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INTRODUCTION

Breast cancer remains the predominant form of cancer worldwide according
to the World Health Organization (WHO) [1], which leads to it also being the
primary cause of death resulting from malignant tumours. Given its higher
incidence in women compared to men (about 0.5—1 % of breast cancers occur
in men as reported by WHO), it becomes a daunting aspect in the broader
context of women’s health. According to the American Cancer Society, it is
estimated that one in eight women will develop breast cancer at some point
in their lifetime [2]. Despite advancements in breast cancer survival rates
through interventions like mastectomies and chemotherapy, early detection
and personalised treatments are still a matter of high importance to reduce the
psychological burden for patients and to increase their overall survival.

After Warburg’s discovery of cancer cells being able to carry out aerobic
glycolysis to meet their increased metabolic demands [3], the scientific
interest in alterations of cancer metabolism increased amongst scientists.
Metabolic reprogramming emerged as a hallmark of cancer [4]. It became
clear that exploring these subtle differences in metabolism between malignant
and healthy tissues could lead to finding metabolic vulnerabilities of cancer
for new targeted therapies. Finding these weak spots poses a challenge, as
alterations in metabolic pathways differ even among the same type of cancer.

Besides glucose, amino acids have proven their importance in tumour
progression. In addition to being building blocks for proteins, they can also
be broken down into intermediates for the Krebs cycle or other biosynthetic
pathways. They are not only fuel for rapidly dividing cancer cells but play an
importantrole in controlling immune response, regulating signalling pathways,
maintaining redox balance and resistance to various chemotherapeutic agents.
Some cancer cells are dependent on non-essential amino acids due to loss-
of-function mutations in biosynthetic enzyme-coding genes. In other cases,
cancer cells have a higher demand for particular amino acids, that are used
as biosynthetic building blocks, making their uptake and synthesis pathways
upregulated compared to normal cells. These differences are crucial in the
search for therapeutic agents with fewer side effects.

Branched-chain amino acids (BCAAs) — leucine, isoleucine, and valine,
have been shown to be involved in different metabolic diseases such as obesity,
diabetes, cardiovascular and neurodegenerative diseases [5]. The importance
of BCAA catabolism in cancer was noticed in 2013 when Tonjes et al.
noticed that the first cytosolic enzyme in the breakdown cascade of BCAAs
— branched-chain amino acid transferase 1 (BCAT1) was overexpressed in
glioblastoma cells and demonstrated that suppression of BCAT1 significantly
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reduced proliferation of these cells [6]. Our group also showed that the
enzyme branched-chain amino acid transferase 2 (BCAT2), the mitochondrial
counterpart of BCAT1, is overexpressed in some breast cancer cell lines and
that BCAA degradation accounts for a significant part of the cellular energy
metabolism [7]. As a result of the mentioned observations, perturbed BCAA
metabolism is considered to be a potential therapeutic target for different
cancer types [8], however, the exact reasons for the mentioned metabolic
disturbances are not entirely known.

Understanding the intricate landscape of cancer metabolism by unravelling
key pathways and molecular players offers promising targets for new
targeted therapies and unlocking the full potential of personalised medicine.
Advancements in molecular and systems biology as well as genomic sciences
are providing deeper insight into cancer metabolism for the development of
new, more efficient diagnostic and treatment approaches in the near future.

Aim and objectives

This work aims to determine the role of amino acids in breast cancer cell
metabolism by using different omics- techniques and bioinformatic pipelines
in search of chemotherapeutic drug targets.

Objectives

1. Identify the role of branched-chain amino acids in cellular energetics
and biosynthesis of mevalonate by using isotopically labelled amino
acids in breast cancer cells.

2. Perform a comparative analysis of branched-chain amino acid metabo-
lism from the blood plasma of breast cancer patients and healthy con-
trols.

3. Determine alterations of amino acid metabolism in breast cancer cells
by combining metabolomic and transcriptomic data to identify possible
drug targets.

