertoli cells behave as cancer cells?
| Reproductive Science & Fertility Virtual Summit. 26-27 July of 2021.

Alves-Oliveira R., Paiva S., Oliveira P.F., Expression and trafficking analysis of MCT4: do Sertoli cells

behave as Cancer cells? | Encontro de Alunos do Mestrado em Genética Molecular. 5" November of 2021.

2. List of prizes resultants from the work developed during the M.Sc. in Molecular Genetics:
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“Development of Biomolecular Tools for Expression and Trafficking Studies of The Human Copper

Transporters”. Alves-Oliveira R., Barata-Antunes C., Natividade R., Alves R., Alves M.G., Oliveira P.F.,

Paiva S. 14-16 of April of 2021.
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