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ABSTRACT

Cancer cells are characterized by high glucose consumption, leading to increased lactate
production. Once considered a waste product, lactate was recently shown to take part in the epigenetic
regulation of gene expression, in promoting the unlimited growth of cancer cells and in facilitating
metastasis. Furthermore, aberrant metabolism of cancer cells emerged as significant factor affecting
drug efficacy and several evidences correlated some therapeutic failures with changes in cell
metabolic asset.

My Ph.D. project is focused at characterizing the effects of lactate signalling in cancer cells, with
special attention to the potential role of this metabolite in modifying the response of cancer cells to
chemotherapeutic treatments and in promoting the onset of drug resistance. In particular, this thesis
describes how lactate influences the response of cancer cells to some commonly used
chemotherapeutic drugs, such us cisplatin, doxorubicin and tamoxifen, while also highlighting the
potential role of lactate in promoting the activated state of the EGFR receptor. The investigation was
conducted using different cancer cell lines, with special attention on colon and breast
adenocarcinomas. Overall, the described experiments have elucidated that lactate can induce drug
resistance through pathways that may differ according to cancer cell histology.

In agreement with our findings, it would be essential to develop strategies to obtain the inhibition
of lactate production. A direct way for achieving this goal is through the inhibition of LDHA, the
primary enzyme isoform responsible for lactate production in cancer cells. In this context, I
collaborated in a study coordinated by Professors Alejandro Hochkoeppler and Luca Gentilucci,
(University of Bologna) who designed peptides with potential inhibition on LDHA activity. The
conclusive section of this thesis describes experiments aimed at evaluating the efficacy of these

peptides in cancer cell cultures.
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1. INTRODUCTION

1.1  Glycolytic metabolism and Warburg effect

Glucose serves as the primary cellular fuel for energy generation through a sequence of
enzymatic reactions. The key stages in this process include glycolysis, the tricarboxylic acid cycle
(TCA) and oxidative phosphorylation (OXPHOS)!?,

Within glycolysis, a single glucose molecule yields four adenosine triphosphate (ATP), two
NADH and two molecules of pyruvate®. The fate of pyruvate differs based on the presence of oxygen:
under aerobic conditions, it enters in mitochondria for OXPHOS and this process is define as
oxidative metabolism; while under anaerobic conditions, pyruvate remains in the cytoplasm and it
transformed to lactate by lactate dehydrogenase (LDH), a process named anaerobic metabolism*
(Figure 1). Normal cells would primarily use oxidative metabolism, which involves glycolysis
followed by TCA cycle (Krebs cycle) and OXPHOS to efficiently produce ATP, the cell’s energy
currency’. Nucleotides, amino acids and lipids are supplied by intermediate metabolites from these
pathways; for instance, glycolytic intermediates are used for non-essential amino acids, acetyl-
coenzyme A (acetyl-CoA) contributes to fatty acid synthesis, and ribose is utilized for nucleotide

production®.

GLYCOLYTIC METABOLISM

ANAEROBIC paol
METABOLISM

'A‘,)..—""" Lactate

b

& OXIDATIVE METABOLISM

NADH
noatyl CoA sl TCA —
Acety OA

- Cycle [FADH,

Mitochondria

Cytoplasm

Figure 1. Schematic representation of glycolytic metabolism.
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In oxidative metabolism, the production of 36 ATP molecules starting from a single glucose
molecule’. However in highly glycolytic cells such us tumour cells, pyruvate molecules produced
from glycolysis, are transformed into lactate via LDHs rather than entering the TCA cycle and from
this process are generated only two ATP molecules®.

Cancer cells are characterized by an uncontrolled cell proliferation and it has widely recognized
as one of hallmarks of cancer”S. An adjustment in cellular energy metabolism is required to fuel this
common feature of oncological diseases’.

Tumour cells exhibit metabolic features similar to those of rapidly proliferating normal cells;
however, they also possess a high degree of plasticity, enabling them to rewire their metabolism to
support increased cellular growth in variable microenvironmental conditions®. Specifically, cancer
cells are characterized by an energy metabolism based on increased glucose uptake and lactate
production and this phenomenon is called “aerobic glycolysis” or “Warburg effect”. This definition
comes from a century ago, when Otto H. Warburg observed that tumour cells metabolize glucose to
lactic acid even in aerobic conditions!®. This metabolic reprogramming of cancer cells leads to
accumulation of lactate, even in the presence of sufficient oxygen!!. Unlike normal cells, cancer cells
are characterized by unrestricted proliferation and have metabolic needs that are both quantitatively
and qualitatively distinct from those of normal cells!2. For this reason, cancer cells predominantly
depend on glycolysis over OXPHOS, since this metabolic pathway allows rapid energy supply and
produces the precursors of macromolecules necessary to support cell proliferation!. Initially, Warburg
suggested that aerobic glycolysis could be linked to defective mitochondria, which makes oxidative
metabolism ineffective!®. However, Warburg’s explanation has been challenged and ultimately
disproven because both the TCA cycle and the cytochromes involved in OXPHOS are typically intact
and function correctly in cancer cells!*. Some studies have shown that certain cancer cells possess
the ability to reversibly alternate between anaerobic metabolism and oxidative metabolism,
depending on the availability of glucose. In the absence of glucose, where it replaced by galactose,
cells shift towards oxidative phosphorylation. Conversely, in the presence of high amounts of glucose,
they revert to a glycolytic, anaerobic metabolism!®.

It was acknowledged that cancer cells opted for less efficient way of obtaining energy from
glucose (2 ATP molecules from glycolysis compared to 36 ATP from OXPHOS) in order to acquire
essential intermediates crucial for anabolic reactions necessary to fast cell growth!®. Warburg’s
research demonstrated that, in terms of energy production, cancer cells actually generated 10% more
ATP than normal cells!”. Cancer cells have the ability to perform both glycolysis and mitochondrial
respiration concurrently'®. Even in the absence of oxygen, the significant glycolytic activity led to an

increase in ATP produce by normal cells through oxidative metabolism!’. Typically, cancer cells
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derive 60% of their energy from glycolysis, and the other portion is produced into mitochondria
through OXPHOS.
The altered metabolic state of cancer cell is considered a core of the hallmarks of cancer and has

implications for cancer diagnosis and treatment strategies!.

As described before, in tumour cells there is enhanced production of lactate from glucose. In this
way tumour cells have different advantages:

1. They have high levels of glycolysis and low levels of OXPHOS and in particular ~85% of the
glucose uptake in converted into lactate and only ~5% of glycolysis-derived pyruvate enters
in mitochondria (OXPHOS) to promote rapid production of ATP in the cytoplasm?°,

2. Several intermediate metabolites are produced during glycolysis and they support the
biosynthesis of lipids, amino acids and nucleotides even in absences of oxygen?!.

3. A reduction in oxidative stress caused by lower production of reactive oxygen species (ROS)
was observed??,

4. Lactate is produced in large quantities in cancer cells and this induce its accumulation in the
extracellular space contributing to the acidification of cellular microenvironmental. This

phenomenon has significant effects on tumour behaviour and progression??,

Initially lactate was considered only as a waste product from anaerobic glycolysis?*. After years
of study, became evident that this metabolite served a more significant role'?. Increased lactate levels,
caused by Warburg effect, are associated with typical features of cancer such as increased of cell
proliferation and acquisition of replicative immortality, evasion of immune system and of growth

inhibitory factors, stimulation of invasion, metastasis and angiogenesis?® (Figure 2).
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Figure 2. Schematic representation of Warburg effect and its outcomes on cancer cells. Warburg effect (or

Aerobic glycolysis) is characterized by augmented lactate levels. Lactate can induce cell proliferation, replicative

immortality capacity, angiogenesis, invasion, escape from immune system and evade from growth inhibitor factors.
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1.2 Lactate

Carl Wilhelm Scheele was the first to isolate the lactate from sour milk in 17802, Lactate serves
as a crucial signalling molecule and it is a hydroxy monocarboxylic acid anion. It is the conjugated
base of lactic acid®*. Lactic acid has a low dissociation constant (pKa, ~ 3.86) and for this reason it
can dissociate rapidly into lactate and hydrogen ion within a normal physiological pH range (~ 6.5-
7.2). This means that lactate is the primary form present in living organism?’. There are two
stereoisomers of lactate: L-lactate and D-lactate, defined as left-handed and right-handed,
respectively?®. L-lactate is the most common physiological enantiomer detected in tissues?’.

Generally, in humans at rest, plasma lactate concentration is 1-3 mM; it can increase to 15 mM
after intense exercise’® and may reach 30 mM in different cancer microenvironments?!. Some tissues
generate lactate daily, including muscles, brain, skin and intestines®2. This metabolite undergoes a
rapid exchange across the body to maintain a stable concentration within the physiological range?”.
Lactate has a very high circulatory turnover, higher than glucose®. 60% - 70% of lactate clearance is
in the liver, the remaining 30% - 40% can be attributed to the work of kidney, heart and skeletal

muscle** (Figure 3).

Lactate in human body | Clearance of lactate Inside cells
S Lactate
60-70% s
:. -'.".|'_'iv.er ) MCTs m
] Lactate ;3 Glucose
o el NAD*
Lactate LDH /
—>
i ..~*+NADH + H*
Kidney P e
‘. 30-40% \ /
. ‘ TCA
o~ : A CYCLE>
Heart
Muscle

Figure 3. The flux of lactate in human body. Lactate is the end product of glycolysis in metabolically active human
cells. Lactate can enter cells through the monocarboxylate transports (MCTs). Inside the cells, it can be re-oxidized

to pyruvate by lactate dehydrogenase (LDH) and enter in TCA cycle.
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In the cytoplasm, LDH catalyses the conversion of pyruvate to lactate by oxidizing NADH to
NAD+ in a thermodynamically favourable and reversible reaction®®. This process does not require
oxygen. By regenerating NAD+, the enzyme LDH allows glycolysis to proceed even in low oxygen
conditions®¢. Thanks to glycolysis, glucose is the primary source of lactate production in several solid
tumours. Additionally, alanine and glutamine contribute to a small levels of lactate produced in cancer
cells’. Glutamine is an L-ai-amino acid containing five carbons and it is the most abundant amino acid
in the blood, with a concentration of ~500uM. Glutamine represents 20% of all amino acids in blood
circulation and 40% in muscle®’. Glutamine, like glucose, is metabolized by high proliferating cells
to be used in several pathways as a support for rapid bioenergetics process and biosynthesis. As well
known a tumour cells culture needs at least 10 times more glutamine than any other amino acid?®.
Through various reactions, glutamine is transformed into o-ketoglutarate due to glutamate
dehydrogenase enzyme (GDH). This metabolite enters TCA cycle, generating malate. Malate is
transported to the cytosol and transformed in pyruvate by the malic enzyme. In the last part of this
process, pyruvate is converted into lactate by LDH* (Figure 4). For example, DeBerardinis et al.

have observed that glutamine produces lactate in proliferating glioblastoma cells*®,

R G

Glycolysis

Glutamate

Pyruvate +<————Malate Citrate

TCA

Cycle
Lactate Lactate Succinate

o-KG «—

nyop\asm

Figure 4. Metabolic pathways of lactate production. Lactate can be generated from glucose or from glutamine.
Glucose is metabolized through glycolysis to produce lactate, while glutamine can also be converted into lactate

through a shortened TCA cycle via a process named glutaminolysis.
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1.2.1 Lactate metabolism

Lactate accumulation in human is very dangerous and increase serum lactate can lead to lactic
acidosis*’. Thus, lactate must be rapidly removed from tissues. Irreversible removal of lactate is
carried out by pyruvate dehydrogenase (PDH)*, which converts lactate to pyruvate, subsequently
forming a two-carbon compound called acetyl-CoA or a four-carbon compound called oxaloacetate
(OAA). Both these two compounds, can be enter into TCA cycle to produce citrate. In the TCA cycle,
acetyl-CoA serves as a two-carbon unit. Therefore, the systemic balance between glycolysis and PDH
flux is crucial in determining lactate levels. PDH is part of a catalytically active complex regulated
by the phosphorylation status of the Ela subunit and NADH, both of which inhibit PDH activity,
leading to increased lactate levels when mitochondrial activity or oxidative metabolism are
compromised*’. Additionally, high levels of lactate can trigger gluconeogenesis in the liver and
skeletal muscle cells, converting lactate to glucose, which is released into the blood to support further
glucose consumption®’. In addition to being a primary energy source, lactate is also a significant
oncometabolite, playing crucial roles in extracellular and intracellular signalling that collectively aid
in cancer progression**,

Lactate functions as both a metabolic fuel and a signalling oncometabolite, driving complex
interactions between cancer cells and their surrounding microenvironment. Through
monocarboxylate transporter-mediated shuttle, lactate is exchanged among cancer cells or between
cancer cells and associated stromal cells, providing metabolic support. Additionally, lactate acts as
an intracellular signalling molecule, activating pathways that promote cancer progression. Outside of
cells, lactate binds to the lactate receptor GPR81, further contributing to tumour aggressiveness. This
multifaced role of lactate culminates in the enhancement of several cancer hallmarks, including
proliferation, migration, invasion, extracellular matrix degradation, angiogenesis, immune invasion

and resistance to therapy* (Figure 5).
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Figure 5. Lactate roles in the tumour microenvironment. Lactate serves as both a metabolic fuel and a signalling
oncometabolite, facilitating complex interactions between cancer cells and their microenvironment. It is exchanged
among cancer cells and associated stromal cells via monocarboxylate transporters. Additionally, lactate functions
as an intracellular signalling molecule that activates different pathways. Extracellularly, lactate binds to the GPR81
receptor, further enhancing tumour aggressiveness. This multifaceted role of lactate contributes to the amplification
of various cancer hallmarks, including proliferation, migration, extracellular matrix degradation, angiogenesis,

immune evasion, and resistance to therapy.

1.2.2 LDHs and their role in cancer

As mentioned above, lactate is generated by LDH. LDH is a oxidoreductase enzyme composed
by four protein subunits*®. The Idha, Idhb and Idhc genes encode the protein subunits M, H and C
respectively® (Figure 6). The subunits M and H can combine to form five different homo- or hetero-
tetramers in human tissues: LDH-1 (4H), LDH-2 (3H1M), LDH-3 (2H2M), LDH-4 (1H3M), and
LDH-5 (4M). The subunit C can form an homo-tetramers called LDHC, a specific isoform present
only in the testis*’. The formation of tetramers is regulated by the availability of the substrate and by

post-translational modifications*®.
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Figure 6. Schematic representation of LDH isoforms and their distribution. Subunits forming LDH are encoded
by three different genes: Idha, Idhb and Idhc. The ldha, Idhb and Idhc genes encode the protein subunits M (vellow),
H (blue) and C (green) respectively. Each subunit can form different LDH isoform. From the top there is homo-
tetramer LDHS5 or LDHA composed by 4M; hetero-tetramer LDH-4 composed by 1H and 3M; LDH-3 composed
by 2H and 2M; LDH-2 composed by 3H and IM, LDHI or LDHB composed by 4H and the last is homo-tetramer
LDHX or LDHC is composed by 4C. On the right there is the most frequent localization of LDHA (skeletal muscles),
LDHB (Hearts) and LDHC (testis). At the end there is a schematic representation of LDHA and LDHB role in

cellular metabolism.

The two most relevant tetramers of LDH are LDHA (LDHS5) and LDHB (LDH1). They have
different kinetic properties and these differences of LDHA and LDHB are primarily due to their
distinct roles in cellular metabolism. LDHA has a higher affinity for pyruvate, indicated by a lower
Michaelis Constant (Km) value, which allows it to efficiently convert pyruvate to lactate during
glycolysis®. Indeed the principal role of LDHA is to reduce pyruvate to lactate by oxidating NADH
to NAD+. In contrast, LDHB exhibits a higher affinity for lactate, enabling it to preferentially convert
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lactate back to pyruvate during oxidative metabolism®® (Figure 6). The tissue distribution of these
enzymes further highlights their differences. LDHA is predominantly expressed in tissues with high
glycolytic activity, such as skeletal muscle and tumour cells, while LDHB is more abundant in tissues
that rely on oxidative metabolism, like cardiac muscle and liver. LDHB facilitates the transformation
of lactate to pyruvate in cells that perform oxidative metabolism and gluconeogenesis by using lactate
as a nutrient’!

Although the function of LDHA is mainly cytoplasmatic, it has been found that this enzyme can
be located in the nucleus of cell and act by modifying gene expression®? (see paragraph 1.2.7).

It was shown that, abnormal activation and expression of LDHA is correlates with neoplastic
changes and tumour progression®*. For this reason and for its proprieties, this enzyme, is considered
as an interesting target for cancer treatments*. For example, high LDHA levels are considered a
negative factor in breast cancers since increased levels of this protein are detected in the most
aggressive forms of this neoplastic disease®. Increased levels of LDHA are also negatively associated
with other tumours such as pancreatic>, hepatocellular’® and prostate carcinoma®’. Furthermore it
was found that inhibiting LDHA results in the reduction of cancer angiogenesis, migration, invasion
and immune escape’®”’. Additionally, the inhibition of LDHA enhances the sensitivity of resistant
cancer cells to chemotherapy and radiotherapy®®'*, Similarly to other enzymes, LDHA was
shown to undergo translational modifications (acetylation and phosphorylation); the most
commonly detected were the phosphorylation of two specific tyrosine: tyrosine 10 (Y10) and
tyrosine 83 (Y83)’. Y10 phosphorylation of LDHA enhances the catalytic activity of the enzyme
and has been associated to both promotion of cell invasion and enhanced anoikis resistance in
breast cancer®. By increasing the activity of LDHA, this modification promotes the Warburg
effect and the invasive and metastatic potential of cancer cells®.

As stated above, LDHA is considered a potential therapeutic target, and for this reason, there
is an active research into its potential inhibitors®. Oxamate (OXA) is the best characterized LDH
inhibitor. It is a pyruvate analogue that inhibits the enzyme by competing with pyruvate®* and
creating an inactive complex with LDH. As a consequence of LDH inhibition, OXA was found
to induce reactive oxygen species production and mitochondrial apoptosis of cancer cells®. In
preclinical studies, it was also found that OXA hindered the cell proliferation of different brain
tumours including medulloblastomas®®, glioblastomas®’ and pituitary adenomas®. OXA was also
tested in association with others drugs. Some studies verified that OXA can enhance the
antineoplastic activity of paclitaxel in breast cancer cells®. Moreover, Balboni et al. suggest that

the inhibition of LDH through OXA can affect the DNA repair system of cancer cells, in
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particular the homologous recombination repair. In that way OXA can increase the antitumoral
activity of Olaparib or other drugs®'. Other studied LDH inhibitors were Gossypol”, FX11"!,
quinoline 3-sulhonamides’ , galloflavin” and NC1-006 the first compound potentially active in
vivo'*" In the last year small interfering RNAs (siRNAs) able to inhibit LDH have also been
discovered™®.

All these molecules showed the ability to reduce cell proliferation in different types of
tumours such as breast, pancreatic, colon cancer and melanoma’’. This and other studies allowed
to highlight the potential of LDH inhibition. Unfortunately, despite many studies, the
identification of an LDH inhibitor potentially applicable in clinical settings is proving to be a

difficult task®.

1.2.3 MCTs-mediated lactate transports and shuttle

Lactate can be transported across the cell membrane by different ways. A small amount of lactate
can passively diffuse across the cell membrane due to its concentration gradient®’, but the most
common way is through monocarboxylate transporters (MCTs)*?. This transport mechanism can be
modulated by pH gradient, concentration gradient and redox state’8. MCTs are membrane proteins
formed by 12 transmembrane domains, with intracellular NH> and COOH termini and a cytosolic
loop located between the 6 and 7" transmembrane domains’. MCTs can operate “lactate shuttle”,
a process in which lactate can be transported in the extracellular microenvironment and can
subsequently to be able to enter nearby cells®*. There are 14 well-identified MCTs and all these
transporters are a part of the SLC16 gene family?*. Between these 14 different types, MCTs 1 - 4 are
the better characterized and are encoded by sicl6al, slci6a7, slci6a8 and slcl6a3 genes,
respectively®’. In normal conditions, MCTs 1 - 4 have synergistic activity that promotes lactate
shuttling between glycolytic and oxidizing cells. These transporters are a key factor to maintain
lactate homeostasis within different tissues**. Among them, the most commonly present are MCT1
and MCT48!, which have been detected in all tissues. As shown by several published works, MCT1
and MCT4 are the most expressed forms, also in cancer cells?*; MCT]1 is linked to lactate import,
whereas MCT4 is involved to lactate export®! (Table 1).

In cancer cells, the MCT4-mediated lactate shuttle is an essential process for lactate signalling.
The efflux of lactate contributes to the microenvironment acidification because lactate accumulates

outside of the cell and it increases the concentration of hydrogen ions, lowering the pH in the
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surrounding area®?. This phenomenon promotes cancer growth through multiple mechanisms. These
include activation of metalloproteinases (MMPs) that promotes extracellular matrix remodelling®?.
The low pH can directly induce conformational changes in pro-MMPs, exposing their catalytic
domain and leading to their activation®*. Moreover the acidic environment can inactivate endogenous
MMP inhibitors, such as tissue inhibitors metalloproteinases, allowing MMPs to remain active®’,
Once activated, MMPs can degrade various components of the extracellular matrix leading to a
consequences that promote growth and metastasis. Another mechanism associated with lactate efflux
is the increase of cancer cell motility®S. The addition of exogenous lactate has been shown to increase
cell motility and random migration in various cancer cells lines in a concentration-dependent-
manner®’. In particular, acidosis can promote the release of growth factors and cytokines that
stimulate cell migration®?. The acidic environment caused by lactate efflux can impair the function
of various immune cells, including T cells and dendritic cells®®. This can contribute to inhibit the

8990 The accumulation of lactate in the tumour

immune response to cancer antigens
microenvironment leads to acidification which can influence cellular signalling and behaviour
through the increase of infiltration and angiogenesis via the release of vascular endothelial growth
factor (VEGF)°!. Specifically, lactate has been shown to stimulate the production and release of
VEGF, a key factor in angiogenesis. The mechanism by which lactate induces VEGF release may
involve the activation of hypoxia-inducible-factorl-alpha (HIF-1a). Lactate can stabilize HIF-1a
leading to increased VEGF expression. As a consequence there will be elevated levels of VEGF in
the tumour microenvironment that promote the infiltration of endothelial cells, which are essential
for forming new blood vessels®?.

On the contrary, influx of lactate can have different outcomes. The uptake of lactate via MCT1,
was found to protect hepatocellular carcinoma cells from ferroptosis by increasing the level of
monounsaturated fatty acids®. Particularly, ferroptosis is a form of regulated cell death characterized
by the accumulation of lipid peroxides to lethal levels and is associated with iron metabolism and
oxidative stress®. Cancer cells often develop resistance to ferroptosis, allowing them to survive®.
Lactate uptake via MCT1 can influence lipid metabolism within the cell. When lactate is taken up by
hepatocellular carcinoma cells through MCT]I, it can be converted into other metabolites that
contribute to lipid synthesis, including monounsaturated fatty acids. This metabolic shift helps to
maintain membrane integrity and prevent the accumulation of lipid peroxides. Consequently, by
increasing monounsaturated fatty acids levels, lactate uptake via MCT1 provides a protective effect
against ferroptosis, allowing cancer cells to survive under conditions that would otherwise induce cell
death®®. Another research has been shown that the inactivation of MTCI1 in cancer cells reduces

97,98

lactate uptake and slows down the growth of tumours”’-”®. In particular, because of MCT]1 is the main
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transporter responsible for the uptake of lactate into cancer cells, its inactivation or inhibition leads
to a reduction in lactate uptake. When lactate uptake is impaired, it may limit the availability of this
energy substrate, thereby slowing tumour growth®®. In addition to its role in tumour metabolism,
lactate has been shown to enhance the suppressive function of the regulatory T cells (Tregs), a type
of immune cell that infiltrates the tumour microenvironment®’. Tregs have the ability of suppress the
activity of other immune cells, contributing to an immunosuppressive environment that allows
tumours to evade immune detection and destruction®. By reducing lactate uptake through MCT1
inactivation, the suppressive activity of Tregs within the tumour may be weakened. This weakening
of Tregs function can lead to an enhanced response to immunotherapy, which aims to stimulate the
immune system to recognized and eliminate cancer cells”’. Thus, the inactivation of MCT1 not only
impacts tumour metabolism but also has significant implications for the immune landscape of the
tumour, highlighting a potential therapeutic strategy to enhance the efficacy of cancer
immunotherapy!%%-10,

In summary, the lactate shuttle, operated by monocarboxylate transporters, establishes inter-
cellular connections and supports cooperative metabolism between glycolytic and oxidative tumour
cells, thereby promoting tumour initiation and progression®’.

For its property of involving different cell type in tumour microenvironment, lactate shuttle, has
garnered significant interest from scientists in recent years. Lactate is an energy-rich metabolite that

102 For these reasons, it is essential for this

is used for both gluconeogenesis and ATP synthesis
metabolite to reach all cells within the tumour mass, starting from the internal cells that are low in
oxygen and reaching the external cells that are in aerobic conditions due to their proximity to blood
vessels. In the tumour mass, hypoxic cells produce lactate through the action of LDHA. This
metabolite is imported from nearby cells under aerobiosis conditions that convert it into pyruvate, a
substrate used to obtain energy. In this specific lactate shuttle, the role of MCT1 and MCT4 is crucial:
MCT4 mediates the release of lactate from hypoxic tumour cells, meanwhile MCT1 allows its entry

into normoxic cancer cells. This process is essential to understand the mutual relationship and

metabolic symbiosis between cancer cells*.
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Transporter Gene Direction of lactate  Tissue distributions  References

103
MCT1 SLC16A1 Influx and efflux Ubiquitous

Skeletal muscle,
MCT2 SLC16A7 Efflux blood, brain

101,104

Retinal pigment,
MCT3 SLC16A8 Efflux choroid plexus 105,106
epithelial of the eye

Kidney, skeletal
MCT4 SLC16A3 Efflux muscle, intestine, 107
heart, lung

Table 1. MCTs distribution. The expression, lactate transporting pattern and different tissue distribution of 1-4
MCTs.

1.2.4 The GPRS8I lactate receptor

Recently, it has become evident that metabolites can act like hormones or neurotransmitters,
serving as extracellular signalling molecules through G-protein-coupled receptors. In particular,
lactate can function like a signal molecule through G-protein coupled receptor 81 (GRP81)!%8%, GPR81
was discovered in 2001!%, it is the first recognized lactate receptor and is commonly present in human
tissues'!?. GPR81 is encoded by hcarl gene. It is highly expressed in white adipose tissue and, to a
lesser extent, in brain, parathyroid, spleen, colon including cancer cells!!'!,!'2. GPR81 is composed
by seven transmembrane domains coupled to a heterotrimeric G-protein. When lactate binds its
receptor, the transduction of different intracellular signals are activated through the G-protein!!?,
Activation of GPR81 by lactate leads to the downregulation of cyclic adenosine monophosphate
(cAMP), resulting in reduced intracellular cAMP levels. Considering the high levels of lactate in the
cancer microenvironment, it was hypothesized that lactate-induced activation of GPR81is involved
in the regulation of cancer cell progression. Roland et al. have highlighted the crucial role of GPR81
in tumour. They observed a correlation between GPR81 expression and both tumour growth and
metastasis in pancreatic cancer'!®. In breast cancer cells, GPR81 enhance cell proliferation and
angiogenesis via the PI3K/Akt/cAMP pathway!!4. Specifically, when GPR81 is activated by lactate,
it can lead to the activation of PI3K , which subsequently activates Akt. This signalling cascade

promotes cell proliferation by enhancing metabolic processes that support rapid cell division and
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growth. The activation of the PI3K/Akt pathway is associated with the upregulation of VEGF, a
critical factor in angiogenesis'!'. In addition, Ishihara et al. discovered that GPR81 is commonly
highly expressed in breast cancer cells, and silencing GPR81 expression reduced the proliferation and
migration of these cells in vitro and inhibited tumour growth in vivo!!'>. Moreover, glycolysis and
ATP production decreased in GPR81-silenced cells. These findings indicate that activation of GPR81
mediated by lactate plays a crucial role in breast cancer aggressiveness, suggesting that GPR81 could
be a promising therapeutic target for this tumour!!>,

Researcher discovered a complex mechanism by which lactate receptor GPR81 influences
immune evasion in lung cancer cells through the regulation of programmed death-ligand 1 (PD-L1)
expression!!®, Lactate activation of GPR81 leads to a decrease in intracellular cAMP levels. cAMP
is a signalling molecule that typically activates protein kinase A (PKA). By reducing cAMP levels,
GPRS8]1 inhibits PKA activity. The inhibition of PKA activity results in the activation of Taffazin
(TAZ), a transcriptional coactivator. TAZ plays a crucial role in regulating gene expression, including
PD-L1. When TAZ is activated, it promotes the transcription of PD-L1, a gene associated with
immune evasion. In conclusion, by increasing PD-L1 expression on the surface of lung cancer cells
through this signalling pathway, lactate helps to protect cancer cells from immune cells. This
mechanism illustrates how metabolic changes in tumours can influence immune responses, linking
metabolic reprogramming to immune evasion!!¢,

All these findings suggest that lactate may function as a signalling molecule by binding to

GPRS81, and this mechanism significantly impacts cancer progression.