Scientific novelty of the work

Even though the association between cancer and the overexpression
of BCAA-degrading enzymes has been a topic of discussion for about a
decade, a clear picture of the links between BCAA metabolism and cancer
has yet to emerge. In this work, we shed light on some previously unknown
mechanisms by which BCAAs promote the progression of breast cancer by
tracing their breakdown and transformation into cellular energy and building
blocks. This, in turn, contributes to the search for new therapeutic approaches
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and biomarkers for early diagnostics. Novel discoveries of this work include
measures of the influence BCAA catabolism has on acetyl coenzyme A and
mevalonate production in breast cancer cells, as well as the determination of
possible biomarkers for breast cancer, following increased BCAA catabolism
in the plasma of women with newly diagnosed invasive ductal carcinoma.
Furthermore, by combining metabolomic and transcriptomic data from breast
cancer cells using a bioinformatic pipeline, we identify perturbations in one-
carbon metabolism, which could be a topic for further investigation on the
role of amino acids in cancer progression.

Other important aspects

The results of this dissertation were part of a project called “The effect
of branched-chain amino acid degradation on cancer cell metabolism and
proliferation” (S-SEN-20-6), funded by the Lithuanian Research Council.
The results are divided into seven parts for better discrimination of the
different aspects studied, however, the conclusions were written taking into
consideration several of these aspects. The results of sections 3.1 and 3.2
were published in one peer-reviewed article. The aforementioned together
with the unpublished results of section 3.3 constitute the first conclusion. Due
to a different objective for the work in section 3.4, the unpublished results
make up the second conclusion, while the results from sections 3.5-3.7 are
published in a second peer-reviewed article and constitute the third conclusion
of this dissertation.
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1. LITERATURE REVIEW

1.1. Pathophysiology and treatment strategies of breast cancer

The term “breast cancer” covers a range of malignancies that occur in
the mammary glands [9]. The classification of breast cancer depends on the
specific cells that are affected. Based on cell origin, breast cancers can be
broadly categorised into carcinomas and sarcomas. Carcinomas originate from
the epithelial cells in the breast, which line the lobules and ducts responsible
for milk production [10, 11]. They make up the majority of breast cancers.
Sarcomas, on the other hand, are much rarer (<1 % of primary breast cancer),
and arise from the stromal components of the breast, like myofibroblasts
and blood vessel cells [10]. Based on the pathology and invasiveness of the
disease, common breast cancers can be divided into three basic categories:
non-invasive (in-situ), invasive, and metastatic [11]. Ductal carcinoma in
situ s a pre-invasive form of breast cancer that develops inside existing milk
ducts, while lobular carcinoma in situ develops in milk glands or lobules.
Although not in itself invasive, breast carcinoma in sifu has the potential to
become invasive, thus early diagnosis and subsequent treatment are essential
[12]. Invasive or infiltrating breast cancer invades the surrounding tissues
outside of the ducts and lobules. Invasive carcinomas have the potential to
spread to other sites of the body, such as lymph nodes or other organs, making
their way to the metastatic classification. Based on what tissues and cells
are involved, invasive breast cancers can be divided into two main groups:
invasive ductal carcinoma (accounting for 80 % of all breast cancers) and
invasive lobular carcinoma (10—15 % of all breast cancers) [13]. These can be
further divided into subgroups. Distinguishing between subtypes of cancer is
crucial as they may have different prognoses and treatment options [9]. Late-
stage breast cancers or stage [V metastatic cancers spread to other areas of the
body making it very difficult to treat. Unfortunately, about 30 % of women
diagnosed with early-stage breast cancer will eventually develop metastases
[11].