1.2.5 Lactate and epigenetics

Epigenetics is a term initially used to describe the intricate connections between the genome and
the environment that contribute to development and differentiation in organism!'?. From recent years,
epigenetics is defined as the heritable and stable changes in gene expression that do not involve

alterations in the DNA sequence but involve mainly chromosome!!®.

Precisely, epigenetics
mechanisms can change gene expression by modifying the chromosomal structure without changing
DNA sequence!!’.

Epigenetic modifications change DNA accessibility and chromatin structure, regulating gene
expression patterns. There are different type of epigenetic modifications involved in cancers: DNA
methylation, histone modification, chromatin re-modelling, RNA modification and non-coding RNA

associated gene silencing!?’. For many years, cancer biology has primarily focused on oncogenic

30



mutations. Recently, has been focalized on the connection between metabolism and gene
expression!?!. Cancer cells adapt their metabolism to support rapid growth and proliferation under
various stress conditions, demonstrating metabolic plasticity!?2. Specifically, metabolites can act as
substrates and co-factors for epigenetic enzymes to facilitate post-translational modifications of DNA
and histones. Oncometabolites are metabolites that are abnormally accumulated in cancer cells due
to genetic or epigenetic alterations, and play a crucial role in promoting cancer progression and

malignancy!??

. Evidence suggests that the epigenome is correlated to cancer metabolism, while
epigenetic dysfunction can alter metabolic enzymes, contributing to tumorigenesis. The relationship
between epigenetics and metabolism can influence the vision that the researchers have on cancer!'?4,

Lactate is one of the oncometabolites showing the potential of altering gene expression®!.
Although the discovery of the Warburg effect is dating back to one century ago?!, for many years,
lactate was only considered a waste product from anaerobic glycolysis!?. Evidences showing a direct
correlation between enhanced glycolytic metabolism and changes in gene expression have only been
obtained recently. During these studies, the glycolysis-based metabolic reprogramming was found to
impact on distinct morphological features of cancer cell nucleus'?®. At present, several evidences

have been obtained concerning the role of lactate in regulating gene expression and in promoting the

unlimited growth of cancer cells through different mechanism including epigenetic modifications®.

1.2.6  Lactate and histone acetylation

Histones are essential proteins that take part in chromatin structure. They are divided into core
histones (H2A, H2B, H3 and H4) and linker histones (H1 and HS5), according to their function and
position on chromatin'?’. Histones are the proteins around which DNA is coiled to form chromatin
and chromosomes. Nucleosome is the elementary unit of a chromosome and includes a histone
octamer with 200 base pairs of DNA wrapped around it!'?®. As mentioned above, core histones can
undergo modifications. Specifically, histones undergo posttranslational modifications in the
protruding C-terminal and N-terminal regions and these kind of modifications are a part of

epigenetic!®

. Various histones’ modifications have been known for many years, among these are
acetylation, methylation and phosphorylation!*. Histones acetylation is a key epigenetic mechanism
involved in various chromatin-dependent processes, including DNA replication, damage and repair,
transcriptional activation, cell cycle progression and gene regulation'®!. Histones’ acetylation is
operated by two classes of enzymes: histone acetyltransferases (HATs) and histone deacetylases

(HDACG:S). In general, higher levels of histone acetylation (hyperacetylation) lead to open and
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transcriptionally active chromatin structure, while lover levels of acetylation (hypoacetylation) result

in a more compressed and transcriptionally repressed chromatin'?? (Figure 7).

HATs
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Figure 7. Schematic representation of histone acetylation mechanism. Histone’ acetylation is an epigenetic
modification that plays a pivotal role in regulating chromatin structure and gene expression. It involves the addition
of acetyl group (in green) to the specific lysine residues of histone proteins. This process is catalysed by histone
acetyltransferase enzyme (HAT, in blue) and can be reversed by histone deacetylase enzyme (HDAC, in orange).
Histone acetylation is generally associated with transcriptional activation and an open permissive chromatin state
(euchromatin). Conversely, the removal of acetyl groups by HDACs leads to a more condensed chromatin structure

(heterochromatin), which is typically associated with transcriptional repression.

Metabolites originating during glycolysis have been shown to inhibit HDAC and stimulate HAT,
which promotes an open chromatin structure!*>. This chromatin change can facilitate the
transcriptional and replication machineries triggered by oncogenes activation. Interestingly, elevation
of glycolysis was also found to facilitate DNA repair and confer cancer cells resistance to ionizing
radiation!**. Moreover, considerable amounts of evidences suggest that inhibition of glycolysis leads
to compromised DNA repair which is accompanied by energy depletion'?®. Taken together, these data
suggest a metabolic control on gene transcription and DNA integrity, mediated by epigenetic
mechanisms.

Specifically, the product of the pyruvate dehydrogenase reaction, acetyl-COA, is a substrate for
HATSs; this enzyme can actually transfer the acetyl moiety of acetyl-CoA to the lysine residues of
histone proteins!3¢.

Sunghyouk Park et al. have shown that lactate serves as a significant carbon source for the
acetylation of histones, particularly histone H4'?%, This process occurs through oxidation-dependent

metabolism, where lactate is converted into acetyl-CoA in the nucleus. Using isotopically labelled
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lactate, the researchers found that up to 60% of the carbons from lactate can be integrated into histone
H4. The incorporation of lactate into histones depends on the presence of nucleus-localized LDHA.
Specifically, inside the nucleus, LDH can facilitate the conversion of lactate into pyruvate
intermediate that is subsequently converted to acetyl-CoA by PDH. In that way lactate-derived
carbons can contribute to the level of acetyl-CoA in cells'?.

These metabolic reactions create an important functional connection between lactate and
histones’ acetylation (Figure 8). The resulting opening of chromatin structure induce enhanced
transcription of genes involved in different cellular pathways, including proliferation and DNA
repair' 37138,

Lactate was also found to be a natural inhibitor of HDAC, the enzymes that remove acetyl groups
from histones. As mentioned above, this process promotes the creation of a more relaxed, open and

139

transcriptionally active chromatin’>”. Wagner et al. have shown that higher levels of lactate such as

those detected in the uterine cervix can inhibit HDACs, inducing the hyperacetylation of H3 and H4

histones!3®

. The consequent increase in accessible chromatin was found to enhance DNA repair
activity in cervical cancer cells!*. As a consequence, the survival of some cervical cancer cells after
chemotherapeutic treatment is facilitated'?s.

In addition, researchers discovered that increased protein acetylation (including histones) is

significantly influenced by pH levels!'4?

, since it may also occur under higher pH conditions through
a non-enzymatic process'#!.

In conclusion, lactate can be utilized as a carbon substrate for the acetylation of histones. The
increased histones’ acetylation typically promotes cell proliferation, a very common characteristic in

tumour cells!'%8,
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Figure 8. Lactate as a carbon source for histone acetylation. Lactate plays an important role in histone acetylation,

serving as a key metabolic link between cellular metabolism and epigenetic regulation. This figure shown that
lactate can be used as a carbon source to produce acetyl-CoA. HATs used Acetyl-CoA as a substrate to add acetyl

groups to the histone proteins generating open chromatin and resulting in increases transcription of genes.

1.2.7  Lactate and protein lactylation

Few years ago, Zhang et al. discovered a new important modification of histones produced by

lactate!#2

. They found that lactate could be converted to lactyl coenzyme A (lactyl-CoA),
subsequently transferred to lysine residues on histones. This epigenetics modification is called histone
lysine lactylation (Kla). This discovery unveiled a direct link between cellular metabolism and
epigenetic regulation of genes expression!?’.

In 2019, during their studies, Zhang and his collaborators discovered a mass shift caused by the
addition of lactyl group (CH3-CH(OH)-CO-) to the e-amino group of lysine residues in proteins of
human breast cancer cells'?. To demonstrate that this phenomenon was caused by lactate they
performed several experiments. They used synthetic peptides to verify whether, after cell penetration,
these peptides shared any chemical characteristics with the in vivo peptide exhibiting the mass
change. Taken together the results of their experiments suggested that exogenous and endogenous
lactate is a crucial factor in causing lysine lactylation of histones. In addition, they found that

knockdown of LDH completely abrogated lysine lactylation, which further demonstrated the

dependence of this modification on lactate. They discovered 28 different lactylation sites on histones
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of human and mouse cells. Another important observation made by Zhang et al. is that lysine
lactylation differs from lysine acetylation in terms of kinetics: lactylation takes a long time (about 24
h) to reach a stable state, while acetylation only takes 6h. This finding suggests that lactylation and
acetylation are different process and happen at different times!2%142,

Like other modifications, such us acetylation, lactylation requires enzymatic activities that add
or remove the lactyl group from lysine residues. Interestingly, these modifications were found to be
operated by HATs and some HDACs!* (Figure 9). One of the HATs involved in lactylation is the
p300 enzyme; this HAT was found to display an additional activity: the ability to transfer of lactyl

group from lactyl-CoA to specific lysine residues in different proteins!?-144

. This activity was
demonstrated by inducing p300 overexpression and knockdown in pancreatic cancer cells.
Remarkably, these modifications resulted in increased or decreased levels of histone Kla,
respectively, which confirmed the involvement of p300 in this process. Furthermore, in bone marrow-
derived macrophages obtained from mice!#’, a notable reduction in histones’ Kla was observed when
the expression of p300 was suppressed. Inhibition of p300 using siRNA or the C&46 p300 inhibitor
impaired histones’ lactylation in various cell types®!:!46, Taken together, these and other studies
provided evidence that the histone acetyltransferase p300 can catalyse the lactylation of histones,
thereby regulating gene expression and cellular process depending on this modification®!-147,

Removal of lactyl groups from histones was found to be catalysed by two families of deacetylase:
HDACI1-3 (histone deacetylases 1-3), SIRT1-3 (sirtuins 1-3). These enzymes were identified during
a series of experiments, which included overexpression and knockdown of specific enzymes in
cultured living cells!?*-!48, These studies revealed that HDAC1 and HDAC3, but not HDAC2, play a
distinct and specialized role in the removal of lactyl groups from histones!'**. Instead, SIRTI can
delactylate a-myosin heavy chain (a-MHC), while SIRT3 can mediate delactylation of cyclin E2
(CCNE2)'¥®.

Histones’” modifications activate transcriptional signals that are interpreted by effector “readers”
proteins, which give rise to downstream signalling pathways and initiate different biological
process!®, At present, the identity of “readers” proteins specifically identifying lactylation sites, is
still unknown'!,

While the exact mechanisms underlying these phenomena are still being investigated, the cited
enzymes are believed to play crucial roles in regulating the presence of lactyl groups, thereby
modulating gene expression and various biological processes. However, it is important to note that
the identification of the enzymes involved in lactylation is an ongoing area of research and further

studies are needed to fully elucidate the complete set of enzymatic activities involved in this protein

modification and their specific substrates.
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Figure 9. Schematic representation of histone lactylation and of the involved enzymes. Histone lactyl transferases
(in violet), like p300, that can catalyse the addition of lactyl group from lactyl-CoA to specific lysine residues;
histone de-lactylases (in green), like HDAC 1-3 / SIRT 1-3 that are able to remove lactyl group from histones; the
“reader” proteins (in yellow) that specifically identify the lactylation and translate it into various functional effects

within the cell are unknown.

1.2.7.1  Sites of lactylation

Protein acylation was a recognized phenomenon for more than half a century. It was initially
observed on histone proteins, where it plays a fundamental role in regulating transcription!>>133,
Subsequent findings revealed that numerous other proteins can also undergo acylation on their lysine
residues'>*. Like other acylation reactions, lactylation has been observed not only on histones but also
on non-histone proteins in multiple organisms. This discovery highlighted the widespread nature of
lactylation as a post-translational modification, extending its potential regulatory functions beyond
the chromatin structure and transcriptional control®!.

Several studies have identified specific lysine residues on core histones that can undergo
lactylation, highlighting the role of metabolic changes in epigenetic regulation!>>142156 Five years

ago, Zhang and colleagues identified several Kla sites on the core histones H2A, H2B, H3 and H4
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from human HeLa cells and mouse bone marrow-derived macrophages!#?. Thereafter these specific
histone lactylation sites were identified across different cell types, organisms and experimental
conditions including mammals, protozoans, fungi and plants. These discoveries underscore the
importance of these post-translational modifications in regulating chromatin structure and gene
expression through diverse biological systems!>:157,

K18 is a major lactylation site on histone H3. H3K18 lactylation has been linked to gene
activation, macrophage polarization and cellular reprogramming!>%!>, K23 and K27 on histone H3
can also undergo lactylation®!.

Four different lysine have been identified as lactylation sites on H4: K5, K8, K12 and K168,
K199, K16 and K34 are lysine can undergo lactylation on H2A and H2B respectively®!.

The identification of these lactylation sites on histones can provide insights into the potential
roles of lactylation in regulating chromatin structure, gene expression and various biological
processes such as embryonic development, immune response and cancer progression®!:!3,

Several studies have also identified non-histone lactylation sites on different proteins distributed
in different cellular compartments including cytoplasmatic, nuclear, mitochondrial, ribosomal and
membrane proteins®!.

During their studying, Gaffney et al. recognized 350 lactylated proteins in HEK293T cells. Many
of lactylated proteins identified were enzymes involved in the glycolytic pathway such us hexokinase
1, aldolase A/C, phosphoglycerate kinase 1, enolase 1 and pyruvate kinase M'%°. These finding
suggest that enzymes involved in the glycolytic pathway are frequent targets of lactylation, which
could serve as a mechanism to regulate glycolytic flux and metabolic reprogramming!*¢. Moreover,
some specific lactylated proteins were found to play critical roles in regulating cellular activities.

Yang et al. discovered that the nuclear protein high mobility group box 1 (HMGB1) can undergo
direct lactylation upon lactate stimulation, through a mechanism dependent on the p300
acetyltransferase. The lactylation of HMGBI1 was found to trigger its translocation from the nucleus
to the cytoplasm. Specifically, the cytoplasmatic translocation of lactylated HMGB1 was proposed
to play a role in regulating different cellular processes, such us inflammation, immunity and
proliferation!6!.

The identification of the exact sites of Kla is a crucial step for understanding the molecular
mechanisms underlying lactylation. Some scientists also developed the on-line application called
FSL-Kla, which serves as a prediction model for Kla sites!'®2.

The recent discovery of Kla hights the importance of histone lactylation as a mechanism through
which lactate can influence transcriptional regulation thereby impacting on many cellular processes

including metabolic rewiring, immune modulation, cell fate determination, cancer stemness and
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senescence® (Figure 10). Similar to the other histone modifications, Kla plays an essential role in

regulating transcriptional activation®. Thus far, scientists have uncovered the importance of histone

lactylation in several key process!63-163,
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Figure 10. Implication of histone lactylation in cellular processes. Histone lactylation is a process that can
influence different important cellular mechanism such us: metabolic rewiring, senescence, immune modulation, cell

fate determination and cancer stemness. In this way, lactylation, can modify the fate of cells.

1.2.7.2  Lactylation and cancer

Histone lactylation plays a crucial role in mediating the metabolic reprogramming which is a
hallmark of cancer cells and involves alterations in cellular metabolism to support rapid
proliferation'>®. As mentioned above, cancer cells are characterized by increased glycolysis and

enhanced lactate production'®®-!167

. Lactate accumulation leads the increase of lysine lactylation of
histones?. Importantly, Kla is closely associated with enzymes that regulate key metabolic pathways
including TCA cycle, carbohydrate, amino acid, fatty acid and nucleotide metabolism'®. These
interactions can lead to changes in gene expression patterns that are critical for cellular functions and
adaptation to metabolic demands®. This suggests that lactylation may play a significant role in the
regulation of cellular metabolism?.

Emerging evidence suggests that histone lactylation may contribute to the regulation of cancer

stem cells as well as of cellular senescence, which are critical factors in tumour initiation, progression

and therapeutic resistance!%.
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Another important aspect is that cancer microenvironment is characterised by
immunosuppressive and pro-tumorigenic molecules and often it shows elevated levels of senescence
associated factors across various cancer types'®®. Although numerous studies have demonstrated that
aging plays a significant role in the development of cancer, the exact mechanisms by which histone
lactylation contributes to this process remain unclear and require additional research?.

It has been shown that in samples of human ocular melanoma elevated levels of histone
lactylation, specifically H3K19la, are identified as a poor prognosis factors in patients and are

correlated with worse outcomes!¢?

. Wei et al. found that elevated histone lactylation in endometrial
cancer stimulates malignant progression by enhancing USP39 expression, which in turn activates the
PI3K/AKT/HIF-1a signalling cascade. This epigenetic modification plays a crucial role in driving
the aggressive behaviour of endometrial carcinoma through its effects on significant cellular
pathways!”’. Furthermore, a recent study discovered that lactate has a multifaceted role in non-small
cell lung cancer (NSCLC) cells, demonstrating its capacity to simultaneously suppress glycolysis and
preserve mitochondrial homeostasis. In this study the authors observed that lactate exposure led to
decreased transcription of some glycolytic enzymes, specifically hexokinase 1 and pyruvate kinase
M. Conversely, lactate treatment resulted in increased expression of crucial mitochondrial enzymes.
These findings suggest that lactate may induce a metabolic reprogramming in NSCLC cells,
potentially shifting the balance from glycolysis towards enhanced mitochondrial activity!”!.
Another important role of lactylation is its ability to alter the immunological environment.
Lactylation has been shown to modulate the immune response, specifically in the context of
macrophage polarization and inflammation!’?. Elevated histone lactylation in tumours facilitates
immune evasion during cancer progression by promoting the polarization of M2 tissue-associated
macrophages'’3. Recent research has discovered that histone lactylation plays a role in the response
to immunotherapy?. Increased lactate production promotes the nuclear translocation of E3BP, a
component of pyruvate dehydrogenase complex. E3BP has been shown to interact with lactylated
histone. This results in increased histone lactylation and induces transcription of PD-L1'74, This
finding highlights the link between cellular metabolism, epigenetic regulation and immune evasion
in cancer. It suggests that lactate-induced histone lactylation can modulate the expression of immune
checkpoint molecules like PD-L1, potentially influencing the efficacy of immunotherapy!”.
Moreover, Zhang et al. observed elevated levels of histone lysine lactylation in tumour-
associated macrophages extracted from mice with B16F10 melanoma and with LLCI1 lung cancer

tumours #2176

. This increased of Kla was related with the polarization of tumour-associated
macrophages towards a tumour promoting M2 phenotype. Consequently, this pattern were found to

substantially contribute to tumour initiation and progression!*?.
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Lactylation was also found to be implicated in the first steps of tumorigenesis!”’ and in the
epithelial-mesenchymal transition (EMT), a crucial process in both cancer initiation and
metastasis!’®. By examining lactylation and EMT under hypoxic conditions, a recent study has
offered valuable insights into the relationship between the initiation of tumorigenesis, cancer
metastasis and histone lactylation. In tissue, hypoxic conditions trigger a significant increase in
glycolytic metabolism with a result of elevated lactate production!”. As a consequence, there was an
increase of histone lactylation, which directly promotes the expression of Snaill, a key transcription
factor. Snaill, in turn, drives EMT through the transforming growth factor B/SMAD2 (TGF-
B/SMAD?2) signalling pathway!”. This finding has important implications for understanding the
potential role of histone lactylation in cancer progression. The study highlights how
microenvironment factors, such us hypoxia, can influence epigenetic states and cellular behaviour,
potentially contributing to the initiation and progression of cancer!s.

Another study suggested that the inhibition of H3K9 and H3K 14 lactylation could potentially
reduce the onset of hepatocellular carcinoma!®’. These researches unlock new opportunities for
exploring the role of histone lactylation in cancer development and may inform future strategies for

cancer prevention and treatment.

1.2.8 Lactate and drug resistance

One of the primary challenges hindering the effectiveness of cancer treatments is the
development of intrinsic or acquired resistance. Several evidences have established a connection
between treatment failures and alterations in cellular metabolism!3!. In line with these findings, recent
research has highlighted the significant role of lactate accumulation in promoting drugs tumour
resistance!®.

Lactate plays a significant role in enhancing chemoresistance of tumour cells. In almost all
human cancer cells, there is an elevated activation of phosphatidylinositol 3-kinase (PI3K). As a
consequence, it is observed the stimulation of protein kinase B (AKT) and its downstream signalling

pathways!®3

. The activation of this pathway leads to high glucose uptake and increased aerobic
glycolysis!®4. For this reason, the development of PI3K inhibitors represents a significant and
important challenge for researchers. PI3K inhibitors are a class of targeted cancer therapies that block
the activity of this protein. Several PI3K inhibitors have been developed and investigated in clinical

trials for various cancers'®®. For example, Alpelisib was the first PI3K inhibitor approved by the U.S.
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Food and Drug Administration (FDA) in 2019 for the treatment of hormone receptor-positive, human
epidermal growth factor 2-negative, PIK3CA-mutated advance or metastatic breast cancer in
postmenopausal women and men, in combination with the endocrine therapy fulvestrant!8¢. However,
while PI3K inhibitors have shown promising results in haematological malignancies, their efficacy
in solid tumours appears more limited!%3. Therapeutic failure arise from a narrow therapeutic window
due to on-target toxicities, which necessitates the development of more specific and potent inhibitors,
as well as addressing resistance mechanisms. About the development of resistance, it was shown that
oestrogen receptor positive breast cancer cells appeared resistance to PI3K and dual PI3K/mTOR
inhibitors!®’. Moreover, through in vifro experiments it has been demonstrated that, the
supplementation of lactate can induce resistance to AKT inhibitors in colon cancer cells!®®. This
phenomenon can be mitigated by inhibiting MCT activity OXPHOS!®%. This finding suggests that
cancer cells exhibit significant metabolic plasticity, since they can evade the effects of targeted
therapies by shifting their metabolic preference towards oxidative processes. By adapting their
metabolism to utilize lactate as an energy substrate, these cells can overcome the inhibitory effects of
specific cancer treatments targeting glycolytic metabolism!®’.

Corso et. al revealed that lactate is a critical factor that stimulates cancer-associated fibroblast to
produce hepatocyte growth factor (HGF) through a nuclear factor kB-dependent mechanism. The
elevated levels of HGF were found to activate signalling mechanisms which contribute to sustained
resistance against tyrosine kinase inhibitors, a class of anticancer drugs'®®. The same drug resistance
phenomenon was observed in lung cancer patients, which underscores the clinical importance of these
findings and suggests new strategies to fight drug resistance in cancer!®’.

Moreover, Dong et. al discovered that the chemotherapeutic agent etoposide promotes a shift to
aerobic glycolysis in non-small cell lung cancer cell lines'*°. They found that elevated levels of lactate
in the extracellular environment significantly contribute to etoposide resistance by upregulating the
expression of multidrug resistance proteins (MRP). At the molecular level, lactate was found to
orchestrate the TGF-B1/Snail and Taz/Ap-1 signalling pathways, leading to the assembly of a
Snail/TAZ/AP-1 complex on the promoter region of the MRP gene. The resulting upregulation of
MRP expression was found to counteract DNA-damage and cell death. These mechanisms can inhibit
the effects of chemotherapeutic agents by enhancing the expulsion of these drugs from cancer cells!'®.

The above-described data suggest that, by increasing the lactylation of histone and of other
proteins, high levels of lactate might contribute to changes in gene expression supporting drug
resistance. In agreement with this idea, recent research has uncovered a crucial role for lactate-
induced lactylation in DNA repair and chemotherapy resistance. Specifically, lactylation of the Nibrin

(NBSI1) protein at lysine 388 (K388) was found to be essential for forming the MRE11-RAD50-
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NBS1 (MRN) complex and recruiting homologous recombination (HR) repair proteins to DNA
double-strand breaks'!. High levels of NBS1 K388 lactylation correlate with poor outcomes in
patients receiving neoadjuvant chemotherapy. Importantly, reducing lactate levels, by using LDHA
inhibitor, decreases the lactylation of this protein and this impairs DNA repair efficiency, helping to
overcome chemotherapy resistance!®!. These researches suggest that targeting lactate production
could be a promising strategy for enhancing cancer treatment efficacy.

In addition, it was shown that a high level of lactate promotes the expression of
methyltransferase-like 3 in tumour infiltrating myeloid cells through H3K18 lactylation, and this
effect is correlated with a poor prognosis in patients with colon cancer!’s. Another study suggested
that inhibition of H3 histone lactylation can reduce the tumorigenicity of liver cancer stem cells by
interfering with their ability to promote tumour growth and metastasis'®>. By blocking this
modification, the metabolic and epigenetic pathways that contribute to the aggressive behaviour of
liver cancer stem cells are disrupted, leading to decreased proliferation and increased apoptosis in
these cells!®.

These findings highlight the complex relationship between lactate metabolism and drug

resistance in cancer cells, suggesting potential strategies for overcoming chemoresistance through the

modulation of lactate.
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2. AIM OF THE THESIS

Intrinsic or acquired drug resistance is one of the major problems compromising the success of
antineoplastic treatments. This phenotype can be manifested through various mechanisms: alteration
of drug efflux or delivery, apoptosis suppression, activated intracellular survival signalling, enhanced
DNA repair, epithelial-mesenchymal transition (EMT) mediated chemoresistance, epigenetic

alteration, aberrant metabolism!®?

. In recent years, aberrant metabolism of cancer cells emerged as
significant factor affecting drug efficacy and several evidences correlated some therapeutic failures
with changes in cell metabolic asset'®*. In line with these findings, hindering the glycolytic
metabolism of cancer cells via LDH inhibition was found to overcome the resistance to

chemotherapeutic agents!®’

. While there is great interest in targeting LDH, research on effective LDH
inhibitors is still in early stages. Various small molecules have been developed to inhibit LDH;
however, none have yet received FDA approval for the clinical use in cancer treatment!®®.

As detailed explained in the Introduction, lactate (the end product of glycolysis in cancer cells)
was recently shown to play a role in regulating gene expression, in promoting the unlimited growth
of cancer cells and in facilitating metastasis.

My Ph.D. project was aimed at characterizing the effects of lactate signalling in cancer cells,
with special attention to the potential role of this metabolite in modifying the response of cancer cells
to chemotherapeutic treatments and in promoting the onset of drug resistance. This project was based
on the observation that increased lactate production is a common hallmark in several neoplastic
conditions showing acquired resistance to the applied anticancer treatment.

For my study, different model of cancer culture cells were used. My work can be structured in
five sections.

Preliminary experiments described in Section I were aimed at evaluating the impact of lactate
on the cellular response to cisplatin-induced DNA damage. For these experiments, to discriminate
between the effects potentially caused by the enhanced glycolytic metabolism of cancer cells from
those directly referable to lactate, we selected cancer cell lines able to grow in glucose deprived
conditions (L15 medium): SW620 (a model of colorectal adenocarcinoma) and HepG2 (a model of
hepatocellular carcinoma).

Section II describes a study exploring the effects of increased lactate levels on the anticancer
efficacy of doxorubicin. After exposing cancer cells to a lactate concentration similar to that
characterizing the microenvironment of neoplastic tissue, we examined whether this metabolite could

interfere with the principal mechanisms responsible for the doxorubicin antineoplastic effect.
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Experiments of Section III were devoted to highlight the potential role of lactate in reducing the
response of ER-positive breast cancer (ER+ breast cancer) cells to tamoxifen treatment. Tamoxifen
is a widely used oestrogen receptor inhibitor, whose clinical success is frequently limited by the
development of acquired resistance. To test this hypothesis, we used the MCF7 cell line (a model of
human breast cancer cell line oestrogen receptor positive, progesterone receptor positive and HER2
negative) together with a tamoxifen resistant derived sub-culture (MCF7-TAM) .

Section IV describes experiments aimed at investigating on a possible role of lactate in fostering
the constitutive activation of EGFR pathway. For this study, we used two human cell lines: MDA-
MB-231 (a model of triple-negative breast cancer) and HT-29 (a model of colon adenocarcinoma).

Section V describes a study performed in collaboration with Professor Alejandro Hochkoeppler,
(Department of Pharmacology and Biotechnologies, FaBiT, University of Bologna) and Professor
Luca Gentilucci, (Department of Chemistry, CHIM, University of Bologna), aimed at improving the
knowledge of LDH kinetic properties. This study allowed the design of peptides with specific
inhibition activity on LDHA (the major enzyme isoform in cancer cells). My contribution in this
project was to study the effects of the peptide inhibitors on the lactate production in cultured cancer

cells.
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3. SECTION I — Preliminary data:

Lactate Upregulates the Expression of DNA Repair Genes, Causing Intrinsic

Resistance of Cancer Cells to Cisplatin.

3.1 Introduction

The activated glucose metabolism of cancer cells is functional in coping with their increased
energy demand and need of metabolic intermediates, required to build-up new macromolecules!'®”-1%8,

As described in the Introduction, evidences showing a direct correlation between enhanced
glycolysis and changes in gene expression have been obtained. Indeed, the metabolic reprogramming
of cancer cells was found to impact on distinct morphological features of cancer cell nucleus!?S.

Interestingly, elevation of glycolysis seems to confer cancer cells resistance to ionizing
radiation!34, while its inhibition results in compromised DNA repair'3>,

Predictably, facilitated DNA repair could also impact on the response of cancer cells to
chemotherapeutic agents, as suggested by several evidences correlating therapeutic failures with
changes in cell metabolic asset!®.

LDH activity is a nodal point for the maintenance of the glycolytic flux of cancer cells**’. By
reducing pyruvate to lactate, LDH rapidly restores NAD+, which is needed for the first steps of
glucose metabolism. As mentioned above, this enzyme is considered an interesting therapeutic target
for developing new antineoplastic treatments and accumulating evidences show that its inhibition or
reduced expression can be successful in increasing the efficacy of chemotherapeutic agents!?>-201:202,
A possible explanation to these results resides in the block of energy metabolism potentially caused
by LDH inhibition, which hinders the highly ATP consuming reactions involved in DNA repair. A
further mechanism could be linked to the non-metabolic functions of this enzyme; in fact, LDHA was
found to be located also in cell nucleus, where it takes part in transcription complexes regulating gene
expression®®3,

With the experiments described in this preliminary study, we explored a possible direct role of
lactate in reducing the response of cancer cells to cisplatin, a chemotherapeutic treatment that induces
DNA damage. To this aim, we also verified the effect of lactate on the expression of a panel of genes
involved in DNA repair, predicting a functional interaction network between the proteins encoded by
the upregulated genes. We used cultured human cancer cells maintained in conditions allowing to

highlight a possible direct effect of lactate, ruling out interferences from other glycolytic

intermediates.
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3.2 Materials and methods

3.2.1 Cell cultures and treatments

For this study two cancer cell lines were used: SW620 and HepG2 cells. Cells were cultured in
L-15 medium supplemented with 100 U/ml penicillin/streptomycin, 4 mM glutamine and 10%
dialyzed fetal bovine serum (FBS). This medium does not contain glucose. For some experiments,
cells were also maintained in low-glucose (1 g/l) Dulbecco’s minimal essential medium (DMEM),
with standard supplementations. All the materials used for cell culture and all the reagents were
obtained from Merck unless otherwise specified. Lactate (L-isomer) was always used at a 10 mM
concentration and was administered in L-15 medium 48-72 h before experiments. Both cell cultures
were found to express the MCT1 carrier for lactate uptake?°*2%°, Cultures were routinely tested for

Mycoplasma contamination and found to be free.

3.2.2  Cell viability experiments

The effect of cisplatin (CPL, 0-50 uM) on cell viability was assessed at 24 h, in cultures
maintained in L-15 medium with or without 10 mM lactate. Results were evaluated with the neutral
red assay (NR), which allows a precise estimate of cell number??®. Before each experiment, a plot
reporting the NR absorbance values of scalar amounts of cells was obtained. These data were fitted
by using the linear regression analysis; the resulting mathematical equation was used to calculate the
number of cells at the end of experiments. SW620 and HepG2 cells (1.0 x 10%well) were seeded in
96-multiwell plates. After 24 h treatment with CPL, they were maintained 3 h at 37°C with the NR
dye, dissolved in medium at the final concentration of 30 pg/ml. Medium was then removed and the
cells were solubilized with 200 pl of 1% acetic acid in 50% ethanol. Absorbance of the solutions was

measured at A540.

3.2.3 Evaluation of abasic DNA site

The amount of abasic (AB) sites on DNA after CPL treatment was evaluated using a
commercially available assay from Cell Biolabs. This assay is based on the use of a probe (ARP)
which specifically reacts with the aldehyde group on the open ring form of AB sites?’’. SW620 cells
maintained in L-15 with or without 10 mM lactate were exposed for 90 min to CPL (0-50 uM).

Genomic DNA was isolated using the phenol/chloroform/isoamyl alcohol extraction procedure?®s.
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The recovered, water-soluble material was then treated with 2 ug RNase (Thermo-Fisher
Scientific) for 75 min at room temperature, after which the enzyme was removed by an additional
step of phenol extraction. Finally, DNA was purified by ethanol precipitation. It was dissolved in a
10 mM Tris buffer, pH 7.5, containing 1 mM EDTA at a concentration of 100 pg/ml. Reaction with
ARP was performed following the instructions of the assay’s manufacturer and the quantification of
AB sites in the experimental samples was obtained by generating a standard curve using an ARP-

DNA reference sample included in the assay. Experiment was repeated twice, with duplicate samples.

3.2.4 Immunoblotting experiments

These experiments were performed in SW620 and HepG?2 cells cultured in L-15 with or without
10 mM lactate; immunoblotting was used to assess the level of H3 acetylation, H2AX
phosphorylation (y-H2AX, a marker of DNA damage®”), TP73 and GSTP1. To assess DNA damage,
cells were exposed to 12.5 uM CPL for 1 h; medium was then removed and cultures were maintained
for additional 16, 24 and 40 h y-H2AX level was evaluated at the end of each time interval. For
immunoblotting, cells (9 x 10° in T25 flasks) were harvested and lysed in 60 pl RIPA buffer
containing protease and phosphatase inhibitors. Proteins (30-50 pg) were loaded onto 4—12% precast
polyacrylamide gel for electrophoresis and run at 170 V. Gels were blotted on a low fluorescent
PVDF membrane (GE Healthcare) using a standard apparatus for wet transfer. The blotted membrane
was blocked with 5% BSA in TBS-TWEEN and probed with the primary antibodies: rabbit anti-H3
(Cell Signaling); rabbit anti-Panacetyl-H3 (Active Motif), rabbit anti-y-H2AX (phospho-S139)
(Abcam); rabbit anti-TP73 and anti-GSTP1 (Thermo-Fisher Scientific); rabbit anti-B-actin, (Sigma-
Aldrich). Binding was revealed by a Cy5-labelled secondary antibody (goat anti rabbit-IgG, GE
Healthcare). Fluorescence of the blots was assayed with the Pharos FX Scanner (Bio-Rad) at a

resolution of 100 um.

3.2.5 Study of episomal plasmid recombination

The rate of episomal plasmid recombination in SW620 and HepG?2 cells maintained in L-15 with
or without 10mM lactate was assessed by using a commercially available kit (Norgen Biotek). This
assay is based on cell transfection with two plasmids that recombine upon entry. Recombination
efficiency can be assessed by real-time PCR, using the primer mixtures included in the assay kit,

which allow discriminating between the original plasmid backbones and their recombination product.
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Cells were seeded in a 24-well plate (2 x 10° cells/well, in duplicate) and allowed to adhere
overnight. Co-transfection with the two plasmids was performed in Lipofectamine 2000 (Thermo-
Fisher Scientific) for 5 hat 37°C. At the end of incubation, cells were washed with PBS and harvested;
DNA was isolated using the QIAamp DNA mini kit (Qiagen). 25 ng of purified DNA was used for
the real-time PCR, which was performed according to the protocol indicated by the manufacturer.

Data analysis was based on the “2Ct method and compared the level of recombination assessed

in cells to that measured in control cultures.

3.2.6 Real-Time PCR Array of DNA repair genes

This experiment was performed on SW620 and HepG2 cultures, maintained in L-15 with or
without 10 mM lactate (72 h). For comparison, a similar experiment was also performed on cultures
grown in DMEM (a medium allowing glycolytic metabolism), exposed for 16 h to 40—-80mM
oxamate (OXA), a LDH inhibitor hindering glucose metabolism?!®. RNA was extracted from
exponentially growing cells seeded in T75 flasks, using an RNA isolation kit (Merck) and was
quantified spectrophotometrically (ONDA Nano Genius Photometer). For each sample, 2 ng RNA
was retro-transcribed with the iScript gDNA Clear cDNA Synthesis kit (Bio-Rad). The expression of
DNA damage and repair genes was analysed using the DNA Damage Tier 1 H96 PrimePCR™ Assay
(Bio-Rad). Real-time PCR was conducted as indicated by the manufacturer, in a CFX96 real-time
cycler (Bio- Rad). The validation data for this array are available online at: https://www.bio-
rad.com/en-uk/prime-pcr-assays/predesignedplate/syber-green-dna-damage-tier-1-h96. The same
experimental conditions were followed also for the additional PCR assays reported in figure 14D.

The primers’ sequences used for assessing the expression of the genes reported in figure 14D.

3.2.7 Statistical analyses

All data were analysed by using the GraphPad Prism software. All results were obtained from at
least two independent experiments, performed with triplicate samples. They are expressed as mean
values + SE and have been calculated using all the data obtained from the independent experiments;

the significance level was set at p < 0.05.
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3.3 Results and discussion

3.3.1 Lactate-exposed SW620 cells showed reduced response to cisplatin

CPL was selected as a representative chemotherapeutic agent for the experiments since the
pattern of DNA damage produced by this drug has been extensively studied. CPL appeared to
potentially trigger all the principal DNA repair pathways: nucleotide excision repair, mismatch repair,
homologous recombination and non-homologous end joining?!!. Reduced response to
chemotherapeutic agents has been often correlated with increased glycolytic metabolism!®?. In order
to evidence a direct contribute of lactate in this phenomenon, we searched human cancer cell lines
able to grow in glucose deprived conditions (L-15 medium). According to the American Type Culture
Collection (ATCC) and European Collection of Authenticated Cell Cultures (ECACC) indications,
L-15 is the optimal medium for culturing the SW620 colon adenocarcinoma cells and, for this, they
were used in all the reported experiments. SW620 cells were maintained in L-15 and probed with 0—
50 uM CPL for 24 h, with or without a supplementation of 10 mM lactate. This dose of lactate was
chosen on the basis of previously published works, suggesting that in cancer cells and extracellular
milieu the concentration of this metabolite easily reaches or even overcomes this level'3®. The
obtained results are reported in Figure 11A. Data were analysed by two-way ANOVA; according to
Bonferroni’s post-test, lactate in medium significantly reduced the antiproliferative effect of 50 uM

CPL (p < 0.05).

3.3.2 The reduced response to cisplatin caused by lactate was associated with decreased

signatures of DNA damage and upregulated DNA recombination competence

To explain the data of Figure 11A, we estimated the extent of DNA damage caused by CPL in
SW620 cells grown in L-15, with or without 10 mM lactate. In the first experiment, DNA damage

was evaluated by quantifying the presence of AB sites?’’

. For this assay, cells were exposed for 90
min to 0-50 pM CPL. Results are shown in Figure 11B; they were statistically analysed using two
way ANOVA. Lactate in medium was found to significantly decrease the number of AB sites, with
p =0.0016. This experiment showed that initial evidences of DNA damage are obtained starting from
12.5 uM CPL; for this reason, this dose was also applied for assessing y-H2AX levels?* (Figures
11C,D). In the different samples, the y-H2AX band intensity was normalized on B-actin; the results

of the densitometric reading are reported in the bar graph (Figure 11D). Data were analysed by two-
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way ANOVA; Bonferroni’s post-test indicated a significantly reduced y-H2AX level in lactate-
exposed cells at the 40-h time interval (p < 0.001). Taken together, these findings suggested enhanced
competence in managing DNA damage in cells exposed to lactate. Interestingly, these cells also
displayed improved DNA recombination, which was observed independently of CPL exposure.
SW620 cultures were transfected with a couple of plasmids reproducing the LacZ sequence as a
result of their recombination. This sequence can be detected by real-time PCR. As shown in Figure
1E, lactate-exposed SW620 cells revealed an almost doubled capacity of generating the LacZ
sequence, which suggests enhanced activity of enzymes involved in the DNA recombination process.
The data of Figure 1E were obtained from three independent experiments and were analysed by
applying the paired t-test, which compared the increase measured in lactate-exposed SW620 cultures

to the recombination level measured in their respective control cultures, set to 1; p value was 0.0389.
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Figure 11. Experiments on SW620 cells. (A): Antiproliferative effects caused by cisplatin on SW620 cultures
maintained in L-15. *, p < 0.05. (B): Evaluation of AB sites in cultures exposed to scalar doses of cisplatin (0-50
uM) for 90 min, with or without 10 mM lactate. Lactate in medium was found to significantly reduce AB sites
(p=0.001). (C): Evaluation of DNA damage (y-H2AX) in cells maintained with or without 10 mM lactate and
exposed to cisplatin (12.5 uM). The densitometric reading of band intensities is shown in (D). * p < 0.001,
compared to control cultures. (E): DNA recombination competence assessed in cultures exposed to lactate. *, p <

0.05, compared to control cultures.
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3.3.3 Real-Time PCR array of DNA repair genes

To identify the DNA repair genes upregulated by lactate, we applied to SW620 cells a real-time
PCR array specifically developed to study DNA damage and repair (Tierl H-96 Prime PCR Array).
Experiment was repeated twice and the obtained results were processed with the aid of a
dedicated software. The complete list of genes included in this array, together with the internal

controls of the PCR reaction, is available at: https://www.bio-rad.com/en-uk/prime-pcr-

assays/predesigned-plate/sybr-green-dna-damage-tier-1-h96.

In evaluating the obtained results, a lower threshold at 25%-increased expression was set, since
comparable effects have been reported in previous studies examining the epigenetic effects of lactate
in different experimental settings?!2. Among the 88 genes included in the array, 12 showed a >25%
upregulation following lactate exposure; they are reported in the bar graph of Figure 12A. Results
were analysed using the column statistics’ function of the GraphPad software by applying the one-
sample t-test, which computes whether the mean of each data set is different from a given hypothetical
value (0, i.e., no change, compared to untreated cultures). All the reported data were found to be
statistically significant with the exception of the genes for Cyclin Dependent Kinase 1 (CDK1) and
for H2AX variant Histone (H2AFX). The statistically significant changes showed p values ranging
from 0.045 to 0.009.

To confirm the findings of Figure 12A, additional PCR array experiments were performed on
SW620 cells grown in DMEM. Contrary to L-15, DMEM contains glucose and allows the proceeding
of glycolytic flux up to lactate. For these PCR experiments we exposed glycolyzing SW620 cells to
40mM OXA for 16 h. As describe in the Introduction, OXA is a pyruvate analogue which specifically
inhibits LDH®®; in preliminary experiments (data not shown), we found that a 40 mM dose of this
inhibitor almost completely prevents lactate production in glycolyzing SW620 cells, without reducing
their ATP level and viability. Figure 12B shows that when glycolyzing SW620 cells were exposed to
OXA, all the 12 genes identified in the previous PCR array (Figure 12A) reduced their expression
below the levels measured in untreated, glycolyzing cells. With the exception of Flap structure-
specific Endonuclease 1 gene (FEN1), all the observed reductions were found to be statistically
significant; p values ranged from 0.039 to < 0.0001. Interestingly, in lactate deprived cultures a
statistically significant reduction was observed also for CDK1 and H2AFX.

To extend our observations, we wondered whether the changes in gene expression caused by
lactate could differ among cell types. For this reason, we searched a second culture able to grow in
the same glucose-deprived condition as SW620 cells, but from a different tissue. The HepG2

hepatoma cell line was found to tolerate the glucose-deprived L-15 medium and was then used for
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additional PCR array experiments, aimed at evaluating the expression of DNA repair genes after
lactate exposure. Results are shown in Figure 12C. In this case, we found a >25% upregulation in 9
genes and, interestingly, 6 of them were in common with SW620 cells. Results were analysed as
described for SW620 cells. In HepG2 cells, the observed upregulation reached the level of statistical
significance for all genes; p values ranged from 0.048 to < 0.0001. When these cells were maintained
in DMEM and exposed to the OXA dose preventing lactate production (80 mM) all the observed
changes were reversed, except for CDK1NA, which was further increased. The p values ranged from
0.039 to <0.0001. The antiproliferative effect caused by OXA in DMEM-cultured HepG2 cells could
explain the finding concerning CDK1NA (a cell cycle regulator).

Figure 12E shows that lactate-exposed SW620 and HepG2 cells displayed a significantly
increased level of H3 acetylation, suggesting inhibition of HDAC as the mechanism underlying the

effects observed in Figures 12A,C.
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Figure 12. Real-time PCR array of DNA repair genes. The bar graphs display genes showing a >25%-increased
expression. (A): Experiment performed in SW620 cells maintained in L-15 medium and exposed to lactate. All the
reported data were found to be statistically significant, with the exception of H2AFX and CDKI. (B).: Experiment
performed in glycolyzing SW620 cells exposed to OXA. Lactate depletion caused by OXA significantly reduced the
expression of all the genes, with the exception of FEN1. (C): Experiment performed in HepG2 cultures maintained
in L-15 medium and exposed to lactate. All the reported data were found to be statistically significant. The used
statistical analysis and the obtained p values are reported in the text. (D) Experiment performed in glycolyzing
HepG?2 cells exposed to OXA. Lactate depletion caused by OXA significantly reduced the expression of all the genes,
with the exception of CDKINA. n.d.: GSTPI1 expression was not detected in OXA exposed cells. (E) Level of H3
acetylation assessed in lactate-exposed cultures. * and **, p < 0.05 and <0.01, compared to control cultures,

respectively.
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3.3.4 Experiments on lactate-exposed HepG2 cells

Following these results, we also investigated whether a different susceptibility to DNA damage
could also be detected in lactate-exposed HepG2 cultures, as observed for SW620 cells. Due to the
compromised proliferation shown by these cells in L-15; the obtained results are reported in Figure
13. The data of Figures 13A,B were in line with those previously observed in SW620 cells. They
were statistically analysed as described for the corresponding experiments in Figures 11A, E. In the
experiment of Figure 13A, lactate was found to significantly reduce the efficacy of 25 and 50 uM
CPL (p < 0.05, according to Bonferroni’s post-test). In the experiment of Figure 13B, the plasmidic
DNA recombination detected in lactate-exposed cells was significantly increased (p = 0.045). The
study of y-H2AX (Figure 13C) showed in HepG2 cells a DNA damage signalling pattern different
from that observed in SW620 cultures (Figures 11C,D). A y-H2AX level constantly increasing over
time was observed in control cells. Lactate exposed cultures showed a constitutively higher y-H2AX
signal, which after CPL treatment peaked at 16 h. However, when compared to T = 0, its further
increase over time (fold change) was significantly lower than that measured in control cultures not
exposed to lactate: at 40 h, a 2-fold increased signal was detected in control cultures, while a 1.3-fold
increase was measured in lactate-exposed cells. Data of Figure 13C were statistically analysed as
described for the similar experiment performed on SW620 cells (Figure 11C). The increase of y-
H2AX signal (fold change) in lactate-exposed cultures was significantly lower at 24 and 40 h (p <

0.05 and 0.01, respectively, according to Bonferroni’s post-test).
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Figure 13. Experiments on HepG?2 cells. (A): Antiproliferative effects caused by cisplatin on HepG2 maintained
in L-15 and exposed to 10 mM lactate. *, p < 0.05, compared to control cultures. (B): DNA recombination
competence, assessed as described for SW620 cells. * p < 0.05. (C): Evaluation of DNA damage following CPL
exposure in cells maintained with or without 10 mM lactate and assessed by immunoblotting evaluation of y-H2AX.
The densitometric reading of band intensities is shown in (D). Lactate-exposed cells showed a constitutively higher
y-H2AX signal which, after CPL treatment, peaked at T =16 h. At later time intervals, the y-H2AX signal increase

referred to T =0 (fold change) was significantly lower in lactate-exposed cells, when compared to control cultures.

£ p < 0.05; % p < 0.0l

3.3.5 Functional interaction network of upregulated genes

The PCR array experiments allowed us to identify a cluster of 6 genes which in both SW620 and
HepG2 cells appeared to be potentially regulated through the level of this metabolite: Proliferating
Cell Nuclear Antigen (PCNA), Tumor Protein p73 (TP73), Replication Factor C subunit 4 (RFC4),
Fanconi Anemia complementation group A (FANC-A), DNA Ligase 1 (LIG1), Glutathione S-
Transferase 1 (GSTP-1). To identify the functional connections between the corresponding proteins,
we used the Search Tool for the Retrieval of Interacting Genes (STRING) database, a resource which
can be reached at: http://string-db.org. The STRING database is able to construct interaction networks

among genes, also providing a confidence score; moreover, by applying the Kyoto Encyclopaedia of
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Genes and Genomes (KEGGQG) analysis, it identifies their related biochemical pathways and cellular
functions. Figures 14A, B show the obtained results. In building the interaction network, the edges
representing gene-gene associations have been set on the highest confidence interaction score (0.9),
to increase the strength of data support. This setting resulted in the identification of a functional
network involving four of the analysed genes, which gave an interaction enrichment p value = 7.35
x 1079, Accordingly, three of the four identified KEGG pathways showed very low false discovery
rates, reported in the scheme of Figure 14B. All of them concern the interaction between LIG1, PCNA
and RFC4. Interestingly, the identified pathways include mismatch and nucleotide excision DNA
repair, which were found to be involved in cellular response to CPL damage?!!. These data can give
a mechanistic explanation to the results obtained in lactate-exposed SW620 and HepG2 cells, treated
with CPL; together with the data of Figures 11-13, they suggest that the increased gene expression
caused by lactate can result in enhanced protein function, leading to modified cell response to DNA
damaging agents. According to Figure 14A, TP3 and GSTP1 cannot be included in the gene network
involved in the response to CPL. For this reason, we analysed the level of the corresponding proteins
by immunoblotting. Results (Figure 14C) showed increased level of TP73 in both lactate-exposed
cultures, while GSTP1 protein appeared to be unchanged. GSTP1 belongs to the family of phase II
detoxification enzymes, the activity of which is commonly induced by exposition to xenobiotics?!?;
for this reason, it can be hypothesized that the upregulated GSTP1 gene expression caused by lactate
is not sufficient for obtaining enhanced protein levels.

Finally, we focused our attention on the two genes showing the highest increased expression in
lactate-exposed cells: PCNA and TP73 (Figures 12A,C). PCNA is a DNA polymerase accessory
factor playing a regulatory role in both DNA repair and replication?!*2!>, Tt was found to be
preferentially expressed in actively proliferating human cancer cells and in transformed normal cells;
moreover, it has also been widely used as a tumour marker. TP73 is a member of the TP53 family
showing prognostic significance?!®. TP73 can be translated into different isoforms with opposite
functions; in particular, the A isoform (TAp73) shows tumour-suppressor activity, while the
Dominant-Negative isoform (ANTP73) fails to induce apoptosis and cell cycle arrest. It negatively
regulates TP53 and TAp73 by acting as negative dominant. The primer sequences used for the DNA-
damage PCR assay did not allow to discriminate between the TP73 isoforms. For these reasons, an
additional PCR study was performed to characterize the phenotypic changes induced in both SW620
and HepG2 cells by lactate exposure. We analysed the expression of representative genes associated
with proliferative potential and stem cell properties. Results are shown in Figure 14D. Unfortunately,
in HepG2 cultures the only detectable genes were those of the epithelial and neural cadherins (E- and

N-CAD)?'7 and Ki67%!8, No significant changes were observed concerning E- and N-CAD; a
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significant increase was detected for Ki67 expression (p < 0.05). An upregulation of this proliferation
marker was also found in SW620 cells; in both cell lines, the increased expression of Ki67 fits well
with the data of PCNA expression. In SW620 cells, lactate was found to markedly increase E-CAD
levels and to cause reduced ANTP73. Together with the unchanged levels of the colon cancer stem
markers NANOG, SLUG and SNAIL2!Y, these effects suggest that the increased trend in cell
proliferation usually associated with Ki67 and PCNA is not characterized by phenotypic traits
suggesting cancer progression, at least in this cell model. This idea is in line with the markedly
upregulated expression of GSTP1, primarily observed in HepG2 cells (Figure 12C); the clinical
significance of this parameter was repeatedly investigated in hepatocellular carcinoma and was found
to correlate with a favourable prognosis??’. Notably, in lactate-exposed SW620 cultures a doubled
level of Aldehyde Dehydrogenase (ALDH1) was observed, suggesting that the increased resistance

of these cells to CPL could also be linked to their higher capacity to cope with oxidative stress??!.
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Figure 14. (A): Functional interaction network among the genes identified using the real-time PCR array;
downloaded from http://string-db.org. The edge thickness between protein nodes is indicative of a 0.9 confidence
score. (B): Biochemical pathways identified by the KEGG analysis. In parentheses, false discovery rates. (C):
Immunoblotting evaluation of the proteins not included in the identified DNA repair pathways. The level of TP73
was found to be increased in both lactate exposed cultures. (D): Expression of representative genes associated with
proliferative potential and stem properties, assessed in lactate-exposed SW620 and HepG2 cells. Data were
analysed using the column statistics function of the Prism software, as described for the PCR array of DNA repair
genes; ¥, statistically significant changes; p values ranged from 0.040 to 0.004. Missing bars in the graph denote
undetectable mRNA.
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3.4 Conclusion — SECTION I — Preliminary data

As described in the Introduction, lactate has an important role in linking the metabolic state of

the cell to gene expression!#138:222,

944,223 "since the metabolic

Lactate has been defined a “mirror and motor” of tumour malignancy
program characterized by increased glycolysis and lactate production supports neoplastic change and
tumour progression. Increased glycolysis is also associated with one of the most serious problems
complicating cancer treatment, the increased drug resistance!®.

A better understanding of the linkages between the drug resistant phenotype and glycolytic
metabolism is complicated by the difficulty of discriminating between a possible effect of lactate
from that of other intermediates originating from glucose metabolism, for which a role in
transcriptional regulation has also been suggested!2%133,

The experiments described in this preliminary Section attempted to address this issue. To our
knowledge, our experiments showed for the first time a direct effect of this metabolite increasing the
expression of genes needed for mismatch and nucleotide excision DNA repair, which appeared to
compromise the antineoplastic efficacy of cisplatin. Our data suggest that the increased lactate
production of cancer cells could facilitate the onset of chemotherapy resistance.

For this preliminary study, to explore a possible direct role of lactate on cancer cells, we used
cell lines able to grow in glucose-deprived conditions (L-15 medium). Since only a few cell lines can

tolerate these specific growth conditions, for the subsequent studies, we utilized alternative models

(see Section II).
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4. SECTION II

Lactate Can Modulate The Antineoplastic Effects Of Doxorubicin And Relieve
The Drug’s Oxidative Damage On Cardiomyocytes

Following the preliminary data obtained with cisplatin, we focused our attention on investigating

the potential role of lactate in modifying the response of cancer cells to doxorubicin.

4.1 Introduction

To improve neoplastic disease treatment, recent efforts have mainly focused on the development
of new-generation drugs, targeting critical pathways involved in cancer cell proliferation and survival.
However, despite the unquestionable progress achieved with these studies, the currently applied
anticancer therapeutic regimens very often continue to maintain the use of old, conventional
chemotherapeutic agents. In this context, the enduring use of doxorubicin (DOXO) in the fight against
disparate cancer diseases is exemplificative??+22>,

DOXO belongs to the family of anthracyclines and is probably one of the most effective
antineoplastic drugs ever developed, even though its potential side effects (heart muscle damage) can
limit the success of treatment??6. DOXO and its variants are currently administered as the first-choice
therapy for a variety of solid and hematologic malignancies and have also been evaluated in
combination treatments?2>-22°,

Concurrently with this extensive and long-lasting clinical use, the molecular targets of DOXO
action have been actively investigated and a number of potential antineoplastic mechanisms have
been proposed for this drug. Some of these postulated mechanisms are probably not relevant for the
antineoplastic effects observed in clinics since they were documented at DOXO concentrations far
above those reached in the blood circulation of treated patients. Others were observed at clinically

relevant drug doses??’2%°

. Among these, the best characterized are topoisomerase-2 (TOP2)
poisoning, free radical generation, ceramide overproduction and histone eviction. In addition to
contributing to DOXO antineoplastic action?*’, free radical generation is also considered to be
involved in heart muscle damage?*!, often hindering an adequately lasting treatment. Histone eviction
from nucleosomes results from the well-documented capacity of DOXO to intercalate between DNA

bases??’; DOXO intercalation causes torsional stress in the DNA helix, leading to H2A/H2B
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dissociation. This event could be involved in the antineoplastic effects and could also explain the

extensive alteration in transcriptome observed in cells exposed to DOXO or to its variants®*2,
Changes in cell transcriptome can also be linked to cellular metabolic asset since intermediates

originating from energy metabolism reactions have been found to alter histone acetylation and

chromatin structure?®3

. As mentioned before, lactate is one of the most studied metabolite showing
the potential of altering gene expression. Through histone lactylation, lactate can function as a sensor
able to transduce metabolic changes into stable gene expression patterns!4?. As described in Section
I, preliminary experiments showed that lactate has the potential to reduce the antineoplastic efficacy
of cisplatin, an effect linked to the increased expression of genes involved in repair pathways typically
associated with managing DNA alterations caused by this drug.