From a molecular point of view, breast cancer can be divided into subtypes
based on the expression of hormone receptors. Breast cancers are typically
classified into four categories based on the immunohistochemical expression
of these receptors: estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor (HER2) positive (+), as well as triple
negative, which lacks expression of any of the mentioned receptors. ER plays
a crucial role in diagnosis, as around 70-75 % of invasive breast carcinomas
exhibit significantly high ER expression [14]. PR is found in over 50 % of
ER+ patients and is rarely seen in those with ER negative (—) breast cancer
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[15]. Another prominent trait used in cancer classification is the expression of
protein Ki-67. It is a proliferation rate marker used in pathology and is absent
or low in resting cells [16]. Based on the measurements of these proteins,
breast cancers are divided into five subtypes: luminal A, luminal B, HER2
related, triple negative, and normal like. A more detailed explanation of each
subtype can be seen in Table 1.1.1 [11, 17].

Table 1.1.1. Molecular subtypes of breast cancer [11]

Subtypes Molecular Characteristics Treatment options*
signatures
Luminal A ER+, PR+, HER2—, |~70 %, most common, Hormonal therapy,
Low Ki-67 best prognosis targeted therapy
Luminal B ER+, PR+, HER2+, |10 %—-20 %, lower survival | Hormonal therapy,
High Ki-67 than Luminal A targeted therapy
HER2 related |ER—, PR—, HER2+ |5 %—15 % Targeted therapy

Triple negative | ER—, PR—, HER2— |15 %20 %, more common |Limited targeted
in black women, diagnosed |therapy
at a younger age, worst pro-

gnosis
Normal like ER+, PR+, HER2—, |Rare, low proliferation gene | Hormonal therapy,
Low Ki-67 cluster expression targeted therapy

* Besides conventional surgical and non-surgical treatment.

After the initial diagnosis, tests are performed to determine the stage of
the disease, which also determines the possible treatment outcomes. This is
done using a classification system based on the American Joint Committee on
Cancer (AJCC) and the International Union for Cancer Control. It is called
the tumour, node, and metastasis (TNM) breast cancer staging system and it
consists of stages 0 to IV based on the anatomical features of a tumour (see
Table 1.1.2) [11].

If no metastases are observed, the main goal of the treatment is to eradicate
the tumour from the breast and regional lymph nodes. This consists of surgical
removal of the mentioned tissues with the consideration of postoperative
radiation [18]. There are two major types of surgeries for removing cancerous
tissue: breast-conserving surgery or lumpectomy and the complete removal
of the breast — mastectomy. Even though a breast-conserving surgery is
much more appealing for the patients, the majority of women with previous
lumpectomies eventually have to be treated with a full mastectomy [19, 20].
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Table 1.1.2. Anatomical TNM classification of breast cancer stages defined
by AJCC [11]

Stages Definition

Stage 0 Ductal carcinoma in situ

Stage 1 1A Small primary invasive tumour, measuring <20 mm, no involvement of
nearby lymph nodes

IB Nodal micrometastases (>0.2 mm, <2.0 mm) with or without <20 mm
primary tumour

Stage Il |IIA |Movable ipsilateral level I, IT lymph node metastases and a primary
tumour <20 mm; or if the tumour is larger (20—50 mm), with no
involvement of nearby lymph nodes

IIB |Movable ipsilateral level I, II lymph node metastases with

20 mm—50 mm tumour; or a larger (>50 mm) tumour with no nodal
involvement

Stage III |IIIA |Movable ipsilateral level I, I lymph node metastases with >50 mm
tumour; or primary tumour of any size with fixed ipsilateral level I, 11
or internal lymph node metastases

IIIB | Primary tumour with chest wall and/or skin invasion

IIC | Any size primary tumour with supraclavicular or ipsilateral level 111
lymph node metastases; or with ipsilateral level I, II and internal lymph
node metastases

Stage IV Any case with distant organ metastasis

Other treatment methods include chemotherapy, radiation therapy,
endocrinal (hormonal) therapy and targeted (biological) therapy [20].
Systemic treatment can occur before surgery (neoadjuvant), after surgery
(adjuvant), or in both instances [5]. Current chemotherapeutic approaches
consist of the following drugs: carboplatin, cyclophosphamide, 5-fluorouracil/
capecitabine, taxanes (paclitaxel, docetaxel), and anthracyclines (doxorubicin,
epirubicin). Choosing an appropriate drug for the type of breast cancer being
treated is essential, as different subtypes of the disease react differently to
chemotherapy [20, 21]. While chemotherapy is considered to be effective, it
usually results in a number of side effects. These include but are not limited
to hair loss, nausea, vomiting, diarrhoea, mouth sores, fatigue, heightened
vulnerability to infections, bone marrow suppression, leucopenia, anaemia,
and increased susceptibility to bruising or bleeding. Less commonly observed
side effects encompass cardiomyopathy, neuropathy, hand-foot syndrome,
and impaired cognitive functions. In younger women, disturbances in the
menstrual cycle and potential fertility issues may arise [20]. Radiotherapy
is a local treatment for breast cancer, often performed after surgery and/or
chemotherapy. It is used to ensure that all cancerous cells are destroyed, to
minimize reoccurrence. Radiation therapy is associated with a significant
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improvement in overall survival but is also associated with several side
effects, most commonly: irritation and darkening of the exposed skin, fatigue,
and lymphoedema [20, 22]. Endocrinal therapy is another type of systemic
therapy that aims to reduce estrogen levels or prevent the hormonal stimulation
of cancer cells. Medications that inhibit ER include selective ER modulators
like tamoxifen and toremifene, as well as selective ER degraders such as
fulvestrant. Treatments aimed at reducing estrogen levels include aromatase
inhibitors like letrozole, anastrozole, and exemestane [20, 23]. Unfortunately,
about half of hormone receptor positive breast cancers develop resistance to
hormonal therapy as they undergo this form of treatment [20]. Resistance
to endocrine therapies remains a challenge in both clinical and scientific
realms. Current efforts to enhance the outcomes of ER+ breast cancer focus
on targeting pathways, that are associated with ER function, such as the
phosphoinositide 3-kinase/mammalian target of rapamycin (PI3K/mTOR)
and cyclin pathways, that often undergo mutations in ER+ cancers [6].
This can be done through targeted therapies that exploit biological entities
like interferons, interleukins, or monoclonal antibodies for a more specific
approach. These include trastuzumab (targeting HER2), everolimus (targeting
mTOR), palbociclib (targeting cyclin-dependent kinase 4/6), etc. Regardless,
these therapies still produce off-target adverse effects like thrombocytopenia,
fatigue, and anaemia [24].

1.2. Perturbations in tumour metabolism

Cancer is a disease in which cells, due to certain mutations at the genomic
level, begin to divide uncontrollably, grow into tumours, and spread to other
organs. Increased proliferation requires a lot of inner resources of the cell,
which makes it hard to maintain sustained proliferation without additional
sources of fuel. Thus, another characteristic trait of cancer cells is the ability
to obtain essential nutrients from an often nutrient-deprived environment and
utilize these nutrients for both keeping cell viability and synthesizing biomass.
Cancer-derived metabolic reprogramming has a significant impact on gene
expression, cellular differentiation, and the tumour microenvironment [25].
The first study to spark the interest in cancer metabolism was the work carried
out by Otto Warburg in the 1920’s [3]. It showed that cultured cancer cells, as
compared to normal ones, have a higher uptake of glucose and production of
lactic acid, even in the presence of oxygen, suggesting glycolysis — the main
form of energy production in anaerobic organisms, might have an impact in
tumour metabolism. This added to the usual primary source of energy for
aerobic organisms, that is oxidative phosphorylation (OXPHOS), results in
a higher production rate of adenosine triphosphate (ATP). Glycolysis might
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be a way to generate additional energy without the formation of excess
mitochondrial reactive oxygen species (ROS) that come with OXPHOS, but
it is not the most efficient way for producing ATP, meaning the main function
of aerobic glycolysis in cancer might be different. Even though a century has
passed since Warburg’s discovery, the reasoning behind this phenomenon is not
yet clearly understood. Experimental models show that withdrawal of glucose
or inhibition of glycolysis disrupts tumourigenicity and the proliferation of
cancer cells [26-28]. Rapid glucose uptake might be there to feed the pathways,
leading to non-mitochondrial macromolecular synthesis. These involve the
pentose-phosphate pathway (produces ribose for nucleotide synthesis and
nicotinamide adenine dinucleotide phosphate (NADPH) for certain biological
processes), the hexosamine pathway (necessary for adding sugar molecules
to proteins — glycosylation), serine-glycine-one-carbon metabolism (helps
in producing glutathione, nucleotides, and supports methylation reactions)
and glycerol synthesis (involved in creating complex lipids). These are all
pathways often activated in cancer [26]. However, lactic fermentation does
not provide the biosynthetic pathways with any carbon, as all the carbon from
glucose is secreted as lactic acid, meaning that if the Warburg effect really does
supply the biosynthetic pathways, it does so indirectly, by providing pools
of glycolytic intermediates, which feed the metabolic pathways involved in
biomolecular synthesis [26, 29]. Even though exploiting the Warburg effect
was proven to be an effective targeting strategy for cancer, the difficulty in
finding the Holy Grail of chemotherapy lies in the flexibility of the metabolic
systems involved. It is essential to track the contribution of multiple nutrients
at the same time, as when it comes to cancer, reprogramming the preferred
bioenergetic pathway can always get in the way.