The experiments reported in this Section investigated whether lactate could interfere with the
principal mechanisms responsible for the DOXO antineoplastic effect, considering the transcriptional

changes potentially caused by the joint action of both compounds. The experimental outline is

summarized in the following Scheme 1:

High

MDA-MB-231
CaCo2 I » | Similar response _l
Cultures with
different + DOXO —p] Different DNA damage Changed .

lactate production response gene expression
Low MICF7 + LACTATE - | Implications for

' cancer treatment

Study in

cardiomyocytes

Scheme 1. Experimental outline.
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4.2 Materials and methods

4.2.1 Cell cultures and treatments

For this study four different cell lines were use: MCF7, MDA-MB-231, CaCo2 and H9c2 cells
(ATCC, Manassas, VA, USA). All these cell lines were grown in low-glucose (1 g/1) DMEM,
supplemented with 100 U/mL penicillin/streptomycin, 2 mM glutamine and 10% FBS. All the
materials used for cell culture and all the reagents were obtained from Merck unless otherwise
specified. Lactate (L-isomer) was dissolved in the culture medium at a 20 mM concentration; before
DOXO treatment, MCF7 and H9c2 cell cultures were exposed to 20 mM lactate for 72 h. DOXO
(Selleckchem) was dissolved in dimethyl-sulfoxide (DMSO). In DOXO including experiments, the
culture medium was supplemented with 0.6% DMSO.

Differentiation of H9¢2 cardiomyocytes was induced when cells reached 80% confluence; to
this aim, cells were maintained for 10-11 days in DMEM with 1% FBS and supplemented daily

with 10 nM retinoic acid (Enzo Life Sciences). Mycoplasma contamination and found to be free.

4.2.2  Assay of lactate levels

Cells (5 x 10/well) were plated in triplicate in 6-well plates and left to adhere overnight. The
medium was then replaced with Krebs—Ringer buffer and the released lactate was measured after 2—
4 h incubation at 37 °C. In particular, at the end of incubation, 200400 pL of Krebs—Ringer buffer
was withdrawn, brought to 1 mL with H20 and mixed with 200 pL of 20% CuSOs4; 200 mg di
Ca(OH), were then added, and the tubes were maintained for 30 min at room temperature. After a 5
min centrifugation at 4000 rpm, 200 pL of the supernatant was placed in conical glass tubes
containing 1.25 mL of 96% H>SO4, vortexed and boiled for 5 min at 100 °C. The samples were then
placed on ice and added with 6.4 pL of 4% CuSO4 and 5 pL of phenyl-phenol. After 30 min
incubation at 37 °C and 1.5 min of boiling, they were left to cool at room temperature. The absorbance
was read at A 565, and the amount of lactic acid in the samples was calculated with the aid of a

calibration curve prepared with known amounts of sodium lactate.
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4.2.3 Immunoblotting experiments

Immunoblotting was used (a) to evidence DOXO-induced DNA damage, which was assessed
with histone 2AX phosphorylation (y-H2AX, an established marker of DNA damage®”); (b) to
evaluate, in treated cells, the levels of LDHA, glucose-regulated protein 94 (GRP94, also known as
heat shock protein 90B), superoxide dismutase 1 and 2 (SOD1, SOD2) and single-strand selective
monofunctional uracil DNA glycosylase (SMUG1); (c) to assess the level of acetylated histone 3 in
lactate-exposed MCF7 cells.

For evidencing y-H2AX, LDHA and GRP94 proteins, the cell cultures were exposed to 1 uM
DOXO from 0 to 24 h. SOD1, SOD2 and SMUGT! proteins were evaluated in control and lactate-
exposed MCF7 cells treated with 1 uM DOXO for 4 h, followed by a 16 h recovery time.

In all immunoblotting experiments, at the indicated times after treatment, cell cultures (T-25
flasks, at 80% confluence) were harvested and lysed in 50 uL. RIPA buffer containing protease and
phosphatase inhibitors. Then, 60 pg of protein (measured according to Bradford) was loaded onto
precast 4—12% polyacrylamide gels for electrophoresis and run at 170 V. The separated proteins were
blotted on low-fluorescent PVDF membranes (Cytiva Life Sciences, Milano, Italy) using a standard
apparatus for wet transfer with an electrical field of 60 mA for 16 h. The blotted membranes were
blocked with 5% BSA in TBS-Tween and probed with the primary antibody. Actin was used as a
loading control in all experiments, with the exception of those performed in MCF7 cultures and

233 we observed

requiring long exposure times (=6 h) to DOXO. In agreement with published data
that long DOXO exposures changed the actin level in MCF7 cells; in these cases, constitutive heat
shock 70 (HSC70) was the selected internal control protein. For each immunoblotting experiment,
the used internal control protein can be verified from the Figures (Figures 15, 17, 18, 20 and 21) by
referring to the indicated molecular weights (38—49 kDa and 62-98 kDa for actin and HSC70,
respectively). The used antibodies were: rabbit anti-human y-H2AX (phospho-S139) (Abcam); rabbit
anti-rat y-H2AX (phospho-S139) (Cell Signaling); rabbit anti-LDH-A (Cell Signaling); rabbit anti-
GRP94 (Cell Signaling); rabbit anti-histone-3 (Cell Signaling); rabbit anti-panacetyl-histone-3
(Active Motif); rabbit anti- human and rat SOD1 (Cohesion Bioscience); rabbit anti-human and rat
SOD2 (Cohesion Bioscience); rabbit anti-SMUG1 (Cohesion Bioscience); rabbit anti-Actin (Merck);
and rabbit anti-HSC70 (Enzo Life Sciences). Binding was revealed using a Cy5-labelled secondary
antibody (goat anti-rabbit-IgG, Cytiva Life Sciences). The fluorescence of the blots was assessed
with the Pharos FX Scanner (Bio-Rad) at a resolution of 100 um. The intensity of the bands was

evaluated using the ImageJ software methods.
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4.2.4 Evaluation of oxidative stress

Oxidative stress was evaluated using a 2',7'-dichlorofluorescin diacetate (DCF-DA) assay. After
cell entry, in the presence of ROS, this probe is oxidized to highly fluorescent dichloro-fluorescein
(DCF)*4,

Control and lactate-exposed MCF7 cells were grown on coverslips in 6-well plates and treated
for 2 h with 1 uM DOXO. After washing with PBS two times, the cells were incubated at room
temperature in the dark for 25 min with 10 pM DCF-DA dissolved in PBS. Cultures were then quickly
washed with PBS and mounted with a solution of Hoechst/DABCO (1:200). The samples were
observed using a Nikon epifluorescence microscope equipped with filters for Hoechst and FITC.
Cells showing a bright and intense fluorescence were counted as positive, whereas cells having no or
low fluorescence were counted as negative. For each sample, 500-700 cells were counted by two
independent observers. A similar experiment was performed using proliferating and differentiated
HO9c2 (D-H9c2) cells. In this case, the control and lactate-exposed cells were treated with 1 uM
DOXO for 16 h.

In a further experiment, oxidative stress in DOXO-treated MCF7 cells was evaluated by
measuring 8-hydroxy-2-deoxy guanosine (8-OHdG), a marker of DNA oxidative damage, generated
by reactive oxygen and nitrogen species?*®. A commercially available competitive ELISA test was
used (Abcam) following the manufacturer’s protocol. Control and lactate-exposed MCF7 cells were
treated with 1 uM DOXO for 2 h. Genomic DNA was isolated using the phenol/chloroform/isoamyl
alcohol extraction procedure®®®. DNA was digested using Nuclease P1 (New England BioLabs) in 50
mM sodium acetate pH 5.5; the pH was then adjusted to 7.5-8.5 using 1 M TRIS. For each sample,
100 ng of DNA was incubated at 37 °C for 30 min with 1 unit of alkaline phosphatase. Samples were
then boiled for 10 min and placed on ice until used. For the ELISA procedure, they were diluted to a
final DNA concentration of 500 ng/mL, and 25 ng samples were used for the assay. At the end of the
procedure, absorbance was measured using a Victor plate reader (PerkinElmer) with a wavelength of

450 nm.

4.2.5 Real-Time PCR

This experiment was performed in control and lactate-exposed MCF7, MDA-MB-231 and
CaCo2 cells to evaluate the expression of inducible heat shock protein 70 (HSP70), GRP94 and TNF
receptor-associated protein 1 (TRAP1, the mitochondrial form of HSP90). Exponentially growing

cells from T25 flasks were used. In a further, different experiment, control and lactate-exposed MCF7
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cells were treated with 1 pM of DOXO for 4 h followed by a 16 h recovery. RNA was extracted using
a RNA isolation kit (Merck) and was quantified spectrophotometrically (ONDA Nano Genius
Photometer). Retro-transcription to cDNA was performed using a Revert Aid First Strand cDNA
Synthesis Kit (ThermoFisher) in different steps: 5 min denaturation at 65°C, 5 min annealing at 25°C,
1 h retro-transcription at 42°C and 5 min at 70°C. A real-time PCR (RT-PCR) analysis was performed
using 20 ng cDNA, SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and different primer
mixtures. All the primers used for the PCR experiments were predesigned and obtained from Merck.
For all genes, the annealing temperature of the primers was 60°C, and the thermal cycler (CFX96 TM
Real-Time System, Bio-Rad) was programmed as follows: 30 s at 95°C, 40 cycles of 15 s at 95 °C

and 30s at 60°C. The data from RT-PCR experiments were analysed by applying the 274ACT

method?3°.

4.2.6 Quantification of TOP2A:DNA covalent complexes

To assess a possible increase in TOP2A:DNA complexes after DOXO treatment, the in vivo
complex of the enzyme assay?}’ was followed, with some modifications. Specifically, control and
lactate-exposed MCF7 cells (T-25 flasks, at 80% confluence) were treated with 1 uM DOXO for 24
h. After treatment, the medium was removed and 3 mL of 1% Sarkosyl in 1X TE pH 7.5 (10 mM Tris
HCIpH 7.5, 1 mM EDTA) was added to the flasks. The addition of the anionic detergent caused cell
lysis and stabilization of the DNA—protein complexes, which became measurable. Cell lysates were
sheared with a syringe equipped with a 25G gauge needle, and the final volumes were then increased
to 10 mL with 1% Sarkosyl solution. Sheared lysates were gently stratified onto 3 mL of 9 M CsCl,
dissolved in H20 in 13.5 mL Quick-Seal centrifuge tubes (Beckman Coulter, Pasadena, CA, USA)
and centrifuged (121,900x g for 21 h at 25°C). The pelleted material containing DNA and bound
proteins was washed once with 500 pL of 70% ethanol, air-dried to remove ethanol, dissolved again
in 200 pL 1X TE buffer pH 7.5, left overnight at 4°C and then incubated in a water bath at 65°C for
5 min to complete resuspension.

The DNA concentration of the samples was measured; scalar amounts of DNA (0-5 pg) were
diluted to a final volume of 200 pL with 1X TE buffer and applied on a PVDF membrane (Cytiva
Life Science) using a dot-blot apparatus (Bio-Rad). The blotted membrane was blocked with 5% BSA
(in TBS-TWEEN) for 1 h and probed with the primary antibody (rabbit-anti-topoisomerase II alpha,
Abcam). Binding was revealed using a Cy5-labelled secondary antibody (goat anti-rabbit-IgG, Cytiva
Life Sciences). The fluorescence of the blots was assessed with the Pharos FX Scanner (Bio-Rad) at

a resolution of 100 pm. The results were evaluated with densitometry using the Protein Array

67



Analyzer in ImagelJ software with the aid of the Gilles Carpentier’s Dot-Blot-Analyzer macro. This

macro is available at http://rsb.info.nih.gov/ij/macros/toolsets/Dot%20Blot%20Analyzer.txt.

4.27  Cell proliferation

These experiments were performed in control and lactate-exposed MCF7 cultures and in an
MCEF7 subclone grown in the presence of 20 mM lactate for at least 6 months (LAC-MCEF7). Cells
(20 x 10* cells/well) were plated in clear bottom 96-well white plates, left to adhere overnight and
then exposed to scalar doses of DOXO (0—8 uM) for 24-48 h. At the end of treatment, cell
proliferation was assessed with the detection of ATP levels using the CellTiter-Glo Assay (Promega).

A Fluoroskan Ascent FL reader was used to evaluate the plates’ luminescence.

4.2.8 Statistical analyses

All data were analysed as described in paragraph 3.2.7 in Materials and methods of Section 1.
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4.3 Results and discussion

4.3.1 Enhanced lactate levels modified the DNA damaging effects caused by DOXO

The primary model used for our study was the MCF7 breast cancer cell line. Chemotherapeutic
treatments based on DOXO are a frequent therapeutic option for patients diagnosed with breast
cancer?®, and MCF7 cultures are among the most studied models for this neoplasm. These cells are
characterized by moderate-level glycolysis, which allows to easily evidence lactate-induced cell
changes following exogenous administration of increased amounts of this metabolite. To highlight a
possible role of lactate in modifying DOXO antineoplastic action, MCF7 cultures were routinely
grown with 5 mM glucose and exposed to 20 mM lactate, added to the medium 72 h before
experiments. This lactate concentration fits well with the level of metabolite usually assessed in the
microenvironment of neoplastic tissues'*®. The data obtained from MCF7 cultures exposed to lactate
and treated with DOXO were compared with results obtained for the MDA-MB-231 and CaCo2
cultures. MDA-MB-231 cells are a widely used model of drug-resistant breast cancer?*®. The CaCo2
culture was selected as representative of a neoplastic disease from a different tissue, for which
DOXO-based treatment is a frequent therapeutic option?*, As shown in Figure 15A, both these
cultures were characterized by significantly increased levels of glycolysis and lactate production
compared to MCF7 cells (p < 0.01 at both 2 and 4 h).

In the first experiment, the three cell cultures, together with lactate-exposed MCF7 cells, were
treated with 1 pM DOXO, and the drug-induced DNA damage was assessed at different times using
an immunoblotting evaluation of y-H2AX?%. The results are shown in Figure 15B, C. Interestingly,
all the cultures exposed to higher lactate levels (derived from either constitutively increased
glycolysis rate or exogenous administration) appeared to respond similarly to DOXO treatment. In
contrast, they showed an appreciably reduced DNA damage signal compared to MCF7 cultures at 2
and 6 h. In lactate-exposed MCF7 cells, the increase in y-H2AX band intensities measured at these
time intervals after DOXO treatment was 2.4- and 1.8-fold lower than that measured in DOXO-
treated control MCF7 cells (p < 0.01 and < 0.05 at 2 and 6 h, respectively). Conversely, the fold
increase in the DNA damage signal assessed at 16 and 24 h appeared to be significantly higher in the
lactate-exposed MCF7 culture (2.2-fold at 24 h with p < 0.05) (Figure 15C).

The immunoblotting experiment shown in Figure 15B,C also investigated the changes in LDHA
level during the phase of DOXO treatment. As well known, DNA damage triggers glycolysis'3* since
increased ATP levels are required for the repair reactions. Interestingly, parental MCF7 and MDA-
MB-231 cells showed progressively enhanced LDHA levels, in relation to the timing of DOXO
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exposure: in the case of MCF7 cells, a =2.3-fold increase was measured at both 16 and 24 h (p <
0.05). This increase appeared to be linked to lactate levels since it was undetected in lactate-exposed
MCF7 cells and in CaCo2, the cell line showing the highest rate of lactate production (Figure 15A).
This result could be interpreted as a feedback regulation mechanism induced by elevated lactate levels
in the medium. Increased LDHA is expected to lead to higher lactate production, which could
potentially affect cell response to DOXO. The viability experiments described below (see Section
4.3.5) showed no difference between lactate-exposed MCF7 cells and their parental culture treated
with DOXO for 24-48 h. This result suggests that the evidenced glycolytic flare (Figure 15B, C)

could play a role in equalizing the drug response of the two cell cultures in the long term.
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Figure 15. (A) Assay of lactate levels. Lactate released in the medium was assessed as described in the Materials
and Methods section. Data were analysed using ANOVA. A statistically significant difference was confirmed by
comparing MDA-MB-231 and CaCo?2 cells with MCF?7 cells. ** p < 0.01. (B) Time course showing DNA damage
and LDHA expression caused by DOXO in the cell cultures. DNA damage was assessed with y-H2AX. The
densitometric reading of the bands is shown in (C). For both the evaluation of DNA damage and LDHA levels, we
compared the data of parental MCF?7 cells with those obtained in lactate-exposed cultures using the multiple t-test
analysis in GraphPad. For y-H2AX, a statistically significant difference was found at all the examined intervals. *

’

p <0.05; ** p <0.01. The level of LDHA was found to be increased in parental MCF7 cultures from 6 h onwards,
with p < 0.05.
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4.3.2 Enhanced lactate levels reduced free radical generation caused by DOXO

According to the data shown in Figure 15B, lactate exposure appeared to reduce the early DNA
damage (2—6 h) caused by DOXO. For their rapid onset, the DNA damage signatures detected in
parental MCF7 cells at this time could be attributed to drug-induced oxidative stress, a mechanism
mainly accounting for the detrimental side effects of DOXO?. This hypothesis is also in agreement
with the notion that cancer cells with activated glycolysis (such as MDA-MB-231 and CaCo2 cells)
usually show protection against oxidative stress?*!. This was verified with the experiments shown in
Figure 16.

Non treated and lactate-exposed MCF7 cells were grown on glass slides and treated with 1 uM
DOXO for 2 h, and ROS generation was visualized after applying a DCFH-DA probe. The labelled
cells were identified on pictures taken using a microscope after merging the fluorescent DCF signal
with Hoechst nuclear staining (Figure 16A). In agreement with the data obtained with the
immunoblotting evaluation of y-H2AX, the bar graph in Figure 16B shows that lactate exposure
resulted in a significantly dampened ROS generation in DOXO-treated MCF7 cells: the percentage
of labelled cells in control cultures was reduced to about one-third by lactate (42 % vs. 14%, p <
0.01).

Additional evidence for the reduced ROS generation in lactate-exposed cells was achieved with
the experiment shown in Figure 16C. As well documented, ROS can modify guanine bases in DNA,
giving rise to 8-OHdG. This modified guanine is considered an oxidative stress biomarker?3.

Moreover, 8-OHdG easily forms base pairs with thymidine, and this property could contribute
to the mutagenic activity of DOXO?°, The bar graph in Figure 16C shows that DOXO treatment
caused a ~38% increased level of 8-OHdG in parental MCF7 cells, while only an =11% increase was
detected following lactate exposure. The subsequent step in our experiment was aimed at identifying
possible molecular mechanisms underlying the oxidative damage protection effect observed in

lactate-exposed cells.
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Figure 16. Oxidative stress evaluation in control and lactate-exposed MCF?7 cells. (A) Microscopic view of
DOXO-treated cells exposed to DCF-DA; original magnification: 600X%. In these cells, DCF-DA treatment
resulted in a diffuse cytoplasmic fluorescence, and lactate exposure caused a dampened, but still diffuse
fluorescence. For this reason, labelled cells were identified in merged pictures, as indicated with white asterisks.
The percentage of labelled cells is shown in the bar graph (B). A statistically significant difference was found
between control and lactate-exposed MCF?7 cells. (C) Results of the ELISA assay performed to evaluate 8§OH-
deoxyguanosine in the DNA of DOXO-treated cells; this oxidative stress marker appeared to be significantly

reduced in lactate-exposed cells. **, p < 0.0.

4.3.3 Involvement of the stress response

Recently published studies showed that in tumour cells, high lactate production is often
associated with stress protein overexpression and radio-resistance?*>2%3; on the contrary, depletion of
lactate by LDH inhibition or knockout was found to impair stress response and promote cell
sensitivity to ionizing radiation?**. The application of ionizing radiation in tissues is typically
followed by the induction of oxidative stress and ROS generation?#’; therefore, we hypothesized that

the results observed in lactate-exposed MCF7 cells (Figures 15 and 16) would be mediated by a
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lactate-induced stress response. For this reason, we verified whether the increased lactate levels in
MCF7 cells could promote the expression of three stress proteins, for which a role in the protection
from DNA damage induced by oxidants is well documented: inducible HSP70 and two members of
the HSP90 family, GRP94 and TRAP12?46-2%8, Furthermore, in previous studies, HSP70 and GRP94
were found to be linked with glycolytic metabolism, and their increased levels were associated with
poor survival and worse prognosis in breast cancer?+-2%,

Figure 17A shows the mRNA level of the selected stress proteins as assessed using RT-PCR for
all cultures used in the experiments shown in Figures 15 and 16. No difference was observed between
the used cell lines concerning HSP70 and TRAPI. In the cultures characterized by high lactate levels,
the only observed upregulation was in GRP94 mRNA, for which a =3-fold increased expression was
measured in MDA-MB-231 and CaCo2 cells compared to the MCF7 culture. A modest but
statistically significant increase was also observed in lactate-exposed MCF7 cells compared to their
parental culture. However, when GRP94 levels were evaluated using immunoblotting (Figure 17B),
the differences between the cell lines appeared to be clearly decreased, and no statistically significant
finding was observed in lactate-exposed MCF7 compared to their parental culture. Since stress
protein mRNAs are expected to be translated mainly as a consequence of harmful stimuli, the
immunoblotting evaluation of GRP94 was repeated in DOXO-treated cells using the same conditions
applied in the experiments shown in Figure 15B. The results are shown in Figure 17C,D. Again, no
evident difference was observed between lactate-exposed and parental MCF7 cells. This was also
shown by the levels of band intensities measured after 24 h of DOXO exposure, which, for all four

cell cultures, were related to the GRP94 band intensity measured at T = 0 (Figure 17D).
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Figure 17. Evaluation of the stress-mediated response in DOXO-treated cell cultures. () mRNA expression level
of three stress proteins involved in the protection against oxidative DNA damage. Compared to MCF7 cells, GRP94
mRNA was found to be significantly increased in MDA-MB-231 and CaCo2 cells, as evaluated using the multiple
t-test analysis in GraphPad. A lower extent increase was also observed in GRP94 lactate-exposed MCF'7 cultures.
(B) Level of GRPY4 protein as assessed using immunoblotting. No direct effect of lactate was observed. (C,D) Level
of the GRP94 protein assessed in DOXO-treated cells. Again, no direct effect of lactate was observed. * and **, p
< 0.05 and 0.01, respectively, compared with MCF7 cells.

Taken together, the experiments shown in Figure 17B, D suggest that, compared to MCF7 cells,
the highly glycolyzing cultures express a slight but statistically significant level of the GRP94 protein.
However, the data obtained from lactate-exposed MCF7 cultures suggest that this finding cannot be
simply explained by the increased lactate level.

From all the experiments shown in Figure 17, we concluded that the three considered stress
proteins are not involved in the oxidative damage protection observed in DOXO-treated and lactate-
exposed MCF7 cells (Figure 16) or in the different time courses of DOXO-induced DNA damage

shared by all the cultures characterized by increased lactate levels (Figure 15B, C).

74



4.3.4 Changes in gene expression following lactate and DOXO administration in MCF7 cells

Both lactate and DOXO have the potential to modify gene expression!4142.203.222.229 1 actate was
originally shown to increase histone acetylation'®, and, as shown in Figure 18A, this effect was also
evidenced in lactate-exposed MCF7 cells. On the other hand, for its capacity to intercalate between
DNA bases, DOXO was shown to cause the dissociation of histones/DNA complexes??’. For these
properties, the combined action of these two molecules can be expected to have a significant impact
on cell transcriptome. As a following step, to explain the results shown in Figures 15 and 16, we next
verified whether lactate could modify the expression of a number of genes involved in the oxidative
stress response in MCF7 exposed to DOXO treatment. Figure 18B, C shows the results of RT-PCR
experiments aimed at evaluating the expression levels for a panel of genes involved in both oxidative
damage repair (B) and protection (C). For these experiments, control and lactate-exposed MCF7 cells
were treated with 1 pM DOXO for 4 h; mRNA extraction for RT-PCR was performed after an
additional 16 h rescue time. As expected, both DOXO and lactate appeared to affect gene expression
levels, sometimes in opposite ways. When evaluating these results, we only considered genes
showing upregulation caused by both lactate and DOXO and for which the combination of the two
compounds resulted in a statistically significant increased gene expression. This criterion, designed
to provide stronger evidence of the combined effect of the two compounds, was satisfied by three
genes: SMUG1, SOD1 and SOD2. The level of these proteins was further analysed in treated cells
using immunoblotting; the results are shown in Figure 18D, E. When given to MCF7 cells
independently, lactate and DOXO did not affect SOD1 and SOD2 protein levels, which, however,
appeared to be significantly increased in cells receiving the combined treatment (=1.5 fold compared
to control MCF7 cultures). After the immunoblotting evaluation, SMUGT appeared to be split into
two bands, compatible with two of the five isoforms described for this protein®!. The higher
molecular weight band is compatible with isoform 1 (NCBI Reference Sequence: NP_055126.1),
whereas the lower is compatible with isoform 3 (NCBI Reference Sequence: NP_001338187.1).
Isoform 3 originates from an alternative mRNA splicing and is missing part of the terminal sequence
of SMUGI. Interestingly, the missing region contains amino acids found to participate in the
catalytical reaction of SMUG/. For this reason, this protein isoform is expected to have compromised
catalytic activity. When the band intensities of the two isoforms were analysed together, no significant
difference was observed between untreated and lactate/DOXO exposed cultures. After evaluating the
relative abundance of the two SMUGT isoforms, for the cells exposed to DOXO single treatment, we
found a marked increase in the isoform 1 band, which reached 42% of the total protein signal, a value

~7-fold higher than that observed in untreated cultures. Lactate was found to counteract the effect of
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DOXO on SMUGI isoforms, and in cells exposed to the combined treatment, the more functional

1soform of SMUG1 was =3-fold lower than measured in DOXO-treated cultures.
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Figure 18. Changes in gene expression caused by the combined treatment lactate/DOXO0 in MCF?7 cultures. (4)
Lactate-exposed MCF7 cells showed a 30% increased level of histone-3 acetylation, suggesting changes in gene
expression. The expression of a group of genes involved in oxidative damage repair (B) and protection (C) was
then assessed in MCF7 exposed to lactate/DOXO. Statistically significant changes were evaluated using the
multiple t-test analysis in GraphPad. (#) indicates a reduced gene expression following DOXO treatment compared
to the untreated cultures: a result excluding a contribution of these genes to the effects shown in Figures 15B,C and
16. SMUGI, SOD1 and SOD2 mRNA (red boxes) were found to be significantly increased with the combined
lactate/DOXO treatment, and the levels of the corresponding proteins were analysed using immunoblotting (D,E).
A statistically significant increase caused by the combination lactate/DOXO was confirmed for SODI and SOD2
(D) (* p < 0.05, compared to lactate and DOXO single treatments). In the case of SMUG1, a change in the protein
isoforms caused by DOXO was observed, which was significantly counteracted by lactate (*, p < 0.05). (F) The
level of UGCG mRNA was significantly increased by DOXO, but no effect of lactate was observed for this marker
of DOXO resistance. * p < 0.05.
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This observation suggests that despite the evidently increased SMUG1 mRNA expression found
in cells exposed to the lactate/DOXO treatment, this protein should not be relevant to the oxidative
damage protection observed in the cultures exposed to the combined treatment. In conclusion, and on
the basis of our results, the observed protective effect can be only ascribed to the increased levels of
SOD1 and SOD2. These findings provide a mechanistic explanation for the results observed in the
experiments shown in Figures 15B, C and 16.

Finally, the bar graph in Figure 18F shows a RT-PCR experiment aimed at evaluating the
combined effect of DOXO and lactate on UDP-glucose ceramide glucosyltransferase (UGCG).
UGCQG (also cited as glucosylceramide synthase, GCS) is a rate-limiting enzyme in the synthesis of

252 and its increased expression correlates with resistance to DOXO and

glycosylated sphingolipids
other chemotherapeutic agents?>. Figure 18F shows that DOXO treatment caused a =<75% increased
expression of UGCG; lactate did not affect the expression of this gene either when given as a single
treatment or in combination with DOXO. From this experiment, we concluded that lactate should not

impact the UGCG-based mechanism underlying DOXO resistance.