Another of the key nutrients that tumours rely on is glutamine, a nonessential
amino acid and the most abundant in the bloodstream. Experimental evidence
underscores the significance of glutamine in tumour cells, ranking it second
only to glucose [30]. Glutamine’s role is to provide reduced hydrogen atoms
for the production of NADPH. The latter is then used by cancer cells for
fatty and nucleic acid synthesis. Another way glutaminolysis contributes to
biosynthesis is by fueling the Krebs cycle, providing it with a-ketoglutarate.
Glutamine is also involved in the synthesis of an antioxidant tripeptide
glutathione (comprised of glutamic acid, cysteine, and glycine), which serves
as aprotective agent against ROS, repairs DNA damage, activates transcription
factors, etc. [31]. Although glutathione is an important part of healthy cell
detoxification, which in terms helps reduce carcinogens, increased levels of
glutathione in malignant cells are associated with tumour progression and
increased resistance to chemotherapeutic agents [32], thus making it an
attractive reprogramming strategy for cancer.
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As cancer cells are derived from the same organism as healthy ones (as
opposed to bacteria or other pathogenic microorganisms, whose treatment
can rely on the differences in structural components of the cell) a better
understanding of the differences in intracellular metabolism between healthy
and malignant cells is crucial for finding a therapeutic window, in which
cancer cells have a greater dependence on certain metabolic enzymes, than
normal cells. This makes targeting cancer cells more specific than relying only
on the rapid proliferation of the cells, which can be also seen in other quickly
regenerating tissues like hair follicles, bone marrow, or skin, accounting for
most of the side effects of traditional chemotherapy.

1.3. Amino acid metabolism as a target for chemotherapy

A high rate of proliferation requires not only energy but also an array of
different “building blocks” for biosynthesis. When faced with an increased
demand, cancer cells can either depend on exogenous amino acids or de novo
synthesis [33]. The latter would be much more effective in a nutrient-low
environment, where cancer usually grows. However, due to the mutant nature
of cancer, some of the enzymes, responsible for de novo synthesis of amino
acids can get “lost in translation”, making the cells depend on exogenous
sources, thus even the nonessential amino acids come to be essential, as
cancer becomes auxotrophic to them [34]. One example would be the non-
essential amino acid arginine. Arginine is the precursor of an array of different
biomolecules, such as urea, creatine, glutamate, nitric oxide and polyamines.
Although it is a nonessential amino acid that could be synthesised in the body
under normal conditions, some cancers lack the enzyme argininosuccinate
synthetase 1, which converts citrulline to arginine, making them dependent
on exogenous arginine [35]. Reduced expression of the mentioned enzyme
was also shown to be a biomarker for metastasis in osteosarcoma patients
[36], as it plays an important role in cancer cell motility [34, 37, 38]. This
makes arginine synthesis a potential target for arginine auxotrophic cancers
[39—41]. Another example of amino acid dependency in cancer is the so-
called Hoffman effect or methionine dependency. It was first noticed in 1959
when conducting experiments with diets, each lacking an essential amino
acid, in tumour-bearing rats [42]. Sugimura et al. noticed a reduction in
tumour size with a lack of methionine in the diet. Later, experiments proved
that some cancer cells cannot proliferate if methionine in their nutritional
media is replaced by its precursor L-homocysteine [43] (Fig.1.3.1). Even
though cancer cells are able to synthesize methionine, the rate of biosynthesis
does not meet the demand for cell proliferation, and malignant cells become
auxotrophic to extracellular methionine, while normal cells have no problem
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with making their own. The mechanisms involved in methionine dependency
are still not fully understood [44].
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Fig. 1.3.1. A simplified diagram of the methionine cycle.