4.3.5 DOXO-induced TOP2 poisoning in lactate-exposed MCF7 cells

TOP2 poisoning inhibition is considered the main antineoplastic mechanism of DOXO. TOP2
corrects DNA tangles that occur during replication and transcription by cleaving and resealing the

254 DOXO intercalates in DNA strands and prevents the resealing of cleaved sites, thus

filaments
causing DNA double-strand breaks®>. Specifically, TOP2A is the enzyme isoform found to be
essential for cell proliferation, while TOP2B is mainly required for nervous tissue development. In
DOXO resistance, an involvement of TOP1 was also described®®, and this form is also engaged in

257 To assess whether lactate and

removing DNA supercoils during transcription and replication
DOXO can affect the expression of topoisomerase genes, an RT-PCR assay was performed using the
same treatment schedule used for the experiments shown in Figure 18. The results (Figure 19A)
showed a significantly increased expression of all three cited topoisomerase forms in DOXO-treated
cells; no contribution related to lactate emerged in this experiment. To confirm that lactate does not
affect the primary antineoplastic mechanism of DOXO, a dot-blot assay was performed to evaluate
DNA-TOP2A complexes in control and lactate-exposed MCF7 cultures treated for 24 h with 1uM
DOXO. The results are shown in Figure 19B, C. For this experiment, samples containing scalar doses
of DNA were used. The dot fluorescence was analysed with ImagelJ software using the built-in dot-

blot-analyser macro (see paragraph 4.2.6), which allowed us to obtain the heatmap shown in Figure

19C. For each DNA sample, the signal given by the DNA-trapped TOP2A in DOXO-treated cells
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was normalized on the respective untreated control and plotted on a graph. As shown in the graph in
Figure 19C, the values for the fluorescence intensity ratios measured in control and lactate-exposed
MCF7 cells did not show significant differences, suggesting that the level of TOP2A inhibition
caused by DOXO in lactate-exposed cultures is superimposable to that observed in control MCF7
cells.

Finally, we performed cell viability experiments to evaluate the anti-proliferative effect of
DOXO in control and lactate-exposed MCF7 cells. Again, no difference was observed between the

two cultures at either 24 or 48 h (Figure 19D).
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Figure 19. TOP2A inhibition assay. (A) The level of mRNA in three topoisomerase isoforms was assessed in MCF7
cells exposed to lactate/DOXO treatment. When administered singularly, DOXO caused a statistically significant
increased expression of the mRNAs (**, p < 0.01, as evaluated using the multiple t-test analysis in GraphPad).
Lactate co-administration did not significantly change the effects of DOXO. (B) Dot-blot image obtained using a
functional TOP2A4 assay; (C) heatmap showing dot fluorescence obtained with the aid of ImageJ sofiware. The
built-in dot-blot-analyser macro in ImageJ allowed us to obtain the densitometric evaluation shown in the graph.
(D) Cell viability assay performed on control and lactate-exposed MCF'7 cells treated with scalar doses of DOXO
for 24 and 48 h. In this experiment, a clone of MCF?7 cells grown with 20 mM lactate for > 6 months was also used
(LAC-MCF7). The short exposure to lactate did not affect the antiproliferative activity of DOXO, which appeared
significantly reduced in LAC-MCF7 cultures. *, p < 0.05, as assessed using multiple t-test analysis.

Taken together, the described experiments suggest that lactate should not impair the primary

antineoplastic mechanism of DOXO, at least when lactate is administered using a short-term exposure
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before DOXO treatment. Interestingly, for the experiments shown in Figure 19D, we also used an
MCF-7 sub-culture that was adapted to grow in the presence of 20 mM lactate for about 6 months
(LAC-MCF7). As shown in the Figure 19D, LAC-MCF7 cells showed a significantly reduced
response to 1 uM DOXO. We hypothesize that this finding could reflect a phenomenon of neoplastic

258

progression triggered by a continuative exposure to lactate>®, which would not be expected in the

case of sporadic administrations of this metabolite.

4.3.6 Experiments on H9¢2 cardiomyocytes

While the contribution of DOXO-induced oxidative damage is considered secondary to its
antineoplastic effect, there is consolidated evidence that it plays a major role in the cardiac toxicity
caused by the drug??®2%°, Following the results obtained for lactate-exposed MCF7 cells, we
wondered whether a similar protective effect against DOXO-induced oxidative damage could be
exerted by lactate in cardiomyocytes. For this experiment, we used rat H9c2 cells, a validated model
for studying DOXO cardiotoxicity and developing potential cardioprotective strategies?®. The
combined effects of DOXO and lactate on oxidative damage were studied in both proliferating and
differentiated H9¢c2 cells (Figures 20 and 21, respectively). For these experiments, H9¢c2 cells were
exposed to 20 mM lactate for 72 h, following the same schedule used for lactate-exposed MCF7 cells.
Figure 20A shows the results from the immunoblotting evaluation of y-H2AX performed on

proliferating H9¢c2 cells treated with 1 puM DOXO.
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Figure 20. Evaluation of DNA damage and oxidative stress in DOXO-treated and lactate-exposed H9c2 cells.
(A) Time course of DNA damage observed in proliferating H9c2 cells. The untreated cells showed a barely
detectable y-H2AX signal, and DNA damage became evident 1624 h after DOXO treatment. Lactate successfully
reduced the extent of DNA damage. The quantitative differences between parental and lactate-exposed H9c2 cells
are shown in the bar graph ** p < 0.01, compared to parental cells treated with DOXO. (B) Microscopic view
showing DOXO-treated H9c2 cells exposed to DCF-DA; original magnification: 600x. Compared to MCF7 cells
(Figure 16), in untreated H9c2 cells, no sign of oxidative stress was evidenced with DCF-labelling, and in DOXO-
treated cultures, fluorescence showed a less diffuse and more spotted pattern. The percentage of labelled cells is
shown in the bar graph. A statistically significant difference was found between control and lactate-exposed H9c2

cells (** p < 0.01, as assessed with a t-test).
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In these cells, evidence of DNA damage was observed at later times when compared with the
MCF7 cultures (Figure 15B). These results are in complete agreement with previously published data
that showed oxidative damage in H9¢2 cells only after =24 h of DOXO exposure?®!. As shown in the
immunoblotting images and the bar graph reporting the relative levels of band intensities, exposure
to lactate caused a marked and statistically significant reduction in DNA damage.

This effect was remarkable at 16 h, when, in lactate-exposed cultures, the y-H2A X band intensity
became barely detectable; however, it also remained evident at 24 h, when the y-H2AX band was
reduced to about one-third compared with the control cultures. In agreement with these results, ROS
evaluation in H9¢c2 cells treated with 1 pM DOXO for 16 h showed a marked reduction in lactate-
exposed cells (Figure 20B); the extent of the effect (=<70% reduction) is in line with the results from
the y-H2AX immunoblotting evaluation in Figure 20A.

The same experiments were performed on differentiated H9¢2 cultures (D-H9c2). The results
are shown in Figure 21. The immunoblotting evaluation in Figure 21A shows that, compared to their
un- differentiated parental cultures, D-H9c2 appeared to be more prone to oxidative stress: the y-
H2AX band was more evident in untreated cultures, and its increase in response to DOXO treatment
was already observed at 2 h. However, lactate exposure also successfully reduced DNA damage in
D-HOc2 cells, and the extent of the protective effect measured at 16 and 24 h was found to be very
similar to that observed in the parental culture (=70% reduction in y-H2AX band intensity). The
higher level of oxidative stress in untreated D-H9c2 was confirmed with the experiments in Figure
21B, which showed ROS detection also in =10% of cells in the control cultures. Despite this increased
vulnerability to oxidative damage, the coadministration of lactate successfully reduced DOXO-
associated ROS (65% vs. 25% ROS-labelled cells in DOXO-exposed cultures, compared to cultures
exposed to lactate/DOXO).

82



y-H2AX (Band Intensity)

o
A y-H2AX Loading control ,1 4
Time (h) Time (h) ] 3
0 2 616 24 0 2 616 24 3
~49KDa 3 2
D-H9c2 |5 s oo o mmm| {4KDa W " - - -
| _38KDa g 1
~49KDa S0
+20 mM Lact 14KDa ”‘_-- ['4
- I

I -38KDa Time (h)

@ D-H9c2 + Lactate

B

Hoechst DCF Merge
D-H9c2 cells
ROS in D-H9c2
. 1001 + Lactate
+ DOXO 2 80
(1 uM, 16h) 8
2 o0
[}
2
8
L 40
ot %
D-H9c2 cells > 20
+ 20 mM Lact
PO 0
Untreated +DOXO
+ DOXO
(1 pM, 16h)

Figure 21. Evaluation of DNA damage and oxidative stress in DOXO-treated and lactate-exposed D-H9c?2 cells.
(A) Time course of DNA damage observed in D-H9c2 cells. Untreated cells showed a more detectable y-H2AX
signal, and DOXO-induced DNA damage became evident even after short-time exposures. Again, lactate
successfully reduced the extent of DNA damage. The quantitative differences between parental and lactate-exposed
D-HO9c? cells are shown in the bar graph. * and ** p < 0.05 and 0.01, respectively, when compared to parental
cells treated with DOXO. (B) Microscopic view showing DOXO-treated H9c2 cells exposed to DCF-DA; original
magnification: 600%. The percentage of labelled cells is shown in the bar graph. A statistically significant difference

was found between control and lactate-exposed D-H9c2 cells (*, p < 0.05, as assessed using a t-test).

The increased vulnerability to oxidative stress of D-H9c2 could be explained by the metabolic
switch (oxidative metabolism instead of glycolysis) that characterizes the differentiation process of
normal cells and leads to reduced lactate production®®?. This hypothesis was confirmed with the
experiment shown in Figure 22A. Compared to proliferating H9¢2 cells, the differentiated culture

showed a 40% reduction in lactate production.
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Figure 22. Evaluation of lactate production and SODI and SOD2 levels in cardiomyocytes. (A) Assay of lactate
levels. Lactate released in the medium was assessed as described in the Materials and Methods section. Data were
analysed using ANOVA. A statistically significant difference was observed between H9¢c2 and D-H9c2. ** p < 0.01.
(B) Immunoblotting evaluation of SOD1 and SOD2. In proliferating H9c2 cells, a statistically significant increase
caused by the combination lactate/DOXO was confirmed for both SODI and SOD2; in the differentiated culture,
the lactate-induced protective effect could be ascribed only to SOD2. ** p < 0.01, compared to lactate and DOXO

single treatments.

Finally, for the cardiomyocyte cultures exposed to the combined lactate/DOXO treatment, we
verified whether the observed oxidative damage protection (Figures 20 and 21) could be ascribed to
SOD1 and SOD?2 proteins, as already demonstrated for MCF7 cells. The control and lactate-exposed
HO9c2 and D-HO9c2 cells were treated with 1 uM DOXO for 16 h, the time-interval with the most
evident reduction in oxidative damage in lactate-exposed cells (Figures 20 and 21).The cells were
then lysed, and the SOD1 and SOD2 levels were detected using immunoblotting. As shown in Figure
22B, in DOXO-treated H9c2 cells, both SOD1 and SOD2 proteins exhibited a 40-50% increased
level when these cultures were previously exposed to 20 mM lactate. In D-H9c2 cells, the protective
effect of lactate could be ascribed only to the SOD2 protein. This difference between the proliferating
and differentiated culture can be explained by previous studies showing that in mature
cardiomyocytes, the level of SODI is quite low and that, in these cells, the enzyme isoform primarily
involved in oxidative damage protection is SOD22%. From these experiments, we can conclude that
the molecular mechanism underlying the oxidative damage protection induced by lactate is similar in

both MCF7 cells and in cardiomyocyte cultures.
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4.4 Conclusion — SECTION 11

DOXO and its analogues are widely used as a first-line chemotherapeutic treatment for different
solid and hematologic malignancies. It was estimated that about 1 million cancer patients receive
DOXO treatment every year??*?23, The broad-spectrum activity of DOXO reflects the multiplicity of
the identified intracellular targets for this drug. In addition to accounting for antineoplastic action,
these targets are also involved in heavy DOXO side effects. Among these, cardiotoxicity proved to
be the most relevant since it often leads to therapy exclusion or discontinuation for patients with
compromised heart function?®*. A number of mechanisms have been hypothesized to contribute to
the pathogenesis of DOXO-induced cardiotoxicity; among them, oxidative stress received by far the
most attention since it can easily explain the mitochondrial damage and cardiomyocyte apoptosis
frequently observed in experimental models used to characterize the molecular mechanisms
underlying DOXO side effects??%25%265, Oxidative stress was found to be derived by metabolic
processing of the DOXO molecule, which produces a semi-quinone derivative able to transfer its
unpaired electrons to molecular oxygen, giving rise to ROS?%, It is well known that ROS can cause
membrane damage and mitochondrial dysfunction, leading to cell apoptosis. Recent studies also
identified some molecular targets involved in DOXO-induced oxidative damage and confirmed the
beneficial effects of antioxidant compounds in alleviating cardiotoxicity?®7-268,

One of the most recently characterized mechanisms underlying DOXO action is its capacity to
damage the chromatin structure and cause histone eviction, which results in transcriptome
alterations??%-266, This observation prompted studies aimed at evaluating the effect of the co-
administration of DOXO with other compounds affecting gene expression, such as HDAC inhibitors.

Neoplastic diseases are the most clinically relevant conditions characterized by activated
glycolytic metabolism and increased lactate production; therefore, increased histone lactylation can
be reasonably hypothesized to contribute to the growth and invasiveness of cancer cells®!. The
protective effects exerted by lactate on DNA integrity are coherent with the role of glycolytic
metabolism in embryonic tissues?®®. For the treatment of cancer diseases, these effects could reduce
the efficacy of chemotherapy. However, the results obtained from cultured cardiomyocytes suggest
that when the antineoplastic mechanisms of the drug are not affected, the gene regulatory properties
of lactate could be exploited to protect normal tissues from chemotherapy-associated damage.

In conclusion, we explored the effect of lactate on DOXO antineoplastic mechanisms and found
that when MCF7 cells are exposed to DOXO in the presence of increased lactate levels, TOP2A

poisoning (the main antineoplastic mechanism of the drug) is not affected. Interestingly, lactate-
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exposed MCF7 cells showed upregulated levels of SOD1 and SOD2 proteins and appeared to be
protected from drug-induced oxidative damage. Oxidative damage plays a major role in cardiac
toxicity caused by a drug. When the effect of lactate was evaluated on both proliferating and
differentiated cardiomyocytes exposed to DOXO (Figures 20 and 21), this metabolite succeeded in
significantly reducing ROS generation and the DNA damage signatures caused by the drug.

Taken together, the results of the experiments described in Section II suggest that, by relieving
the oxidative damage in cardiomyocytes without significantly affecting the antineoplastic effect on
cancer cells, short-term exposure to lactate prior to DOXO treatment could be considered as a possible

attempt to increase the chemotherapeutic index of the drug.
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5. SECTION III

Lactate Is a Potential Promoter Of Tamoxifen Resistance In MCF7 Cells

Subsequent to the results described in Section II, we further investigated ER+ breast cancer

(MCF7 cells), specifically focusing on the potential role of lactate in inducing resistance to tamoxifen.

5.1 Introduction

Tamoxifen (TAM) is a competitive inhibitor of the transcriptional activity of estrogen alpha-
receptor (ERa); it was discovered about fifty years ago and was subsequently introduced in the
clinical practice for the treatment of ER+ breast cancer, the most common form of this tumor?’%27!,
During its long-lasting clinical use, this pioneering compound proved to reduce disease recurrence
and mortality rate by 50% and 30%, respectively. Furthermore, it appeared to be devoid of relevant
side effects in the majority of patients. For its efficacy and tolerability, after so many years TAM is
still considered the first-choice medication in the adjuvant therapy of pre- and post-menopausal
women and has also been evaluated in the chemoprevention of breast cancer.

Unfortunately, the success of this lifesaving compound can be undermined by the development
of acquired resistance, which was found to occur in about 30% treated patients?’>?73, The possible
mechanisms underlying this phenomenon have been extensively investigated and a number of
complex pathways leading to a reduced response to TAM have been identified in resistant breast
cancer cells cultured in vitro.

Altered expression of ERa and/or ER and change in co-regulatory proteins are frequent causes
of TAM resistance?’*; furthermore, genetic polymorphisms involved in the compound metabolism
have been identified*”. Different miRNA expression profiles have also been observed in TAM
resistant and sensitive breast cancer cell lines, by microarray analysis?’®. By using this technique, 97
miRNAs differentially expressed in MCF7 endocrine-sensitive versus resistant LY2 breast cancer
cells have been identified.

A number of studies reported the upregulation of growth factor receptors (HER2, EGFR, FGFR,
IGFIR) and the consequent activation of the PI3K-PTEN/AKT/mTOR pathway to be closely related
to acquired TAM resistance?”’.

Interestingly, in spite of the varied mechanisms potentially involved in the onset of TAM

resistance, several studies showed that breast cancer cells with acquired resistance to TAM seem to
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display a similarly up-regulated glycolytic metabolism and increased lactate production?’27,
Furthermore, inhibition of glycolysis was found to hinder some of the pathways leading to TAM
resistance and to restore the cell response to this compound?®’.

Actively pursued studies aimed at characterizing additional properties of TAM molecular
structure also evidenced for this compound ER-independent effects. In particular, one of these seems
to be strictly related to the lipophilic nature of the molecule, which facilitates its partition into
membrane lipid bilayers?!. This feature could explain the inhibition of mitochondrial respiratory rate
observed in cells exposed to TAM, probably exerted at the level of complex 1. In particular, Daurio
et al. showed for TAM a pronounced, ER-independent effect on cancer cell metabolism, consisting
in increased glycolysis and lactate production?®?. Interestingly, this observation could have clinical
relevance: breast neoplastic lesions of patients undergoing FDG-PET scans after TAM administration
often show a “metabolic flare”, a picture that could be easily explained by the increased glucose
consumption caused by the drug mitochondrial inhibition?®?,

Based on all the above cited data, it can be hypothesized that the increased glycolysis and lactate
production which characterize TAM resistant cells, but is also observed early after the drug
administration, could not only be epiphenomena of TAM resistance, but might also play an active
role in the onset of this detrimental condition. The experiments described in this Section were aimed

at shedding light on this question.
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5.2 Materials and methods

5.2.1 Cell cultures and treatments

For this study we have used: MCF7, MDA-MB- 231 and MCF10A cells. Cells were grown in
low-glucose (1 g/l) DMEM medium, supplemented with 100 U/ml penicillin/streptomycin, 2 mM
glutamine and 10% FBS. Medium of MCF10A cultures also contained 0.5 pg/ml hydrocortisone and
100 ng/ml cholera toxin. MCF7-TAM?** were maintained in a-MEM without phenol red,
supplemented with 10% charcoal-stripped FBS, 100 U/ml penicillin/streptomycin, 2 mM glutamine,
1 mM sodium pyruvate and 10”7 M 4-hydroxy-tamoxifen. All the materials used for cell culture and
all the reagents were obtained from Merck, unless otherwise specified. For the experiment shown in
Figure 29C, MCF7-TAM were grown in L15 medium; this medium does not contain glucose and is
supplemented with 10% dialyzed FBS and 4 mM glutamine. For of its formulation, L15 medium does
not allow glycolysis and lactate production. In TAM including experiments, media were
supplemented with 0,6% DMSO. Lactate (L-isomer) was dissolved in culture medium at a 20 mM
concentration; MCF7 cultures were exposed to 20 mM lactate for both conditional (72 h) and
sustained (> 4 months) treatments. In these experiments, the 20 mM lactate supplement was directly
added to the medium; medium was changed every 72 h since in preliminary testing we found that
lactate concentration was not significantly affected within this time interval. Cultures were routinely

tested for Mycoplasma contamination and found to be free.

5.2.2  Assay of lactate levels

Cells (5 x 10° / well) were plated in triplicate in 6-wells plates and let to adhere overnight.
Medium was then replaced with Krebs-Ringer buffer and released lactate was measured after 1-6 h
incubation at 37°C using the method described in paragraph 4.2.2 of Materials and methods of Section

II. The same procedure was adopted to evaluate released lactate in the presence of 1 uM TAM.

5.2.3  Cell proliferation

These experiments were performed in MCF7 cultures to both identify the TAM lowest active
concentration and study the proliferation dynamics in lactate-exposed cells. In both experiments, cell
proliferation was assessed through the detection of ATP levels, by using the CellTiter-Glo Assay

(Promega). A Fluoroskan Ascent FL reader was used to evaluate luminescence. For the TAM
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experiments, 15-20 x 10* cells/well, plated in triplicate in clear bottom 96-well white plates were
incubated with 1 pM TAM for 24-120 h. For studying the proliferation dynamics of lactate-exposed
cells, 20 x 10* cells, were plated as described above; they were let to adhere for 16 h, after which the
number of living cells was detected in three wells by applying the CellTiter-Glo Assay (Time = 0).
Plated cells were then grown for 2448 h in a medium with different FBS concentration (10, 2 and

1%).

5.2.4 Real-time PCR

MCFT7 cells were seeded in T25 flasks and allowed to adhere overnight. Exponentially growing
cultures were conditionally exposed to 20 mM lactate (72 h). RNA was extracted using an RNA
isolation kit (Merck) and was quantified spectrophotometrically (ONDA Nano Genius Photometer).
Retro-transcription to cDNA was performed as describe in paragraph 4.2.5 of Materials and methods
of Section II. RT-PCR and analyses of data were performed as describe in 4.2.5 of Materials and
methods of Section II.

For comparison, the same experiment was also performed on lactate-exposed MCF10A cells and

on MCF7-TAM cultures, maintained in their routinely growth medium.

5.2.5 Immunoblotting experiments

These experiments were performed on MCF7 cells after the conditional (72 h) exposure to
lactate, to assess histone acetylation and expression level of some proteins identified following the
RT-PCR experiments. A similar experiment was performed in cells with sustained (> 4 months)
lactate exposure to obtain evidence on the activation of the EGFR pathway. For both experiments,
control and treated MCF7 cultures were harvested and lysed in 50 pl RIPA buffer containing protease
and phosphatase inhibitors. To evidence the activation of EGFR pathway, a 3-h pretreatment with 10
pg/ml Insulin was applied to cells with sustained lactate exposure and their untreated controls before
culture harvesting.

80 ug of protein (measured according to Bradford) was loaded into 4—-12% polyacrylamide gel
for electrophoresis and run at 170 V. The separated proteins were blotted on a low fluorescent PVDF
membrane (GE Lifescience) using a standard apparatus for wet transfer with an electrical field of 60
mA for 16 h. The blotted membrane was blocked with 5% BSA in TBS-TWEEN and probed with
the primary antibody. The antibodies used were: rabbit anti-H3 (Cell Signaling); rabbit anti-
Panacetyl-H3 (Active Motif); rabbit anti-TAZ (Cohesion Biosciences); rabbit anti-LDH-A (Cell
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Signaling); rabbit anti-(Tyr10)-phospho-LDH-A (Cell Signaling); rabbit anti-c-Myc (Abcam); rabbit
Ab-21 polyclonal anti-EGFR (Neomarkers/Labvision Inc.); rabbit anti-phospho-(Tyr1068)-EGFR
(Novex); rabbit anti-AKT (Cell Signaling); rabbit anti-phospho-(Ser473)-AKT (Cell Signaling).
Binding was revealed by a CyS5-labelled secondary antibody (goat anti rabbit-IgG, Cytiva Life
Sciences). Fluorescence of the blots was assayed with the Pharos FX Scanner (Bio-Rad) at a

resolution of 100 pum, using the Quantity One software (Bio-Rad).

5.2.6 Telomerase assay

Telomerase activity in control and conditionally (72 h) lactate-exposed MCF7 cells was
measured using a quantitative real-time telomeric repeat amplification protocol (RTQ-TRAP)?85-286,

For this experiment, cultures were scraped-off and washed with cold PBS. Subsequently, 1-2 x
106 cells were lysed in 50 ul CHAPS buffer, left on ice for 30 min and sonicated for 15 s in an ice-
submerged tube. A Heat System Model XL.2020 sonicator was used, applying a power of 50-60 W
for 5 s, with 15 s intervals.

Lysates were centrifuged at 14000g for 20 min at 4 °C; surnatant was recovered, aliquoted and
stored at —80 °C until used. Proteins of the lysates were quantified using the Bradford method.

The RTQ-TRAP assay mixture contained 025 puM TS primer (5°-
AATCCGTCGAGCAGAGTT-3"), 0.25 uM ACX primer (5’-GCGCGG (CTTACC)3CTAACC-3"),
1x SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and 2—5 pl of cell lysate, in a final
volume of 25 pl. Mixture was incubated 20 min at 25°C to allow TS primer elongation with TTAGGG
repeats by the telomerase enzyme in cell lysates. Quantification of the added telomeric sequences
was assessed by RT-PCR using the following conditions: 10 min denaturation at 95°C and 40
amplification cycles (20 s at 95°C, 30 s at 50°C, 90 s at 72°C). PCR reactions were performed in a
CXF96 Real Time System (Bio-Rad). Negative controls (2—5 pl lysis buffer) and telomerase-negative

controls (2—5 pl heat-inactivated cellular lysates) were used in each experiment.

5.2.7 Wound healing assay

Control and conditionally (72 h) lactate-exposed MCF7 cells were seeded in triplicate in 6-well
plates (1.5 x 10° /well) and cultured until they had reached 100% confluence. Artificial wounds were
then created using a 10 pl pipette tip. The detached cells were washed away with PBS and cultures
were exposed to a medium supplemented with a lowered serum content (1 and 2%). 20 mM lactate

was also added to the medium of lactate-exposed cultures. The wound areas were captured with an
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inverted microscope at 0, 24 and 36 h and their repopulation was analysed by using the Imagel

software.

5.2.8  Senescence associated p-galactosidase staining

This experiment was performed in MCF7 cultures exposed to a sustained (= 4 months) 20 mM
lactate treatment. Control and lactate-exposed cells (1 x 10° /well) were seeded in triplicate in 6-well
plates and treated with 1 uM TAM for 7 days. After treatment, cells were washed twice with PBS
and fixed with a 2% formalin / 0.2% glutaraldehyde solution, for 5 min at room temperature. After
fixation, they were washed again with PBS and incubated overnight at 37°C with X-gal (1 mg/ml),
dissolved in a staining solution containing 40 mM citric acid pH 6, SmM potassium ferrocyanide II,
5mM potassium ferrocyanide III, 150 mM NaCl and 2mM MgCl. After a 16-h incubation, pictures
of each condition were captured using an inverted microscope. The development of a perinuclear blue

colour was indicative of senescent cells.

5.2.9  Statistical analyses

All data were analysed as described in paragraph 3.2.7 in Materials and methods of Section I.
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5.3 Results and discussion

5.3.1 Short-term exposure to TAM causes enhanced lactate release by MCF7 cells

To establish a correlation between lactate-induced changes and reduced TAM response in MCF7
cells, we took advantage of a TAM-resistant clone of this line (MCF7-TAM), obtained by the
Professor Fulvia Farabegoli (FaBit, University of Bologna)?®’. MCF7-TAM cells are routinely
cultured in the presence of TAM and differ from their parental line in a markedly higher level of
released lactate (> 1.5-fold in 4 h, Figure 23A); furthermore, in agreement with previous studies
showing upregulated glycolysis as a hallmark of poor pharmacological response, they show a pattern
of metabolite production superimposable to that of MDA-MB-231 cells, a well-studied model of
triple-negative, drug resistant breast cancer that we used for the experiments in Section II.

In a following experiment, parental MCF7 cells were exposed to scalar doses of TAM (0—4 uM)
for 120 h in order to identify the lowest drug concentration able to reduce cell viability. As shown in
Figure 23B, a statistically significant effect was observed with 1 uM TAM, only after the 120h
treatment. Interestingly, when this dose was applied to both MCF7 and MDA-MB-231 cultures a
rapid increase (2—6 h) in the lactate production rate was detected (Figure 23C, D); in TAM-exposed
MCEFT7 cells, the curve elevation of lactate production rate resulted significantly higher (p = 0.0034)
with a 27%-increased slope, compared to the untreated cultures. Even more marked effects were
measured in MDA-MB-231 cells, which do not express ER. These results suggest that the metabolic
changes caused by TAM definitely forestall the emergence of its antiproliferative effects, paving the

way to phenotypic adaptations, which could potentially interfere with the drug antineoplastic action.
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Figure 23. Assay of lactate levels. (A): Lactate released in medium was assessed as described in Materials and
Methods. Data were analysed by applying the linear regression, the curve slopes measured in MCF7-TAM and
MDA-MB-231 cells were significantly higher (p < 0.05) than that shown by MCF?7 cells. (B): Effect of TAM on the
viability of MCF7 and MDA-MB-231 cells. Data were analysed by multiple t-test; no statistically significant effect
was evidenced in MDA-MB-231 cells, which do not express ER. In MCF7 cells, a statistically significant reduction
of cell viability was observed at 120 h with 1 uM TAM, the dose used for the experiments shown in (C) and (D).
(C),(D): Rate of lactate production assessed in MCF7 (C) and MDA-MB-231 (D) cells exposed to 1 uM TAM. Data

were analysed by linear regression; curves’ slopes and statistically significant parameters are shown in the graphs.

5.3.2  Conditional exposure of MCF7 cells to lactate leads to gene expression changes similar

to those constitutively observed in MCF7-TAM cells

To explore whether lactate is involved in the transcriptional regulation of genes potentially
leading to TAM resistance, we conditionally exposed MCF7 cells to increased level of this metabolite
(72 h). In planning this experiment, we referred to the linear regression curve obtained from the data

of lactate levels released into the medium by MCF7- TAM cells (Figure 23A). The equation obtained
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from the data regression analysis (ug/ml Lact =(26.20 = 0.86) x h) indicated that the lactate level
released in medium from these cultures could reach a concentration of about 7 mM in 24 h,
theoretically growing up to 20 mM in 72 h. As mentioned in Section II, 20 mM lactate is the
concentration that characterised the microenvironment of different tumour tissues; for this reasons,
the experiments aimed at evaluating upregulated gene expression were then performed by exposing
the parental MCF7 cultures to this lactate concentration for 72 hours.

RT-PCR assays examined a number of genes selected among those with a documented
relationship with TAM resistance or having prognostic significance in breast cancer.

Genes with a statistically significant up-regulation induced by lactate are shown in Figure 24A,
grouped by their relevance in biological processes. Interestingly, the gene cluster shown in the
“Proliferative Potential” graph was found to be involved in the control of cancer cells’ stem
properties. In particular, TAZ, a transducer of the Hippo pathway, was shown to sustain self-renewal
and tumour-initiation capacities in breast cells?®®. Together with its partner protein YAP, it was also
found to be involved in metabolism regulation and glycolysis promotion, suggesting a role in
coordinating nutrient availability with cell proliferation®®. The marked up-regulation of LDHA
observed in lactate-exposed MCF7 cells (Figure 24A, “Metabolism” graph) is in line with this idea.

Figure 24A also shows that some statistically significant up-regulations were also found in genes
related to infiltrative growth; however, these findings were not completely confirmed by the analysis
of some prognostic markers with consolidated value in breast cancer: E- and N-CAD*; CD24 and
CD442°12%2_ In lactate-exposed MCF7 cells, E-CAD was found to be increased, CD44 decreased.
These inconsistent results did not allow relating the enhanced self-renewal potential induced by
lactate with features suggesting cancer progression, at least in the short time. This finding is in line
with the results described in Section I — preliminary data.

Following these results, we wondered whether lactate exposure could in the same way affect the
gene expression of non-cancerous cells. As a model of non-neoplastic breast cells, we adopted the
MCF10A line**; in this culture, the 72h treatment with 20 mM lactate resulted in fewer gene
expression changes. When the lactate responsive genes identified in the MCF7 culture were evaluated
in MCF10A cells, only TAZ and the telomerase complex genes (TERC, TERT) were found to be
significantly up-regulated by lactate (Figure 24B). This finding poses a clinically relevant question
on the effects potentially induced by the metabolites released by highly glycolyzing cancer cells on

the surrounding normal tissue.
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Figure 24. Real-time PCR experiments performed in MCF7 and MCF10A cells after a conditional (72 h) lactate
exposure. (A): Experiments performed in MCF?7 cells; genes have been grouped in graphs according to their
biological function. (B): Experiments performed in MCF10A cells; in these cultures, only three genes were found
to be upregulated. Results were evaluated one sample t-test and calculates whether the mean of each data set is
different from a given hypothetical value (0, i.e. no change, compared to untreated cultures). The graphs show only

the statistically significant changes, p values ranged from 0.04 to <0.0001.

Figure 25 shows a comparison between MCF7-TAM and its parental culture, concerning the
expression of lactate-upregulated genes identified with the RT-PCR experiments shown in Figure
24A.

The upregulated gene expression pattern observed in lactate-exposed MCF7 cells was confirmed
in the TAM resistant line. In these actively glycolyzing cells, which produce elevated lactate levels
(Figure 23A), the genes upregulation was markedly higher than that observed in the parental culture
exposed to 20 mM lactate. Interestingly, in MCF7-TAM cells the considered prognostic parameters
appeared to be markedly worsened. Taken together, the results of Figure 24A and 25 warranted
further experiments to highlight the role of lactate in the onset of neoplastic progression and TAM

resistance.
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Figure 25. Real-time PCR experiments performed in MCF7-TAM. In these experiments the expression of the
lactate-upregulated genes (Figure 244) was evaluated in MCF7- TAM and compared to their parental culture. The
increased expression shown by lactate-exposed cells was found further enhanced in MCF7-TAM culture and
prognostic markers appeared worsened. Results were statistically evaluated as described for Figure 24; the level
of statistical significance was reached for all genes, with the exception of NOTCHI and TERT, p values ranged
from 0.03 to <0.0001.

5.3.3 Conditional exposure to lactate increases the proliferative potential of MCF7 cells

The next step of our study was aimed at exploring whether the observed gene expression changes
could also be evidenced at protein and/or functional level.

Because of the negative results, the genes related to prognosis and infiltrative growth were not
furtherly considered. We hypothesized that some changes in the metabolism-related genes could be
linked to the upregulation of TAZ function®®, instead of a direct effect of lactate. For these reasons,
among the results obtained with the RT-PCR experiments, we mainly focused our attention on the
lactate-dependence shown by genes correlated with proliferative potential.

As a first step, we verified whether the observed upregulated genes affect histone 3 (H3)
acetylation, and whether it also resulted in increased protein levels, as assessed by immunoblotting
experiments or by functional assays. Unfortunately, among the “Proliferative Potential” proteins,
NANOG and NOTCHI1 were not evidenced in the immunoblotting experiments, both in control and
in lactate-exposed cells; the low-level expression of these genes in the RT-PCR assay (Ct > 28) could
account for this result.

Figure 26 showed that the adopted conditional exposure to lactate caused a = 30% increased
level of H3 pan-acetylation and that this effect resulted in a similarly increased level of TAZ protein.
HDAC inhibition and increased H3 acetylation are recognized mechanisms underlying the epigenetic
effects of lactate!®. Results were statistically evaluated by multiple t-test; *, p < 0.05, compared to

control cultures.
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The increased level/function of the transcriptional co-activator TAZ was confirmed; it was
accompained by a higher levels of target proteins MYC and LDHA. MYC is a well know target of

“ and is known to directly activate the transcription of the LDHA gene®®.

the Hippo pathway?®
Concerning LDHA, we also measured the levels of its phosphorylation on Tyr10, a post-translational
modification enhancing the enzymatic activity of the protein and promoting cancer cell invasion and
anoikis resistance®. According to the data of Figure 26A, B, the increased level of (Tyrl0)-
phosphorylation fits well with the increased level of the total protein, which suggested that the lactate-

triggered effects did not affect post-translational LDHA changes.
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Figure 26. Immunoblotting evaluation of the lactate-upregulated proteins. (A) Immunoblotting images. (B)

Protein level changes, assessed through bands’ densitometric reading.

For the two identified telomerase complex gene components TERC and TERT (Figure 24A),
only a functional assay was adopted, since only one of them (the reverse transcriptase TERT) is
translated into a protein, while the other (TERC) encodes for the RNA component of the enzymatic
complex. The assay of telomerase activity was performed using scalar amount of cells proteins (1—
20 pg); it measured, in control and lactate-exposed MCF7 cells, the elongation with TTAGGG repeats

operated by the cell TERT enzyme on a primer sequence added in the reaction mix (TS primer).

99



Results (Figure 27A-D) showed no difference between the two cultures when the experiment was
performed with 1 pug proteins. However, when the telomerase reaction assay was repeated with higher
amounts of cell lysates, a progressively increasing difference in the reaction yield was observed
between the two cultures, suggesting a higher-level activation of the telomerase complex in lactate-
exposed cells.

As shown in Figure 27C, D, the telomerase activity of lactate-exposed cells appeared to be 2-
fold higher when the assay was performed with 20 pg cell proteins. Previous studies showed TAM
to be involved in the control of TERT expression with opposite functions, both involving ERs: in
endometrial cells it acts as a receptor agonist, stimulating proliferation and activating TERT
expression 2°%, whereas in breast cancer cells it may suppress TERT by functioning as a receptor
antagonist®®’. The results of Figure 24A and 27 suggest that the off-target metabolic effects of TAM

can contribute to hinder one of the effects of its primary mechanism of action.
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Figure 27. Assay of telomerase activity. Telomerase complex activity was assessed using scalar amounts of protein
extracts from control and lactate-exposed MCF7 cells. (A-C) Exemplificative plots showing the PCR amplification
curves obtained from control (green) and lactate-exposed (red) cells. The numbers reported in plot images show
the Ct mean values. Differences were evaluated by applying the 2" method and are shown in (D); * and **, p <

0.05 and 0.01 compared to control cultures, as evaluated by multiple t-test.
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To gain further confirmation about the lactate-induced enhancement of replicative potential,
which was suggested by the results of Figure 24, 26 and 27, other assays were performed (Figure 28).
The proliferation of lactate-exposed MCF7 cells was compared to that of the parental culture by
applying a wound healing assay (Figure 28 A) and by measuring the increase in cell number through
the detection of ATP levels (Figure 28B). Both experiments were performed by maintaining the
cultures in a medium with low serum levels (1-2%), to reduce stimulation by growth factors. Figure
28A shows that in lactate-exposed cells maintained at 2% FBS the percentage of repopulated wound
area was significantly higher at 24 h; in this condition, the advantage of lactate treatment disappear
at 36 h, when, however, the proliferative advantage observed in lactate-exposed cells became more
evident and reached statistical significance in cultures maintained at 1% FBS. The experiments of
Figure 28B showed that after 24 h culture in the conventional medium supplemented with 10% FBS,
cell number was 30% higher in lactate-exposed cells; furthermore, when both cultures were
maintained in serum-deprived conditions, the proliferation of lactate-exposed cells showed a

significantly lower level of inhibition.
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Figure 28. Evaluation of proliferative potential in lactate-exposed MCF7 cells. (A) Wound healing assay, the
percentage of wound repopulated area was evaluated using the ImageJ software. Data were statistically analysed
using two-way ANOVA followed by Bonferroni post-test. (B) When maintained in the conventional culture medium,
lactate-exposed MCF7 cells showed a 30% increased proliferation at 24 h. The growth inhibition caused by serum
deprivation was significantly reduced by lactate. Data were evaluated by multiple t-test; * and ** p < 0.05 and

0.01, respectively.

5.3.4 Sustained lactate-exposure reduces the senescence of MCF7 cells treated with TAM

The conclusive section of this study was aimed at evidencing signs of a subsiding response to
TAM in lactate-grown MCF7 cells. For these experiments, MCF7 cultures were adapted to grow in
a medium containing 20 mM lactate for >4 months. No evident morphological changes were observed
in cells after sustained lactate exposure. To compare the antineoplastic effect of TAM at 1 uM in
control and lactate-exposed cultures, we tried to evidence a p53-mediated response, by an

immunoblotting evaluation of p53 levels, followed by a RT-PCR detection of p21 mRNA. No
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significant difference was observed between the two cultures, up to a 7-days TAM treatment (data
not shown). We hypothesized that this missing result could be a linked to the ER-mediated p53
regulation®®®; as a consequence of the antagonism between anti-oestrogens and p53, these compounds
were previously found to reduce both breast cancer cell proliferation and their p53 levels!*®. In
agreement with this hypothesis, a marked difference between the two treated cultures was observed
when the effect of TAM was evaluated by assessing senescence-associated -galactosidase (SA B-
GAL) activity, a widely used biomarker of replicative senescence. Figure 29A shows SA B-GAL
activity of control and lactate-exposed MCF7 cultures. Untreated cultures did not show appreciable
differences; however, after the 7-days exposure to 1 uM TAM, marked and diffuse B-GAL staining
was clearly more evident in control MCF7 cells. This result suggested that the lactate-awarded
proliferative advantage, together with the activated telomerase function can impact on the cellular
response to TAM and foster drug resistance.

Several studies highlighted progressive activation of the EGFR pathway as a salvage mechanism
adopted by TAM-exposed breast cancer cells in which the ER functions are repressed®””. Expression
of EGFR was found to slightly increase shortly after the beginning of TAM treatment and to become
markedly increased in resistant tumours3®.

Figure 29B shows an immunoblotting evaluation of EGFR pathway activation, performed in
MCF7 cells after the sustained exposure to lactate and in their parental culture. Phosphorylation on

I and promote AKT activation,

Tyr1068 was shown to positively regulate EGFR signalling®
evidenced by phosphorylation on Ser473. As shown in Figure 29B, both these phosphorylation events
appeared to be significantly increased by lactate exposure. Activation of EGFR pathway has been
shown to promote glycolytic metabolism®°23%, Interestingly, it can be concluded that in our
experiments lactate exposure appeared to trigger a cell response that, by promoting glycolysis, should
lead to further increased lactate levels.

Finally, the experiment shown in Figure 29C attempted to verify whether lactate deprivation in
MCF7-TAM cells could recover, at least in part, their response to TAM. To impede lactate
production, MCF7-TAM cells were cultured in L15 medium, which does not allow glycolysis and
lactate production. In this medium the proliferation rate of MCF7-TAM appeared to be compromised,
but cells maintained their viability. The bar graph shown in Figure 29C compares the effect caused
by 1 uM TAM administered for 120 h (dose and time used for the experiment of Figure 23B) to
MCF7- TAM and MCF7 cells maintained in their conventional medium and to MCF7-TAM
maintained in L15 medium. This dose of TAM did not compromise the viability of MCF7-TAM cells
when they were grown in their conventional medium, allowing glycolysis and lactate production. On

the contrary, when this culture was maintained in L-15 medium, TAM was found to significantly
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affect cell proliferation, causing an inhibitory effect very similar to that observed in the parental
MCF7 cell culture. This result can be considered a further confirmation of the role of lactate in

maintaining the TAM-resistant cell phenotype.
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Figure 29. Experiments performed in MCF?7 cells after a sustained exposure (= 4 months) to lactate and
restoration of TAM response after lactate deprivation. (A) Pictures showing parental and lactate-exposed MCF7
cells treated for 7 days with 1 uM TAM and stained for [-galactosidase activity. Lactate-exposed cells showed a
markedly lower development of the [f-galactosidase reaction product. (B) Immunoblotting evaluation of activated
EGFR pathway. The level of (Tyr1068)-phospho-EGFR and (Ser473)-phospho-AKT appeared to be significantly
enhanced in lactate-exposed cells. Differences were assessed by multiple t-test; * and **, p < 0.05 and 0.01
compared to control cultures. (C) Lactate deprivation in MCF7-TAM cells leads to a restored TAM response.
Lactate deprivation was obtained by culturing the cells in L15 medium, which does not allow glycolysis. TAM was
administered for 120 h at 1 uM, which are the same conditions used in the experiment of Fig. 1B. Differences were

assessed by multiple t-test; * p < 0.05 compared to the untreated cultures.
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5.4 Conclusion — SECTION II1

The results of Section III showed that a lactate level potentially achievable in cancer cell
microenvironment could affect gene expression in a way that might lead to reduced TAM response.
According to our data, the contribution of lactate in reducing TAM efficacy could derive from its
capacity to enhance the proliferative potential of cells and, as a consequence of the activation of the
telomerase complex, to reduce their attitude to undergo senescence. The same features can be
expected to impact also on the response of cancer cells to different antineoplastic agents. Our data

are in complete agreement with the findings of Hamadneh et al.>%*

, who showed that the development
of TAM resistance in MCF7 cells correlates with upregulated LDHA/B expression and increased
lactate concentration in cell culture medium. Our data support this study by suggesting that the
product of LDH reaction (either deriving from the basal cancer cell metabolism, or from the TAM
side-effects) can by itself play a direct role in promoting a reduced drug response. Furthermore, as
also proposed by Das et al.>*®, our results suggest that targeting LDHA could open a novel strategy
to interrupt TAM resistance in breast cancer.

Interestingly, experiment shown in Figure 24B suggested that tumour released lactate could also
exert phenotypic modifications on normal bystander breast cells. The observed phenotypic
modifications caused by lactate in both cancer and normal cells are completely coherent with the role
of glycolytic metabolism in embryonal development and in the maintenance of stem compartment in
normal tissues®®. Cancer promoters are defined as agents that, without changing DNA sequence,
influence cell proliferation, also inhibiting programmed cell death; this epigenetic process ultimately
results in the generation of neoplastic cell foci*®. In line with this concept, our results suggest that
lactate could be viewed as a promoter of TAM resistance in the MCF7 breast cancer model. In MCF7
cultures exposed to lactate for >4 months, we obtained evidence of EGFR activation, which has been
previously documented as a crucial pathway controlling the proliferation of TAM-resistant cells®’’.
A direct correlation between the epigenetic effects caused by lactate and EGFR activation, is
suggested by previously published data showing that in breast cancer, but also in different neoplastic
cells, TAZ overexpression promotes EGFR signalling, leading to AKT/ERK activation and increased

cell proliferation3?7-308

. The increased AKT phosphorylation also shown in Figure 29B is a further
evidence of activated EGFR pathway. Because of the promoting effect on aerobic glycolysis of
EGFR-mediated signalling*®23%, on the basis of our results we can speculate that the increased lactate
levels in the microenvironment of TAM-exposed breast cancer cells can fire up a self-feeding loop

where a metabolic product (lactate) promotes epigenetic changes ultimately resulting in the
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amplification of its generation (Figure 30). In the long term, the cell phenotypic changes induced by

the activation of this self-supporting cycle could lead to TAM resistance.
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Figure 30. Self-supporting cycle potentially induced by lactate in MCF7 cells. Increased lactate exposure
increases the proliferative potential of MCF7 cells by upregulating the expression of TAZ, TERC and TERT. TAZ
overexpression was found to activate EGFR pathway and to increase MYC level, leading to increased LDHA
expression/activity. On the basis of our results, we propose that, by causing increased lactate production in cells,
the TAM associated metabolic changes could activate ERa-independent pathways, paving the way to a progressive

reduction of therapeutic effects.
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6. SECTION 1V

Lactate-induced HBEGF Shedding And EGFR Activation: Paving The Way To a

New Anticancer Therapeutic Opportunity

In the concluding phase of this project, based on our findings, we focused our investigation on

exploring the potential effect of lactate in promoting the activation of the EGFR pathway.

6.1 Introduction

EGFR (also known as ErbB1/HER1) is one of the members of the ErbB receptor tyrosine kinase
family>®, In cancer cells, its aberrant activation is primarily mediated by gene amplification and gives
rise to signalling cascades promoting cell proliferation and playing a key role in cell survival®!?, These
findings suggest that EGFR hyperactivation can take active part in the neoplastic change process and
in conferring substantial growth and survival advantages to cancer cells. In addition, EGFR-mediated
signalling was found to play a fundamental role in the initial steps of the EMT3!1:312 while treatment
with EGFR inhibitors appeared in some contexts to induce changes in cell morphology, from a spindle
shape to a more epithelial phenotype’!?.

In light of these data, it is not surprising that in patients with multiple cancer forms elevated
EGFR expression revealed to be a strong prognostic feature, usually associated with poor outlook
and indicative of reduced recurrence-free or overall survival rates®'4. Conversely, the clinical use of
EGFR inhibitors often appeared to produce substantial therapeutic benefits3!>.

A common feature of rapidly proliferating cells is the increased level of glycolysis, and activated
EGFR pathway was also found to be one of the major regulators of cancer cell metabolism3®,
Stimulation of EGFR by its ligands is known to accelerate glucose consumption and foster the so-
called Warburg effect, resulting in increased lactate production by cancer cells!!. At the molecular
level, this metabolic reprogramming was shown to be mediated through the concurrent upregulation
of hexokinase-2 (HK2) expression and phosphorylation of pyruvate kinase M2 (PKM2), which alters
the oligomerization state of the enzyme and inhibits its activity3!®. These changes cause at the same
time an acceleration of the first step of glycolysis, together with a stall at the end of the glycolytic
cascade’®. As a result, an accumulation of metabolic intermediates is generated in cell cytoplasm,
with lactate being the prevailing one. Interestingly, lactate was found to further promote glycolytic

metabolism by leading to increased MYC and LDHA expression??2.
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Based on these premises, the aim of this study was to investigate on a possible role of lactate in
fostering the activated state of EGFR pathway. In particular, we first considered the observation that
some cancer cells can directly release EGF-like peptides, acquiring the capacity of autocrine
stimulation®!”. One of these peptides is the soluble form of heparin-binding EGF (HBEGF). Initially
synthesized as a transmembrane precursor protein, HBEGF is cleaved at the cell surface by proteases
and is released in a soluble form?'8, a process usually referred to as “HBEGF shedding”. Released
HBEGF was found to be a potent mitogen?!®; furthermore, it was found to be implicated in tumour
progression and chemotherapy resistance®20-321,

To test the activation of EGFR by lactate, we used two human cell cultures in which the
expression of HBEGF was clearly documented in published studies: MDA-MB-2313%2 and HT-29323,
The first culture is the same that we used for the experiments of Section II: triple-negative breast
cancer (MDA-MB-231), meanwhile HT-29 is a representative of clinically relevant tumour form of
colon adenocarcinoma. We routinely maintained the two cultures in a medium containing a
physiological glucose concentration found in healthy human tissues (1 g/l). By exposing the cultures
to a lactate level (20 mM) similar to that detected in the microenvironment of neoplastic tissues, we

verified whether this metabolite can play a role in sustaining the HBEGF-mediated EGFR pathway.
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6.2 Materials and methods

6.2.1 Cell Cultures and treatments

MDA-MB-231 and HT-29 cells (ATCC) were grown in low-glucose (1 g/l) DMEM (Thermo
Fisher Sci.) supplemented with 100 U/ml penicillin/streptomycin, 2 mM glutamine and 10% FBS.
All the materials used for cell culture and all the reagents were obtained from Merck, unless otherwise
specified. L-lactate was dissolved in culture medium at a 20 mM concentration. Before experiments,
both cell cultures were adapted to grow in the lactate-containing medium for at least 3 months. This
time interval was found to be necessary for the complete manifestation of the phenotype linked to the
epigenetic effects of lactate. MDA-MB-231 cells were found to adequately proliferate in the lactate-
containing culture medium without any sign of alteration. HT-29 culture showed delayed substrate
adhesion in the presence of lactate; for this reason, in routine cell passages these cells were let to
adhere for 16 h to the new substrate before adding lactate to the culture medium. Both cultures were
routinely split once a week.

Cisplatin (CPL) (MedChem Express) was dissolved in 0.9% NaCl. CRM197 (Cross Reacting
Material 197) was obtained in lyophilized form (Santa Cruz Biotechnology); it was dissolved in ultra-
pure water and stored at -80°C. BC11 hydrobromide (Bio-Techne) was dissolved in DMSO (30 mM)
and stored at -20°C. Cultures were routinely tested for Mycoplasma contamination and found to be

free.

6.2.2 Real-time PCR

RT-PCR was first performed using MDA-MB-231 cells, to compare the gene expression of the
lactate-exposed culture with that of the same culture routinely maintained in high-glucose (4 g/l)
DMEM. This procedure helped in identifying a small group of genes specifically responsive to
lactate, excluding the effects of upregulated glycolysis. Subsequently, the expression of these genes
was also evaluated in lactate-exposed HT-29 cells. Exponentially growing cells from T25 flasks were
used. RNA was extracted using an RNA isolation kit (Merck) and was quantified
spectrophotometrically (ONDA Nano Genius Photometer). Retro-transcription to cDNA was
performed as describe in paragraph 4.2.5 of Materials and methods of Section II. RT-PCR procedure
and analyses of data were performed as describe in 4.2.5 of Materials and methods of Section II. All

the primers used for the PCR experiments were from Merck.
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6.2.3 Immunoblotting experiments

These experiments were performed in control and lactate-exposed MDA-MB-231 and HT-29
cells, to confirm the data obtained by RT-PCR and assess the activation state of EGFR. To evaluate
the effects of HBEGF and uPA inhibitors in lactate-exposed MDA-MB-231 cells, they were exposed
for 24 h to CRM197 (2 pg/ml, corresponding to 32 nM) and BC11 (100 uM).

Cultures (T-25 flasks, at 80% confluence) were harvested and lysed in 50 ul RIPA buffer
containing protease and phosphatase inhibitors. Then, 70 pg of protein (determined by using Bradford
reagent) was loaded onto precast 4-12% polyacrylamide gels for electrophoresis (Thermo Fisher Sci.)
and run at 170 V. The separated proteins were blotted on low-fluorescent PVDF membranes (Cytiva
Life Sciences) using the BoltTM transfer system and maintaining 60 mA for 16 h. The blotted
membranes were blocked with 5% BSA in TBS-Tween and probed with the primary antibody. Actin
was used as a loading control in all experiments. The following primary antibodies were used: rabbit
anti-uPa, rabbit anti-GPER1, rabbit anti-ERR-alpha, rabbit anti-phospho-EGFR-Y 1068 (all from
ABclonal); rabbit anti-EGFR (Cohesion Bioscience); rabbit anti-ERK1/2 and rabbit anti-phospho-
ERK1/2 (Thr202/Tyr204) (both from Cell Signaling); mouse anti-PUMA o/p (Santa Cruz); rabbit
anti-Actin (Merck).

The secondary antibodies used for binding detection were: goat anti-rabbit-IgG (Cy5-labelled,
from Cytiva Life Sciences) and donkey anti-mouse IgG (Alexa Fluor 647-labelled, from Jackson
Immuno-Research).

Membranes’ fluorescence was assessed with the Pharos FXTM Scanner (Bio-Rad) at a resolution

of 100 um and bands’ intensities were evaluated using the ImageJ software (version 1.53a).

6.2.4 ELISA for the detection of HBEGF released in culture medium

Both control and lactate-exposed cells were used; released HBEGF was assessed by applying a
commercially available ELISA assay (Thermo Fisher Sci.).

Cells (3x10° MDA-MB-231 and 5x10° HT-29) were seeded in each well of 6-well plates in 750
pl culture medium and maintained for 24 h in a humidified incubator at 37°C. During this time,
lactate-exposed cells were also treated with 100 uM BC11. At the end of treatment, culture medium
was recovered, filtered through a 0.22 pm syringe filter and centrifuged for 30 min at 2000 RCF.
Samples were then aliquoted and stored at -80°C. The ELISA assay was performed by using 100 pl

samples and following the manufacturer instructions. At the end of the procedure, absorbance of
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samples was evaluated at 450 nm, with the aid of a Synergy HT-BioTek plate reader (Agilent

Technologies). For both cell lines, ELISA procedure was replicated at least 4 times.

6.2.5 Cell proliferation

To evaluate the effect on cell proliferation caused by the different cell culture media and by the
used inhibitors, we adopted a procedure based on crystal violet (CV) staining. CV binds to nucleic
acids and allows a precise estimate of cell number, which can be calculated with the aid of a
calibration curve. At the beginning of each experiment, a plot reporting the CV absorbance values of
scalar amounts of cells was obtained. These data were fitted by using the linear regression analysis;
the resulting equation was used to calculate the number of cells at the end of experiments (24 h).

Control and lactate-exposed MDA-MB-231 and HT-29 cells (1x10* cells/well) were seeded in
96-multiwell plates and let to adhere overnight. Cultures were then exposed to treatments for 24 h.
CPL was administered at a dose of 50 uM; CRM197 at 32 nM; BC11 at the doses of 50, 75 and 100
uM. At the end of treatment, medium was removed and the cells were fixed with 1% glutaraldehyde
for 20 min. After staining with CV (0.01% in distilled water, 30 min) wells were washed with PBS
and CV was solubilized by shaking in 70% ice-cold ethanol for 30 min at room temperature.
Absorbance was evaluated at 570 nm by using the Multiskan EX plate reader (Thermo Fisher Sci.).
In each experiment and for each treatment, the increase (or decrease) in cell number during the 24 h

was calculated.

6.2.6  Assay of lactate levels

Control and lactate-exposed MDA-MB-231 cells were seeded in triplicate in 24-wells plates (2
x 10° cells/well) and let to adhere. They were then treated with 32 nM CRM197 and 100 uM BC11,
given individually or in combination for 16 h. Culture medium was then replaced with Krebs-Ringer
buffer (300 pl/well). The concentration of lactate released in Krebs-Ringer buffer was evaluated after
5 hours of incubation at 37°C, following the method described in paragraph 4.2.2 of Materials and

methods of Section II.

6.2.7 Wound healing assay

For this experiment control and lactate-exposed MDA-MB-231 cells were used. Lactate-exposed

cells were also treated with the association of CRM197 (32 nM) and BC11 (100 uM). Cells were
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seeded in triplicate in 6-well plates (1.5 x 10° cells/well) and cultured until they had reached 100%
confluence. The procedure of this assay is described in paragraph 5.2.7 of Materials and methods of
Section II1.

The wound areas were captured with an inverted microscope (Primovert, Carl Zeiss Microscopy)
at 0, 6, 20, 24 and 30 h and their repopulation were analysed by using the ImageJ software. A similar
experiment was performed on HT-29 cells; in this culture, lactate-exposed cells were treated with the

single BC11 treatment (100 uM).

6.2.8 Clonogenicity assay

Control and lactate-exposed MDA-MB-231 cells were seeded in duplicate in 6-well plates (5 x
10% cells/well) and let to adhere overnight. Lactate-exposed cells were also treated with the
association of CRM197 (32 nM) and BC11 (10 uM). Cell colonies became clearly evident after 8
days; at this time, they were fixed and stained with 6% glutaraldehyde and 0.5% CV in PBS (30 min
at room temperature). Stained colonies were dissolved with 10% SDS (400-800 ul). The absorbance
of the solutions was measured with the aid of the Multiskan EX plate reader at 570 nm.