These alterations in amino acid metabolism in cancer are already a subject
for drug design with some of the newly found compounds showing great
success in clinical trials. One strategy for targeting auxotrophic cancers is
enzymatic depletion. For example, the mentioned dependency on arginine
in some cancers is exploited with a microbial-derived enzyme — arginine
deiminase [33]. It catalyses the transformation of arginine to its precursor
citrulline and has proved its effectiveness in clinical trials with metastatic
melanoma [45] and hepatocellular carcinoma [46]. Using arginine deiminase
together with a chemotherapeutic agent cytarabine also proved to be more
effective than using cytarabine alone to treat acute myeloid leukaemia [47].
Another example of enzymatic depletion is recombinant methioninase, which
is involved in the degradation of methionine into a-ketobutyrate, ammonia,
and methanethiol. It recently displayed promising results by lowering free
methionine levels in the blood plasma of xenografic mice [48] and humans
with prostate and ovarian cancer [49]. Other strategies for targeting amino
acid metabolism in cancer include dietary restriction of certain amino acids
and pharmacological inhibition of their metabolic enzymes [33].
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1.4. Branched-chain amino acid metabolism in cancer

Leucine, isoleucine, and valine are three essential amino acids called
branched-chain amino acids (BCAAs). Alterations in their metabolism are
associated with obesity, diabetes, cardiovascular and neurodegenerative
diseases as well as immune response [5, 50]. Increasing evidence also
suggests BCAAs are important modulators of cancer progression due to their
role in cellular energetics, biomolecular synthesis, and activation of various
signalling pathways [33], making them an exciting new object for further
research.

As essential amino acids, BCAAs cannot be synthesised in human cells,
meaning they usually are a product of protein degradation or the outcome of
reversible transamination reactions [51]. Animal cells are thus dependent on
outside sources of BCAAs — they are transferred through the membrane by
L-type amino acid transporters [52, 53] and into mitochondria by SLC25A44
[52, 54]. BCAAs can have several fates after entering the cell — they can
either be directly incorporated into protein [55] or come in contact with
branched-chain amino acid transaminases (BCATs), that carry out the first
and reversible step in BCAA metabolism — their conversion to respective
a-keto acids (Fig. 1.4.1). This step yields glutamate after the amino group is
transferred to a-ketoglutarate [52]. BCAT has two isoforms: cytosolic BCAT1
and mitochondrial BCAT2 [51]. BCAT2 can be found ubiquitously in most
tissues, however, BCAT1 can only be found in certain organs, such as the brain,
kidney and ovaries [8, 56]. While these two isoforms are similar in substrate
specificities, they have different amino acid sequences and play different
roles in diseases [8, 56]. For example, BCAT1 i1s highly expressed in HER2+
and luminal B subtypes of breast cancer, whereas BCAT2 expression mostly
correlates with luminal A subtype [57]. Some researchers also report the two
having different regulatory mechanisms and physiological functions [8, 58].
The second step of the BCAA catabolism is catalysed by the multienzyme
complex called branched-chain a-ketoacid dehydrogenase, which irreversibly
transforms a-ketoacids to corresponding acyl-coenzyme A esters, releasing
CO, and NADH as byproducts. Finally, metabolic intermediates of BCAAs
enter the Krebs cycle, thus providing energy to the cell [56].
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Fig. 1.4.1. A simplified diagram of BCAA degradation.
BCKD - branched-chain ketoacid dehydrogenase.