A similar experiment was also performed on HT-29 cultures. In this case, lactate-exposed cells

were treated only with BC11, given at 10 and 20 uM; colonies became evident after 15 days.

6.2.9 E-Cadherin immunostaining

Lactate-exposed MDA-MB-231 cells were seeded on glass slides posed in the wells of a 6-well
plate (1500 cells/well). They were let to adhere and were then treated with 32 nM CRM197 for 8
days, with medium renewal at day 4. After this time cells were fixed with 4% paraformaldehyde and
permeabilized with 70% ethanol. Glass slides were then treated with a blocking solution containing
5% BSA and exposed to a mouse monoclonal anti-human E-cadherin antibody (1 ng/ml in BSA 5%,
16 h, at 4°C). Binding was revealed with the aid of a FITC-conjugated anti-mouse polyvalent-(G, A,
M)-immunoglobulins, produced in goat (1:400 in BSA 5%, 30 min at room temperature). Glass slides
were then mounted with a solution of DAPI (2 pg/mL) and DABCO. Pictures of cells were taken at
a 600x magnification, using a Nikon Eclipse-E600 epifluorescence microscope (Nikon Corporation)
equipped with filters for FITC and DAPI and with a DXM1200F Nikon digital camera (ACT-2U

software).
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6.2.10  Statistical analyses

Results were obtained from at least two independent experiments, performed with triplicate
samples. Data were analysed using the GraphPad Prism software. For each experiment, the adopted
statistical evaluation is described in the corresponding paragraph of the Results section. Data were
expressed as mean values + SE and were calculated using all the results obtained from the

independent experiments; the significance level was set at p < 0.05.
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6.3 Results and discussion

6.3.1 Lactate upregulates urokinase-type plasminogen activator (uPA), leading to HBEGF
shedding

To highlight the potential role of lactate in EGFR activation, in the first set of experiments we
adopted for MDA-MB-231 cells three different culture conditions: a) maintenance in the presence of
physiologic glucose levels (1 g/l, Low-Glc DMEM, control cells); b) maintenance in Low-Glc
DMEM supplemented with 20 mM lactate (lactate-exposed cells); ¢) maintenance in a conventional,
high-glucose (4 g/l) DMEM (High-Glc DMEM). The lactate supplementation used in medium (b) is
the same used for experiments of Section II and Section III and it matches the level of metabolite
detected in the microenvironment of neoplastic tissues’. In study described in Section IT and Section
IIT was found to cause a significantly increased level of histone-3 acetylation. As specified in
paragraph 6.2.1, MDA-MB-231 cells were grown in the above-described conditions for at least three
months before beginning the experiments. The same phase of adaptation was adopted for HT-29
cultures, which were maintained in Low-Glc DMEM supplemented with 20 mM lactate.

Before experiments, we compared the proliferation dynamics of the cell cultures in the different
media. As shown in Figure 31A, lactate supplementation in Low-Glc DMEM did not affect the
proliferation of MDA-MB-231 cells, and both cultures maintained in Low-Glc DMEM almost
doubled their cell number in 24 h. On the contrary, a significantly increased cell proliferation (+
~35%) was observed in the culture maintained in High-Glc DMEM. A similar experiment performed
in the HT-29 culture showed again that lactate supplementation in the Low-Glc medium did not
modify cell proliferative potential.

We then analysed by RT-PCR the mRNA level of EGFR and of a small number of proteins
involved in its activation and/or having prognostic value in cancer diseases: MMP-2 and -9 32432,
uPA326327; G Protein Coupled Receptor 1 (GPER1)*?%3%; Estrogen Related Receptor alpha (ERR-
alpha)?30-331; SRC332; LDH-A and -B**; HBEGF. The adopted culture conditions helped us in
discriminating between the effects specifically ascribable to lactate from those caused by an
overactivated glycolytic flux (High-Glc DMEM).

The obtained results are shown in Figure 31B. The genes considered for further experiments
were those showing: 1) a >50%-increased level and 2) a similar expression in High-Glc DMEM
grown and in lactate-exposed cells; differences were statistically evaluated by ANOVA followed by
Tukey’s post-test. The selected conditions were met by uPA (Low- Glc DMEM vs +Lactate, p <0.05;
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Low-Glc DMEM vs High-Gle DMEM, p < 0.01; High-Glc DMEM vs Low-Glec DMEM-+Lactate,
NS), GPER1 and ERR-alpha (for both genes, Low-Glc DMEM vs +Lactate, and vs High-Glc DMEM,
p < 0.01; High-Glc DMEM vs Low-Glc DMEM-+Lactate, NS). Graph 31B also shows increased
expression of LDH-A (+55% in lactate exposed cells and +90% in High-Glc DMEM grown cells);
this result was not considered since the difference observed between the two culture media suggested
a major contribution by enhanced glycolysis rather than by lactate alone. For the same reason, we did
not consider the strongly increased level (+ 130%) of SRC, a tyrosine kinase engaged in breast cancer
development and progression®*2, which was observed only in cells exposed to High-Glc DMEM.

Media containing enhanced glucose levels are routinely used in research laboratories to maintain
cell cultures and hasten their proliferation; our results suggest caution in following this procedure,
since it showed the potential of changing gene expression, affecting the experimental results.

Interestingly, MMP-9 (a protease usually described as a potential HBEGF activator’?*) was
significantly reduced as a consequence of lactate exposure, while MMP-2 expression was not detected
in MDA-MB-231 cells. These results were confirmed in HT-29 cultures, adapted to grow in Low-
Glc DMEM + 20 mM lactate for a period > 3 months (Figure 31C). In these cells, lactate appeared to
exert a much stronger effect on ERR-alpha expression. RT-PCR data obtained in HT-29 cells were
evaluated by ANOVA followed by Dunnet’s post-test. A highly significant statistical difference was
observed for GPER1 and ERR-alpha (p < 0.01 and 0.001, respectively). In this experiment, the
increase of uPA mRNA did not reach the level of statistical significance (which, however, was
observed at the immunoblotting detection of Figure 32B). It is noteworthy that when the expression
of HBEGF in the two cultures was compared, MDA-MB-231 showed a more than 10-times higher
mRNA level compared to HT-29, suggesting a far lower dependence of these cells on HBEGF-
mediated signalling (Figure 31D).
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Figure 31. mRNA levels of EGFR and of proteins involved in its activation, assessed by RT-PCR. (A) Before
experiment, a preliminary evaluation was carried out to verify whether the different DMEM formulations could
affect the proliferation dynamics of cell cultures. *, a statistically significant difference with p < 0.05 was found in
cultures maintained in High-Glc DMEM vs those maintained in the Low-Glc medium (ANOVA followed by Tukey’s
post-test). (B) mRNA levels in MDA-MB-231 cells grown in Low-Glc DMEM were compared to those detected in
High-Glc DMEM maintained cells and in cells exposed to Low-Glc DMEM + lactate. For genes’ selection, a
threshold at >50% increase was set (dotted line). Furthermore, only genes showing no statistically significant
difference between High-Glc DMEM grown cells and those exposed to Low-Glc DMEM + lactate were considered.
These criteria were met by uPA, ERR-alpha, and GPERI (@). The selected genes (@) were also studied in HT-29
cells, cultured in Low-Glc DMEM and exposed to lactate (C), together with MMP9 and MMP2 (two proteases
involved in HBEGF shedding). In these cells, RT-PCR analysis substantially confirmed the data obtained in MDA-
MB-231 cultures. The statistical evaluations applied to the data shown in (B) and (C) are detailed in the text. (D)
Comparison of HBEGF mRNA levels between the two cell cultures.

In both cell cultures, the RT-PCR data were validated by the immunoblotting evaluation of uPA,
GPER1 and ERR-alpha shown in Figure 32. In this experiment, the strong increase of ERR-alpha
detected in HT-29 cells was not confirmed and this protein appeared to be scarcely up-regulated in
both the cell cultures; GPER1 protein level was markedly increased in lactate-exposed MDA-MB-
231 cells and uPA showed a statistically significant =40 % increase in both lactate-exposed cultures.

In both normal and malignant breast cells, GPER1 was found to be involved in HBEGF-mediated
EGFR pathway activation®?®; furthermore, endogenously produced uPA was proposed as a major
determinant leading to ERK1/2 phosphorylation in MDA-MB-231 cells***. Although HBEGF
expression was not significantly up-regulated as a result of lactate exposure, following the above-

mentioned results we verified whether lactate-exposed MDA-MB-231 and HT-29 cells had acquired
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the potential of releasing higher levels of HBEGF in medium, through a uPA-mediated mechanism.

To this aim, we recurred to the use of BC11, a specific uPA inhibitor*3>.
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Figure 32. Immunoblotting detection of uPA, GPERI and ERR-alpha proteins in MDA-MB-231 and HT-29
cells. (A) Images of the protein bands and of the used internal standard (Actin). (B) The densitometric reading of
bands, normalized on Actin levels, was used to calculate the % increase of protein levels in lactate-exposed cells vs
control cultures, maintained in Low-Glc DMEM. Because of their limited-extent, the increases of ERR-alpha (in
both cell lines) and GPERI (in HT-29 cultures) were not further considered. The results concerning uPA (in both
cell cultures) and GPERI (only in MDA-MB-231 cells) were analysed by one-sample t-tests; * and ** indicate a

statistically significant increase compared to the control cultures, with p < 0.05 and 0.01, respectively

Since BC11 was shown to exert toxic effects on MDA-MB-231 cells**°, in a preliminary
experiment we evaluated the tolerability of this compound on the lactate-exposed cultures; results are
shown in Figure 33A.

In agreement with published data, BC11 severely affected MDA-MB-231 cell viability in a dose-
dependent manner, while HT-29 cells appeared to better tolerate this inhibitor. Interestingly, in
lactate-exposed MDA-MB-231 cells the effect of BC11 was drastically reduced and the two lactate-
exposed cultures showed to tolerate BC11 similarly, up to 100 uM, 24 h. These conditions were hence
adopted to evaluate released HBEGF in medium.

Figure 33B shows the results obtained using a commercially available ELISA, specifically
designed for the quantification of HBEGF in its soluble form. In lactate-exposed MDA-MB-231

cultures the level of soluble HBEGF appeared to be 3-fold increased, compared to control cells,
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maintained in Low-Glc DMEM; BC11 supplementation almost completely inhibited the effect of
lactate supplementation. As expected, in control HT-29 cultures soluble HBEGF was undetectable;
it reached the limit of detectability in lactate-exposed cells and, also in this culture, BC11
supplementation was found to reduce the release of the soluble form.

These results clearly demonstrated that the upregulated expression of uPA observed in lactate-

exposed cells could play a role in releasing the soluble form of HBEGF.

A B

Effect of BC11 on cell viability (24 h) Released HBEGF at 24 h
1004 200 X

804
60

40+

20- 5
0 L L] 1 ND %
0 50 100 0 T T
20 MDA-MB-231 HT-29

BC11 (uM)

Cell Proliferation (% of controls)

407 O CTR
O MDA-MB-231 -© MDA-MB-231 + Lactate O3 + Lactate
T HT-29 & HT-29 + Lactate +Lactate/BC11

Figure 33. (A) Effects caused by BC11 (uPA inhibitor) on the proliferation of control (grown in Low-Glc DMEM)
and lactate-exposed MDA-MB-231 and HT-29 cells, at 24 h. Lactate was found to drastically reduce the toxic
effects of BC11 in MDA-MB-231 culture. No significant difference was observed between the two lactate-exposed
cultures at all the tested doses of BC11. (B) Detection of released HBEGF (24 h) in control (Low-Glc DMEM)
cultures and in cells exposed to lactate or lactate + BC11 (100 mM). In MDA-MB-231 cultures, lactate significantly
increased HBEGF shedding (p < 0.05, assessed by ANOVA followed by Dunnett’s post-test). In control HT-29 cells
released HBEGF was undetectable (ND), but reached the limit of detectability in lactate-exposed cells. In both
lactate-exposed cultures, BCI1 supplementation reduced the level of released HBEGF and no statistically

significant difference was observed between control cells and cells exposed to lactate/BC1 1.
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6.3.2 Lactate-exposed cells show signatures of activated EGFR pathway and reduced

response to cisplatin

To verify whether the uPA-increased HBEGF shedding can result in enhanced activation of
EGFR-mediated signalling, we assessed the phosphorylation level of the receptor and of its
downstream kinases (ERK1/2) by applying an immunoblotting assay.

The obtained results are shown in Figure 34. The immunoblotting detection of EGFR (Figure
34A) revealed in lactate-exposed MDA-MB-231 cells two bands at a >100 kDa MW level; as
previously described®3, these bands are diagnostic of the glycosylated forms of the receptor and
indicate the presence of activated EGFR. The higher activated state was also confirmed by the
increased level of phospho-EGFR (Tyr1068) and of phospho-ERK1/2 (Thr202/Tyr204) observed in
lactate-exposed cells, compared to the control culture.

In lactate-exposed HT-29 cells, the EGFR signal appeared as a single band; however, the
immunoblotting evaluation showed enhanced phosphorylation levels of the receptor also in these
cells.

For both cultures, the densitometric ratios of the bands for phospho-EGFR/EGFR and phospho-
ERK1/2 / ERK1/2 were calculated and are plotted in the bar graph of Figure 34B. The densitometric
analysis evidenced a difference between the two cell lines: compared to their respective control
cultures, in lactate-exposed MDA-MB-231 cells a significantly higher phosphorylation level was
observed in both EGFR and ERKI1/2. On the contrary, in lactate-exposed HT-29 cells the

phosphorylation of the ERK1/2 downstream kinases was not significantly increased.
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Activation of EGFR-mediated signaling
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Figure 34. (A) Immunoblotting detection of EGFR and ERKI/2 phosphorylation. The signal intensity ratios
(phospho-protein / protein) were calculated and the obtained values were used to assess the %-increase in phospho-
EGFR and phospho-ERK /2 observed in lactate-exposed cells (B). For both phospho-EGFR / EGFR and phospho-
ERK1/2 / ERK1/2 immunoblotting analyses, the same sample was used and was run in parallel experiments; gels
and blots were processed in parallel. The data shown in (B) were statistically evaluated by one-sample t-tests. In
both cell cultures the increased phosphorylation of EGFR reached the level of statistical significance; on the
contrary, phospho-ERK1/2 was significantly increased only in MDA-MB-231 cells. ** p < 0.01

Released HBEGF and the consequent EGFR pathway activation were repeatedly shown to be
associated with chemoresistance®?!, while EGFR inhibition showed the potential of improving the
effects of chemotherapy and radiation therapy®*’. For this reason, in following experiments we
evaluated the response of the control and lactate-exposed cultures to cisplatin, a chemotherapeutic

agent currently used in the treatment of several neoplastic conditions®3®

. In order to define the impact
of uPA-induced HBEGF shedding on the antineoplastic action of cisplatin, in these experiments we
also used BC11 and CRM197, a well-characterized HBEGF inhibitor**. Both cell lines were exposed
to 50 uM cisplatin for 24 h; the obtained results are shown in Figure 35.

In MDA-MB-231 cultures (Figure 35A), CRM197 (2 pg/ml, corresponding to 32 nM) did not
affect the proliferation of both control and lactate-exposed cells, and the single administration of
cisplatin produced in the two cell cultures superimposable effects. When the two compounds were

administered in combination, a statistically significant contribution of CRM197 in increasing the

effect of cisplatin was observed only in cells maintained in Low-Glc DMEM, suggesting for this
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culture higher susceptibility to EGFR pathway inhibition, with a consequently improved drug
response’4’,

A similar experiment was performed only on the lactate-exposed MDA-MB-231 culture to assess
the effects of BC11 supplementation on the combined cisplatin/CRM197 treatment. Results are
shown in Figure 35B. When administered in combination with cisplatin, 100 uM BC11 markedly
increased the effect of this antineoplastic agent, causing evident cell death (a reduced cell number at
24h, compared to that measured at the beginning of treatment); this antineoplastic effect was further
increased by the CRM197 co-administration. Interestingly, the experiment on lactate-exposed cells
highlighted a statistically significant difference between the effect of the combination CRM197/BC11
compared to that caused by the single CRM197 treatment; this result was considered for further
experiments (see following paragraphs).

Figures 35C, D show the same experiments, replicated on HT-29 cultures. In the culture
maintained in Low-Glc DMEM, 50 uM cisplatin significantly impacted on cell proliferation, and a
further contribution given by the CRM 197 supplementation was not observed. Interestingly, cisplatin
susceptibility of lactate-exposed cells appeared to be evidently reduced; this finding is in complete
agreement with results obtained in Section I — preliminary data, showing that in a colon
adenocarcinoma cell line lactate supplementation significantly reduced the DNA damage signatures
caused by this drug. However, also in lactate-exposed HT-29 cells CRM197 supplementation did not
affect the antineoplastic action of cisplatin. When the effect of BC11 was examined in lactate exposed
HT-29 cells (Figure 35D), this inhibitor did not succeed in increasing cisplatin activity; an improved
effect was only observed with the triple combination cisplatin/CRM197/BC11, which, however, did
not reach the level of statistically significance, when compared with the single cisplatin treatment.

Taken together, the less marked effects observed in the experiments performed in HT-29 cultures
can be easily explained by the lower dependence of these cells on HBEGF-mediated signalling
(Figure 31D). For this reason, further studies aimed at characterizing the effect of the CRM197/BC11
combination were performed in lactate-exposed MDA-MB-231 cells; some additional data have also

been obtained in the HT-29 culture.
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Experiments on MDA-MB-231 cultures
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Experiments on HT-29 cultures
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Figure 35. Effect of cisplatin (CPL) in control and lactate-exposed cultures. (A) In MDA-MB-231 cells grown in
Low-Glc DMEM, the antiproliferative effect of 50 mM CPL was increased by CRM197, given at 32 nM (* p < 0.05,
as assessed by t-test). This effect was not observed in lactate-exposed cells. (B) Lactate-exposed cells were exposed
to CPL to evaluate the effect of CRM197 and BC11 on the drug response. Data were analyzed by ANOVA, followed
by Tukey’s post-test. @: a statistically significant difference was observed between cell samples treated with BC11
and those exposed to BC11+CRM197 (p <0.05). *: BC11 significantly increased the effect of CPL (p < 0.001). (C)
In HT-29 cells grown in Low-Glc DMEM, the antiproliferative effect of 50 mM CPL was not modified by CRM197.
Lactate-exposed cells showed a reduced response to CPL and, again, this effect was not modified by CRM197. (D)
The experiments shown in (B) were replicated in HT-29 cultures. #: no statistically significant difference was
observed between cell samples treated with BCI11 and those exposed to BC11+CRMI197. §: the increased
antiproliferative effect observed in cell samples exposed to CPL/CRM197/BC11 did not reach the level of statistical
significance, when compared to the single CPL treatment. In these experiments, no difference in the proliferation

rate was observed between cells maintained in Low Glc DMEM and those cultured in Low Glec DMEM + lactate.
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6.3.3 The combined inhibition of HBEGF shedding and function shows antineoplastic
potential in MDA-MB-231 cultures

Taking into account the results of Figure 35B, a further investigation on the effects of the
CRM197/BCl11 association was performed in lactate-exposed MDA-MB-231 cells (Figure 36). The
compounds were always used at the concentrations tested in the previous experiments (32 nM
CRM197 and 100 uM BC11). With the experiment of Figure 36 A, we evaluated the effect of the two
compounds on glycolytic metabolism, assessed by dosing the released lactate. For this experiment,
cell cultures were exposed to the two compounds given individually or in association in their routinely
used medium for 16 h; after this time, they were maintained in Krebs-Ringer buffer (a lactate-devoid
medium allowing glycolysis) for additional 5 h, to assess the level of the released metabolite. As
shown in the bar graph of Figure 36A, only the combined treatment CRM197/BC11 caused a
statistically significant reduction of lactate release, suggesting impairment of glycolytic metabolism.
Since activated glycolytic metabolism is needed to sustain cell proliferation and is associated with
poor drug response of cancer cells**, this effect can be hypothesized to contribute to the strongly
increased cisplatin effect observed in lactate-exposed cells exposed to CRM197/BC11 (Figure 35B).

In the experiments of Figure 36B, we replicated the assay of cell proliferation by only including
CRM197, BCI11 and their combination. Again, the compounds’ association caused a statistically
significant effect when compared to both CRM197 and BC11 given as single treatments. To better
evaluate the power of the CRM197/BC11 combination, we applied to the obtained results a procedure
useful to assess synergism between pharmacologically active compounds®*!. According to this
procedure, synergism is suggested when the estimate of combination index [cells surviving to
CRM197/BCl11 / (cells surviving to CRM197 x cells surviving to BC11)] returns a value < 0.8. As
reported in Figure 36B, when applied to our experimental data this procedure gave a combination
index = 0.46, suggesting a strong advantage given by the compounds’ association.

The enhanced power of CRM197/BC11 was also confirmed by the experiments of Figure 36C,
which shows EGFR activation and apoptosis, assessed by immunoblotting. Bands’ densitometric
evaluation is shown in the bar graph. In the untreated and in CRM197-exposed cells, the
immunoblotting detection of EGFR showed again the presence of the two bands (see Figure 34)
compatible with the activated receptor state, a feature which appeared to be suppressed by BC11.
Accordingly, the detection of EGFR-phospho-Tyr1068 was more evidently reduced by BC11 and
became barely detectable in cultures exposed to the combined treatment. An exact opposite pattern

was observed for the detection of the p53-Upregulated Mediator of Apoptosis (PUMA), which was
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not significantly affected by CRM197, was moderately increased by BC11 and appeared to be
markedly enhanced following the CRM197/BC11 treatment.

Overall, the obtained results indicate for the CRM197/BC11 combination the potential of leading
to a complete inhibition of EGFR pathway, reproducing the effects of the receptor inhibitors used in
the clinical practice?!!. Therefore, our data suggest that the administration of CRM197/BC11 could
not only empower the efficacy of a chemotherapeutic agent, such as cisplatin, but might also exhibit

antineoplastic effects by itself.
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Effects of CRM197/BC11 in lactate-exposed cells
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Figure 36. (A) Glycolysis inhibition, assessed by quantifying the released lactate. Data were analysed by ANOVA
followed by Dunnett’s post-test,; a statistically significant reduction of lactate release was observed in cell samples
exposed to the combined CRM197/BC11 treatment, with p < 0.01. (B) According to the method described in 340
the antiproliferative effect caused by CRM197/BC1 1 suggests synergism by the two compounds. (C) Immunoblotting
evaluation of EGFR-mediated signalling shutdown and of apoptosis induction (PUMA). Phospho-EGFR band
intensities were normalized on the corresponding EGFR signal; for this immunoblotting analysis the same sample
was used and was run in parallel experiments; gels and blots were processed in parallel. PUMA band intensities
were normalized on the corresponding Actin level. The bar graph shows the effects caused by the two compounds,
given individually or in association. Data were analysed by one sample t-tests. The combination CRM197/BC11
significantly reduced phospho-EGFR, which became barely detectable, and markedly increased the level of PUMA.
* and ** indicate a statistically significant difference compared to the control cultures, with p < 0.05 and 0.01,

respectively.
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6.3.4  Effects of the CRM197/BC11 association on infiltrative growth and cell clonogenicity

The antineoplastic potential of CRM197/BC11 was finally characterized by examining the
efficacy of the combined treatment in reducing the infiltrative growth and the clonogenic potential of
the treated cells. Similar experiments were also performed on HT-29 cultures.

Infiltrative growth was studied by applying a wound-healing assay; the results obtained in MDA-
MB-231 cultures are shown in Figure 37. Panel A shows representative pictures of the cell cultures
taken at 0, 20 and 30 h after wounding.

Because of the reduced dependence on HBGF-mediated signalling shown by HT-29 cells, in this
culture a similar experiment was performed by administering to control and lactate-exposed cells the
single BC11 treatment, to assess whether the lactate-induced upregulation of uPA could play a role
in increasing cell migration (Figure 38). Figure 38 showing the obtained results in HT-29 cells. In
spite of the well-documented role of uPA in facilitating the invasive behaviour of cancer cells326-342,
no evidence of significantly increased repopulation of the wound area was observed in lactate-
exposed HT-29 cells and, consequently, the administration of BC11 did not change the experimental
outcomes. In our opinion, a possible explanation can be found in the compromised substrate adhesion
shown by HT-29 cells when they are exposed to 20 mM lactate (see paragraph 6.2.1 of Materials and
methods).
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Wound Healing Assay

A T0 T 20h T 30h B
*
P ' '
= 100 N
Controls g
(Low-Glc DMEM) E 80
©
S 604
&
o 40
@
+ Lactate < 20 Il‘ H
0 I?l 1 1 l l 1
6 20 30 6 20 30 6 20 30
Time (h)
+ Lactate
+CRM197/BC11 [ CTR [ Lactate

Lact+CRM197/BC11

Figure 37. Would healing assay of MDA-MB-231 cells. (A) Representative pictures of MDA-MB-231 cultures.
The limits of the wound area have been outlined in red; the percentage of healed wound over time is reported in
(B). Data were analysed by ANOVA followed by Tukey’s post-test. *: a statistically significant difference was
observed between control and lactate-exposed cultures at all the considered time intervals (p < 0.01). #:
CRM197/BC11 significantly reduced the effects of lactate at 20 and 30 h (p < 0.01). Compared to the control cells
maintained in Low-Glc DMEM, lactate-exposed MDA-MB-231 cells exhibited higher infiltrative growth potential,
since they were able to almost completely repopulate the wound area after 20 h; this effect appeared to be inhibited
by CRM197/BC11. (B) Shows a quantitative estimate of the repopulated area in the three cultures, which also
includes the first performed evaluation (6 h). A statistically significant difference was observed between lactate-
exposed cells and their parental culture maintained in Low-Glc DMEM at all the considered time intervals (6, 20
and 30 h); the effect caused by CRM197/BC11 in lactate-exposed cells reached the level of statistical significance

starting from 20 h after wounding.
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Wound healing assay performed on HT-29 cultures
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Figure 38. Would healing assay of HT-29 cells. Representative pictures of HT-29 cultures. No evidence of

significantly increased repopulation of the wound area was observed in lactate-exposed HT-29 cells.

A conclusive experiment was aimed at evaluating the effect of CRM197/BC11 on the clonogenic
potential of lactate-exposed MDA-MB-231 cells. In this long-lasting experiment, BCI1
concentration was lowered to 10 uM, to reduce the toxicity risk; the obtained results are shown in
Figure 39. In this culture, new colonies were clearly evident after 8 days of incubation (Figure 39A);
their number and extension were evaluated by colorimetry, after CV staining (Figure 39B).

In lactate-exposed cells a statistically significant, 1.7-fold increased clonogenic power was
observed, when compared to the parental culture maintained in Low-Glc DMEM. When administered
as individual treatments, both CRM197 and BC11 appeared to significantly reduce the clonogenic

power of lactate-exposed cells, which became similar to that observed in Low-Glc DMEM cultured
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cells. A further reduction was caused by the compounds’ association: this treatment appeared to
decrease cell clonogenicity to a level even lower than that observed in Low-Glc DMEM cultured
cells. Among all the performed experiments, the clonogenicity assay was the one requiring long-
lasting treatments (8 days). This longer exposure to CRM197 and BC11 allowed us to observe
changes in MDA-MB-231 cell morphology, which are disclosed in Figure 39C. Pictures of Low-Glc
DMEM cultured cells and of the untreated lactate-exposed cells show the typical morphology of the
MDA-MB-231 culture, mainly characterized by spindle cells but also including a subpopulation of
cells with enlarged cytoplasm®*-*4, In both the shown pictures, one of these enlarged cells can be
easily identified. The same pictures also show that, though maintaining the typical spindle
morphology, lactate-exposed cells exhibit increased dimensions, probably as a consequence of the
lactate-induced changes in gene expression.

Interestingly, treatment with CRM197 was associated with prominent changes in cell
morphology, leading to the prevalence of the subpopulation characterized by the enlarged cytoplasm.
According to previous studies**!, the two different morphologies of MDA-MB-231 cells are
expression of cell subpopulations with different biological properties, with the spindle mesenchymal-
like cells exhibiting higher activated glycolysis metabolism and metastatic potential, and the enlarged
epithelial-like cells showing oxidative metabolism. Interestingly, these cell phenotypes were found
to be plastically modulated by changes in cell energy metabolism*#!. Based on these observations and
according to our results, it can be hypothesized that, although lacking direct antineoplastic power,
CRM197 treatment could induce a mesenchymal-epithelial transition which should lead to the
prevalence of cells with reduced metastatic potential. This hypothesis was confirmed by the E-
cadherin (E-CAD) immunostaining shown in Figure 39C: in lactate-exposed cells, no evidence of E-
CAD staining was observed, while E-CAD staining became clearly evident after the CRM197
treatment.

Figure 39C also shows that BC11 did not significantly affect MDA-MB-231 cell morphology
and that the residual colonies observed following the combined CRM197/BC11 treatment appeared

to be smaller and characterized by shrunk cells.
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Figure 39. (A) Representative pictures of colonies formed by MDA-MB-231 cells, stained with CV. (B) Colorimetric
evaluation of colonies. Data were evaluated by ANOVA, followed by Tukey’s post-test. *: a statistically significant
difference was observed between lactate-exposed cells compared to controls and to all the applied treatments, with
p values < 0.01 — 0.001. (C) High magnification pictures of colonies, showing the morphology changes induced by
CRM197 (60x) and the immunostaining of E-cadherin (E-CAD) (600x). The green fluorescence indicative of E-
CAD positive cells was clearly evident only in cells exposed to CRM197.
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The clonogenicity assay was also performed in HT-29 cultures exposed to the single BC11
treatment, given at 10 and 20 uM; in this case, evident generation of colonies required about 15 days.
The obtained results have been included in Figure 40. Compared to the MDA-MB-231 culture, in
lactate-exposed HT-29 cells the observed colonies showed smaller dimensions and seemed to be
formed by multi-stratified cells, a pattern probably induced by the above-mentioned difficulty in
substrate adhesion shown by HT-29 cells when the medium is supplemented with lactate (Figure
40A). The colorimetric detection of colonies showed a small, not statistically significant increase in
lactate-exposed cells and a statistically significant reduction of the clonogenic power vs the control

and vs lactate-exposed cells when BC11 was administered at 20 uM (Figure 40B).

Clonogenic assay performed on HT-29 cultures
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Figure 40. (A) Representative pictures of colonies formed by HT-29 cells, stained with CV. (B) Colorimetric
evaluation of colonies. The colorimetric detection of colonies showed a small, not statistically significant increase
in lactate-exposed cells and a statistically significant reduction of the clonogenic power vs the control and vs

lactate-exposed cells when BC11 was administered at 20 pM.
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6.4 Conclusion — Section IV

Because of its relevance in a large variety of neoplastic diseases, EGFR has long been considered
as an attractive therapeutic target’!>3#, In cancer cells EGFR can be abnormally activated by various
mechanisms: receptor overexpression, mutations, ligand-dependent receptor dimerization, ligand-
independent activation. Usually, these mechanisms lead to the activation of the intracellular tyrosine
kinase domain of the receptor. The consequent autophosphorylation of this domain initiates a cascade
of downstream signalling pathways involved in the regulation of cellular proliferation, differentiation
and survival.

In the latest decades the introduction of EGFR tyrosine kinase inhibitors produced remarkable

346 Unfortunately, most patients were found to acquire drug

clinical results in different cancer forms
resistance over the years and for this reason, second and third generation inhibitors have been
introduced in the clinics®¥7**¥, In spite of these efforts, drug resistance caused by mutations in the
EGEFR gene or in components of the signal transduction pathways continues to emerge and, recently,
novel fourth generation inhibitors have been developed®#7-3%,

One of best characterized effects of EGFR-mediated signalling is the activation of glycolytic
metabolism?®, leading to increased lactate production. The experiments described in this Section
suggest that enhanced lactate levels can not only be the consequence of the activated EGFR-mediated
signalling, but also take active part in fostering the activated receptor state, generating a vicious
feedback loop.

A direct method to dampen this self-sustaining deleterious loop could be the inhibition of LDHA,
with consequent block of lactate production. In several experimental settings LDHA inhibition

"and, recently, it was also shown to

appeared to cause inhibition of EGFR-mediated signalling®
abrogate cancer cell resistance to EGFR tyrosine kinase inhibitors'®’.

Our results propose an alternative approach to inhibit EGFR-mediated signalling, which could
be considered for those cancer conditions in which receptor activation is mainly triggered by HBEGF.
HBEGEF is initially synthesized as a transmembrane precursor protein and is then cleaved at the cell
surface by the proteases of the ADAM family or by other metalloproteases.

Soluble HBEGF was found to be implicated in the proliferative potential of tumour cells,
contributing to tumour aggressiveness, local invasion, metastasis and chemoresistance®?!. Its
increased expression, compared to normal cells, was detected in a number of neoplastic diseases
usually characterized by dismal prognosis and/or poor treatment response, such as pancreatic, liver,

ovarian, gastric cancers and glioblastoma3!8-352:353,
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CRM197 is a nontoxic mutant of diphtheria toxin which binds to human HBEGF and hinders its
mitogenic activity>3°. Since it was found to be ineffective in hindering the effects of other EGFR
ligands, it is considered a specific inhibitor of HBEGF?'®, At present, CRM197 is approved for the
clinical use as a carrier protein in multiple conjugate vaccines®>*. The antineoplastic activity of
CRM197 was investigated in a number of studies which showed the potential of this HBEGF inhibitor
mainly in increasing the activity of commonly used anticancer drugs, such as cisplatin, doxorubicin

and paclitaxel, in cultured human cancer cells from different neoplastic conditions®>>-3%6;

; In some
models, reversion of drug resistance was also observed®’. Interesting results also came from animal
models®>® but, to our knowledge, clinical experience with CRM197 was not encouraging”’
Remarkably, the difficulties in targeting the EGFR-mediated signalling in cancer have been analysed
in360.

Our data substantially confirmed the limited anticancer potential of CRM 197 when administered
as a single treatment (Figures 35 and 36). However, the experimental exposure to increased lactate
levels, allowed us to identify the protease playing a major role in releasing HBEGF in our cell system.
Our experimental results suggest that the association of CRM197 with an inhibitor of the protease
primarily involved in HBEGF release is endowed with anticancer potential, since it can lead to the
shutdown of EGFR-mediated signalling and apoptosis (Figure 41). In agreement with these data, it
also dramatically reduced the cell clonogenic potential and infiltrative growth. Interestingly, this
anticancer potential became evident without the administration of chemotherapeutic drugs. Our
experiments also evidenced that a single, but sustained exposition to CRM197 can affect cell biology,

inducing changes suggesting the reversion of the mesenchymal phenotype; to our knowledge, this

effect was never described so far and deserves further investigation.

HBEGF

proHBEGF
EGFR

‘ ‘ ‘ GLYCOLYSIS
LACTATE

Figure 41. Schematic representation of results described in Section 1V.
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In conclusion, the observations reported in this Section show that at the level reached in the
microenvironment of neoplastic tissues, lactate can induce increased levels of uPA, a protease causing
HBEGF shedding and EGFR pathway activation. In different neoplastic contexts, other proteases can
be involved in HBEGF shedding?%!-*62, Protease inhibitors are already under consideration as possible
candidates for anticancer treatment®®3; these compounds have also shown the potential of increasing
the anticancer activity of chemotherapeutic drugs***. The observed antineoplastic effect obtained by
the association of CRM197 with the uPA inhibitor suggests the possibility to dampen the EGFR-
mediated signalling by adopting a tailored treatment, based on the association of CRM197 with a
context-appropriate protease inhibitor. In HBEGF-dependent cancers this alternative approach could
be considered to overcome the drug resistance frequently observed following the use of conventional

EGEFR tyrosine kinase inhibitors.
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7. SECTION V

From The Adverse Effects To a Therapeutic Opportunity

The described studies indicated that lactate can play a significant role in the development of drug
resistance. A direct approach to prevent the adverse effects induced by this metabolite should be
LDHA inhibition. As explained in the Introduction (paragraph 1.2.2), this enzyme isoform is
commonly upregulated in cancer cells; compared to LDHB, it has higher affinity for pyruvate and
preferentially converts pyruvate to lactate. During my studies I also joined a research project directed
by Professor Alejandro Hochkoeppler, (FaBiT, University of Bologna) and aimed at improving the
knowledge of LDHA kinetic properties. These studies also allowed the design of peptides with
specific inhibition activity on LDHA. My contribution in this project was to characterize the effects

of the peptide inhibitors on the lactate production in cultured cancer cells.

7.1 Introduction

Energy metabolism of cancer cells is primarily focused on glycolysis and lactate production and
their intracellular pH (pHi) remains higher than that of normal cells*®°. LDHA exhibits pH sensitivity
associated with post-translational modifications, for this reason, the particular phenotype of cancer
cells is likely linked to the need to maintain the activity of LDHA3%, On the contrary, in normal cells,
pHi can be induced to decrease during periods of transient or prolonged hypoxia. In the case of
skeletal muscle undergoing prolonged fatigue and of cancer cells often exposed to hypoxic
conditions, LDHA activity is crucial for energy metabolism3®,

By utilizing human LDHA and rabbit skeletal muscle LDHA, the studies described in 367368
demonstrate that when exposed to acidic pH, this enzyme undergoes homotropic allosteric transitions
induced by pyruvate. In contrast, LDHA exhibits Michaelis-Menten kinetics at pH values of 7.0 or
higher. Dynamic light scattering (DLS) experiments indicated that the presence of allosteric kinetics
in LDHA corresponds to a stable dissociation of the enzyme tetramer. This suggests that pyruvate
facilitates tetramer formation in acidic conditions.

I contributed to this study by performing cell-based experiments. In these experiments we also

isolated cells featuring cytosolic pH equal to 7.3 or 6.5, and observed a concomitant decrease in
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cytosolic pH and lactate secretion. Overall, these observations suggest negative feedback between
lactic acidosis and LDHA activity.

Finally, considering that the activity of LDH is exclusively exerted by the enzyme tetrameric
form, peptide inhibitors specifically perturbing the monomers-to-tetramer assembly of human LDHA
were developed®®. My task was to analyse the effects of these peptide inhibitors on cultured cancer

cells expressing LDHA and/or LDHB.
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7.2 Materials and methods

7.2.1 Study of LDH Kinetic properties

Cell Cultures and treatments

For this study we used two cell cultures: HepG2, a human hepatoma cell line, and rabbit skeletal
muscle cells (Cell Applications Inc). HepG2 were grown in DMEM, with standard supplementations.
Rabbit skeletal muscle cells were grown on their growth medium were obtained from Cell
Applications Inc. All the materials used for cell culture and all the reagents were obtained from
Merck, unless otherwise specified. Cells were maintained at 37°C in a 5% CO; humidified incubator.
To determinate the cytosolic pH of cells, we used the fluorescent probe BCECF (2,7-Bis-(2-
carboxyethyl)-5-(6)-carboxyfluorescein, acetoxymethyl ester). Cells were washed twice with HBSS
(pH 7.3), incubated with 5 uM BCECF for 30 min at room temperature under shaking, and finally
washed twice with HBSS (pH 7.3). Cells were washed and incubated in HBSS medium (without
bicarbonate and supplemented with HEPES and MES buffers, 10 mM each) at pH 6.5 to induce
intracellular acidosis. Control samples were incubated with HBSS medium at pH 7.3. The
fluorescence of BCECF was determined using a PerkinElmer (Waltham) Enspire microplate reader,
exciting samples at 440 or 490 nm, and evaluating emission at 535 nm. The calibration of BCECF
fluorescent response to pH was obtained by exposing cells to a medium containing 0.8 mM MgSQOu,
1.8 mM CaCly, 140 mM KCI, 5 mM glucose, supplemented with MES and HEPES buffers (10mM
each), and conditioned at pH values ranging from 5.0 to 8.0. Nigericin (10 uM) was added to cells
and they were then incubated for 10 min at room temperature under mild shaking. The fluorescence

of BCECF was finally determined as describe above.

Assay of lactate levels

The concentration of lactate released by HepG2 cells and rabbit skeletal muscle cells was
determined using two independent methods, relying on colorimetric or enzymatic®’? detection. Cells
(5 x 10°/well) were seeded in six-well plates and left to adhere overnight. After adhesion, growth
medium was replaced with Iml HBSS (at pH 6.5 or 7.3) containing 20 mM glucose and cells were
allowed to equilibrate for 3 h in a 37°C incubator. Medium was then renewed and after 3 h of further

incubation at 37°C, HBSS medium was collected from each well to evaluate lactate levels by using
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the method described in paragraph 4.2.2 of Materials and Methods of Section II (colorimetric
detection).

For the enzymatic assay appropriate volumes of samples were added to a reaction mixture
containing 125 mM glycine, 40 mM hydrazine, 10 mM EDTA, 2.5 mM B-NAD+, 105 nM rabbit
LDH, pH 9.0 (final concentrations). The increase in absorbance at 340 nm associated with the
oxidation of lactate and the simultaneous reduction of B-NAD+ was monitored for 3h, which was
found a sufficient time interval to approximate reaction equilibrium. To calculate lactate
concentration in samples, a calibration curve was obtained through a series of assays performed in

the presence of known concentrations of sodium lactate.

7.2.2 Study of Peptide inhibitors

Cell cultures and treatments

To assess the effectiveness of the peptides in inhibiting LDHA activity in cultured cells, we used
two human cell lines: the MCF breast adenocarcinoma (which only express LDHA)*®, and the
BxPC3 pancreatic ductal carcinoma (which only express LDHB)*®. Cell cultures were grown in
DMEM (MCF7) or RPMI medium (BxPC3), supplemented with 100 U/mL penicillin/streptomycin,
2 mM glutamine and 10 % (v/v) FBS. All the components of the media used for cell culture were

obtained from Merck.

Colorimetric assays of lactate secretion by cultured human cells

We evaluated the ability of peptides to inhibit LDH in cultured cells by measuring the
concentration of lactate released by the MCF7 and BxPC3 cell cultures. To this aim, we seeded the
cells in duplicate in 24-well plates (2 x 10° cells per well) and allowed them to adhere overnight. The
culture medium was then replaced by Krebs-Ringer buffer (300 uL/well). Stock solutions of peptides
(8 mM in DMSO) were diluted in Krebs-Ringer buffer to achieve a final concentration of 640 uM
and then combined with an equal volume of 4% (v/v, in Krebs-Ringer buffer) Lipofectamine 2000
(Invitrogen). The final solution was mixed and allowed to sit at room temperature for 25 minutes.
Subsequently, 100 pl of the solution were added to each well of the plate, resulting in a final peptide
concentration of 80 uM. The concentration of lactate released in the Krebs-Ringer buffer was
determined after 4 hours of incubation at 37°C, using the method described in paragraph 4.2.2 of
Materials and Methods of Section II.
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7.3 Results and discussion

7.3.1 Cytosolic pH and LDH-A activity in vivo

In this study we found a dissociation of the LDHA tetramer caused by acidic pH conditions and
it indicates that enzyme activity may significantly decline as pH decreases, particularly in

367 Thus, we hypothesized that this could result in a

environments with low pyruvate concentrations
moderate production of lactate by cells whose cytosolic pH decreases from the physiological level,
typically regarded as 7.2°%5. As mentioned in Materials and methods, we employed two distinct
analytical methods to measure the concentration of lactate released by both human HepG2 and rabbit
skeletal muscle cells, which are cell lines recognized for primarily expressing LDHA?7!-368,

Initially, to assess the cytosolic pH, we quantitatively evaluated the impact of pH on the in vivo
fluorescence of the probe BCECF (see paragraph 7.2.1 of Materials and methods). Subsequently,
both cell lines had been cultured in their medium were transferred to HBSS medium buffered to pH
7.3 or 6.5.

Figures 42A,C show the time-course of cytosolic pH in HepG2 cells and rabbit skeletal muscle
cells respectively, after transferring them to HBSS medium. Based on the observed kinetics, we chose
to quantify the lactate released by cells three hours after their transfer to HBSS medium. We
quantified the lactate secreted by these cells using two independent analytical methods (colorimetric
and enzymatic). Interestingly, regardless of the analytical method employed, the concentration of
lactate released into the external medium by cells with lower cytosolic pH was observed to decrease
three-fold compared to the lactate concentration secreted by cells exposed to HBSS at pH 7.3 in both
cell lines (Figure 42B,D). We interpreted this observation as the result of the in vivo dissociation of

the LDHA tetramer, with the dissociated enzyme forms exhibiting low catalytic activity.

141



Experiments performed on Experiments performed on
HepG2 cells Rabbit skeletal muscle cells
L L L L L B 8.0 —7r r 1. r 1 Tt 1 Tt T Tt T 7

A : c

6.5 [ L 1 L 1 1 1 L 1 I 1 L Il

0 50 100 150 200 0 30 60 90 120 150 180 210
Time (min) Time (min)
350 - 50
300 F B ] I D 1
C ] 40 | ) 4
— 250 F b 3
s 250 f : z | _
=~ 200 F 3 230 ]
[ C 1 =
g 180p ] s 20} ]
S L ] 8 H i
— 100 [ . = L J
C ] 10 .
50 3 - ]

pH 7.3 pH 6.5 pH7.3 pH 6.5

Figure 42. Cytosolic pH of HepG?2 cells (left) and of rabbit skeletal muscle cells (right) and generation of lactate.
(A-C) The cytosolic pH of HepG2 cells and rabbit skeletal muscle afier transferring them from HBSS medium at
pH 7.3 to the same medium (squares) or to HBSS buffered at pH 6.5 (circles). (B-D) The concentration of lactate
released by cells after a 3-hour incubation in HBSS medium at pH 7.3 or 6.5. Lactate levels was measured using a
colorimetric (blue bars) and an enzymatic (green bars) analytical method, with two independent samples for each

determination. Error bars indicate the standard deviation (n=2).

7.3.2  Inhibitory action of peptides on lactate production by human cells

In preliminary studies®®’

a procedure for the isolation of homogeneous human LDHA in
monomeric form was developed. This finding provided a convenient and reliable tool to assay
candidate inhibitors directed against the assembly of monomeric human LDHA into the
corresponding, catalytically active, tetramer. As a following step, peptides potentially hindering the
assembly of LDHA tetrameric form were designed*®. My contribution in this study was to evaluate

the effects of these peptides on lactate production in human cell lines. Specifically, I examined the
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effects of the three most effective LDHA peptide inhibitors previously tested on the purified LDHA
protein: TH1, TH2, and TH16. These peptides bind the N-terminal region of LDHA, which was found
to be involved in the assembly of the enzyme tetrameric form*®. TH1 is an octapeptide showing the
primary structure GQNGISDL, the sequence of which is identical to residues 296303 of the target
protein; TH2 is a cyclic tetrapeptide (c[GQN-isoD]) and TH16 is the TH2 peptide in linear form
(GQND). These peptides were tested in MCF7 cells (which express only LDHA) and in BxPC3
cultures (which express only LDHB). In preliminary experiments we verified that when peptides are
added in the Krebs Ringer buffer used for lactate assay, they elicited minimal and not statistically
significant effects on lactate production by MCF7 cells. We hypothesized that this missing effect
could be linked to the low solubility of the peptides in the used buffer and, as described in section
7.2.2, repeated the experiment by diluting them in Lipofectamine. Lactate assay was then repeated
and in MCF7 cells both the linear TH16 and the cyclic TH2 tetrapeptide were found to cause a
statistically significant 20% reduction of metabolite concentration in medium (Figure 43).
Conversely, in BxPC3 cells (which express only LDHB) no significant difference in secreted lactate
was observed in the cultures exposed to both TH16 and TH2, compared to the untreated controls
(Figure 43). Surprisingly enough, the TH1 octapeptide had no significant impact on lactate secretion
by MCF7 and BxPC3 cells (Figure 43), in spite of the higher power of LDHA inhibition shown on

369

the purified protein°®. We can hypothesize that the lack of a detectable effect in cultured cells could

again be linked to poor cell penetration, not adequately improved by lipofectamine.
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Figure 43. Effect of peptides on the secretion of lactate by human cell lines. The quantity of lactate secreted by
MCF7 and BxPC3 cells without (white bars) or with (yellow, orange and green bars) of different peptides is shown.
Error bars represent SD (n = 3). The experimental observations were compared by two-way ANOVA. The ** symbol

denote a p value lower than 0.01.
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Although preliminary, these experiments suggest that appropriately designed peptides can exert
LDHA inhibitory activity in living cells. Considering the relevance of LDHA in cancer cell biology,
we hope that the proceeding of these studies will help in identifying further peptide structures, more

efficiently hampering the glycolytic metabolism of cancer cells.
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8. CONCLUSIONS

One of the characteristics that allows malignant cells to sustain tumour growth and progression
is metabolic reprogramming?’2. Cancer cells exhibit increased glucose uptake from the extracellular
environment’’®. As a result, a significant quantity of glucose is converted into pyruvate, which is
subsequently reduced to lactate’’*. This process contributes to supporting the energy demands needed
for unrestricted tumour proliferation®’*. Metabolic changes are considered an emerging hallmark of
cancer cells’”>, and these alterations have been leveraged for clinical applications in the diagnosis of
several malignancies through positron emission tomography (PET)?’¢. PET is a functional imaging
technique used in nuclear medicine that exploits the atypical metabolism of glucose in cancerous
cells. The procedure involves the administration of a radiotracer, commonly 2-fluoro-2-deoxy-
glucose (!8F-FDG), a glucose analogue labelled with the '8F radioisotope, able to emit positrons
detectable by PET. This radioactive tracer is absorbed by human cells and then, like normal glucose,
is phosphorylated by hexokinase (HK), which ensures '*F-FDG cell trapping. Differently to glucose,
which undertakes the glycolytic pathway, '8F-FDG cannot be further metabolized as it lacks the
hydroxyl group at the 2—carbon?®””. Thus, high '*F-FDG signals, typical of cells showing high glucose
consumption, are positively correlated with the presence of primary tumour or metastasis. In this way,
it is possible to localize neoplastic lesions with extremely high precision®7®.

As mentioned above, this altered metabolic pattern leads to the production of elevated levels of
lactate. Once considered a metabolic waste product, lactate was recently shown to play a role in
regulating gene expression and in promoting the unlimited growth of cancer cells®. Initially, it was
demonstrated that lactate influences gene expression by inhibiting histone deacetylases'4; more
recently it was shown that lactate promotes an open chromatin structure through a histone

142 This modification enhances the access of transcription

modification process called lactylation
complexes to DNA. Consequently, lactate can function as a sensor able to transduce metabolic
changes into stable gene expression patterns.

As well known, an energy metabolism based on activated glycolysis with consequent increased
lactate production also characterizes embryonic tissues. By increasing histone lactylation, high levels
of lactate might contribute to changes in gene expression, supporting proliferation and safeguarding
DNA integrity'®2. These lactate-induced effects are coherent with the role of glycolytic metabolism
in supporting embryonic tissues’ development.

The described research project was aimed at characterizing the effects of lactate signalling in

cancer cells, with particular attention to the potential role of this metabolite in modifying the response
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of cancer cells to chemotherapeutic treatments and in promoting the onset of drug resistance. The
experiments described in this thesis have elucidated that lactate can induce drug resistance through
pathways that may differ according to the cell types.

The preliminary experiments described in Section I showed for the first time a direct effect of
lactate on the expression of genes required for mismatch and nucleotide excision DNA repair, which
appeared to compromise the antineoplastic efficacy of cisplatin. The reduced response to cisplatin
caused by lactate was associated with decreased signatures of DNA damage and upregulated
expression of repair pathways’ genes usually involved in the management of DNA alterations caused
by this drug.

Following the results obtained with this preliminary study, we evaluated the effects of lactate on
the antineoplastic action of DOXO in breast cancer cells. DOXO is a member of the anthracyclines
class and is the first-choice therapy for a variety of solid malignancies. In this context, by using
DOXO, we found that increased lactate levels did not affect TOP2A poisoning, the main
antineoplastic mechanism of the drug. Interestingly, this metabolite significantly reduced drug-
induced oxidative damage. Oxidative damage is not considered relevant to the antineoplastic action
of DOXO, but it appears to play a major role in the cardiac toxicity caused by this drug. These findings
suggest that a short-term exposure to lactate prior to DOXO treatment might help in reducing the
oxidative damage in cardiomyocytes without compromising the antineoplastic efficacy of
chemotherapeutics in cancer cells.

In ER+ breast cancer cells (MCF7 culture), we further investigated the potential role of lactate
in promoting resistance to TAM. TAM is a widely used oestrogen receptor inhibitor, whose clinical
success is limited by the development of acquired resistance. Interestingly, this compound was found
to inhibit mitochondrial function probably at the level of complex I, and the administration of TAM
is associated with an increase in lactate production. In this model, we observed that elevated lactate
levels can reduce the efficacy of TAM, promoting drug resistance. This effect was found to be linked
to the induction of an enhanced proliferative potential of breast cancer cells caused by TAZ, TERC
and TERT upregulation. TAZ overexpression was also found to activate the EGFR pathway, leading
to increased LDHA expression/activity.

EGFR hyperactivation can play a crucial role in the neoplastic change process and in conferring
survival advantages to cancer cells. In patients with multiple cancer forms, elevated activation of
EGFR pathway revealed to be a strong prognostic feature®!?. In the concluding phase of this project,
we assessed the potential role of lactate in promoting the activation of EGFR pathway. Through these
experiments, we observed that increased lactate levels can induce EGFR activation by stimulating

HBEGF shedding, an EGF-like peptide with potent mitogenic activity>!°. This effect was found to be

147



linked to the lactate-induced release of uPA, a protease promoting HBEGF shedding. We observed
that the administration of CRM197 (a specific HBEGF inhibitor) in association with a uPA inhibitor
caused dampening of EGFR-mediated signalling and apoptosis induction. Overall, this study
highlighted that the increased lactate production can foster the activated state of EGFR receptor and
suggested that in cancer cells expressing HBEGF, the inhibition of EGFR-mediated signalling can be
attempted by means of CRM197 administered with an appropriate protease inhibitor.

This project allowed us to identify various effects linked to lactate signalling in cancer cells. An
intriguing mechanism revealed by our studies is that, at the level reached in the microenvironment of
neoplastic tissues, lactate can induce self-sustaining deleterious loops, favouring tumour growth. For
example, by activating EGFR pathway, lactate leads to an increase of LDHA expression and activity,
resulting in elevated glycolytic metabolism, with further increased lactate production. This
phenomenon can fire up an important self-feeding loop where lactate can promote epigenetic changes
ultimately resulting in the amplification of its generation. This mechanism can contribute to reduce
the efficacy of chemotherapeutic drugs, leading to therapeutic failure.

In accordance with these findings, it would be essential to inhibit the production of lactate in
order to disrupt the self-feeding loops that contribute to drug resistance. Additionally, hindering
glycolytic metabolism in cancer cells is a crucial strategy in cancer therapy, aimed at improving
patient outcomes.

To directly inhibit lactate production, numerous molecules have been developed that target the
enzyme responsible for its synthesis: LDH. Hindering the glycolytic metabolism of cancer cells via
LDH inhibition was found to overcome the resistance to chemotherapeutic agents!®>. In spite of
extensive research aimed at identifying LDH inhibitors, none of these molecules was approved for
clinical use in cancer patients'’s. Some years ago, an inhibitor potentially active in vivo was
identified”. Although active, this compound showed no specificity for LDHA and, for this reason,
exhibited toxic effects potentially limiting its therapeutic window. The administration of this
compound in mice was found to cause haemolysis, presumably associated with the inhibition of
LDHB in red blood cells’. It can be hypothesized that this side effect could be mitigated through the
development of drugs that specifically target and inhibit LDHA. Based on these evidences, and
considering that LDHA is the major enzyme isoform in cancer cells, there is a necessity to develop
new small-molecule LDHA inhibitors that exhibit enhanced selectivity for cancer cells®®.

While waiting the development of these inhibitors, an alternative approach to inhibit glycolytic
metabolism could be the use of EGFR inhibitors. The introduction of EGFR tyrosine kinase inhibitors

346

in clinics has produced significant results in various cancer types®*°. While these drugs demonstrated

significant effectiveness in cancer treatment, mutations in the EGFR gene or in components of the
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signal transduction pathways have become a major obstacle for their efficacy®*®. For these reasons,
most patients were found to acquire drug resistance over the years, leading to the recent introduction
of fourth generation inhibitors.

Another important strategy to inhibit glycolytic metabolism and hamper the progression of
cancer cells could be the administration of PI3K pathway inhibitors!%®. The PI3K pathway plays a
pivotal role in the regulation of cell survival, growth, proliferation, and metabolism. Aberrant
activation of this pathway is a hallmark of many cancers and contributes to tumorigenesis and
metastasis!®3. In the last twenty years, there has been a significant increase in the number of PI3K
inhibitors explored in preclinical studies, with different compounds advancing to clinical trials as new
anticancer drugs'®. However, their considerable toxicity and insufficient selectivity have hindered
their use and approval in clinical settings. Adverse events associated with these inhibitors, including
hyperglycaemia, pneumonitis, stomatitis, rashes, and diarrhoea, were found to significantly affect
patients' quality of life, resulting in a high rate of treatment discontinuation!®>,

The final part of my thesis describes experiments aimed at studying the efficacy of peptides that
selectively target and inhibit LDHA. These peptides were developed thanks to the collaboration with
Professor Alejandro Hochkoeppler, (FaBiT, University of Bologna) and Professor Luca Gentilucci,
(CHIM, University of Bologna). I contributed to this study by performing the cell-based experiments.
The identified inhibitory peptides proved to be selective for LDHA and effective in reducing lactate
production of cultures cancer cells, but showed reduced potency. Experiments are is still ongoing;
further studies are aimed at improving the efficacy of the peptide inhibitors and their delivery to

cancer cells.
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