In previous experiments, our group showed BCAT2, as well as other
enzymes involved in the pathway, to be overexpressed in most cancer cells by
conducting an extensive microarray data analysis from the National Center
for Biotechnology Information’s (NCBI’s) Gene Expression Omnibus (GEO)
database [7]. Metabolic reprogramming associated with BCAA degradation
was observed in different human cancer types by other researchers too.
BCAT1 for example was found to be exclusively expressed in glioblastoma
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with functioning isocitrate dehydrogenase 1 while also promoting glioma
cell proliferation by increasing glutamate production [6]. It was also shown,
that hypoxic conditions upregulate BCAT1, but not BCAT2 in glioblastoma
cells [59]. Mice models with bearing blast crisis phase of chronic myeloid
leukaemia had significant elevations of glutamate, alanine and BCA As in their
plasma, as compared to the chronic phase, suggesting that increased BCAA
uptake might contribute to the progression of leukaemia [60]. Accumulation
of BCAAs was also seen in clear-cell renal carcinoma [61]. Higher expression
of the enzyme BCAT1 is deemed to be responsible for progression of chronic
myeloid leukaemia, endometrial, and ovarian cancers [60, 62—65]. BCAT2 on
the other hand is elevated in pancreatic ductal adenocarcinoma — knockdown
of BCAT?2 results in reduced cell proliferation [66, 67]. Osteosarcoma tumour
biopsies were found to have higher expression of both BCAT1 and BCAT2, as
compared to chondrosarcoma samples, showing that differential expression
of these enzymes can be seen in different types of bone cancer [68]. The same
discrepancies between the expression of BCAT isoforms can be seen in breast
cancer [7, 57, 69]. The inhibition of both enzymes showed damaging effect
on non-small cell lung carcinoma tumour formation as well [55].

It is not completely understood, why cancer cells have a higher demand
for these amino acids specifically. Like most amino acids, they break down
to produce acetyl coenzyme A (acetyl-CoA), propionyl coenzyme A, and
succinyl coenzyme A, which could then be used for energy production.
However, in almost every step of the BCAA degradation pathways, the
resulting metabolites can be used for different purposes, such as fatty acid
or cholesterol synthesis. Yang et al. revealed that increased consumption of
BCAAs is activated under glutamine-starved conditions in hepatocellular
carcinoma cells, suggesting BCATs have another important function —
providing the byproduct glutamine to highly proliferating cells [70]. Leucine,
the most abundant of the three amino acids, is also responsible for regulating
the mTOR signalling pathway, highly associated with malignancy [71].

Contrary to glutamine or methionine, BCAAs are still quite a new field in
cancer research [6], meaning there is still a lot to learn about the underlying
mechanisms of why and how BCAAs benefit cancer, however, the sheer
number of evidence linking BCAA metabolism to cancer suggests it as an
attractive drug target for several cancer types.

1.5. The mevalonate pathway in cancer

The product of BCAA breakdown — acetyl-CoA, contributes to more
than just energy in the cell. It also provides precursor molecules for the
biosynthesis of fatty and amino acids, as well as secondary metabolites, like
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flavonoids and isoprenoids [72]. The latter are highly diverse molecules with
functions including gene expression regulation, involvement in signalling
pathways and membrane integrity, while also being precursor molecules for
vitamin and reproductive hormone synthesis [73]. They are also involved in
the synthesis of small GTPases such as those of Ras and Rho families, that are
essential for invasion and metastasis of different types of cancer, including
breast carcinomas [73]. The first and rate-limiting step in the synthesis of
isoprenoids, as well as cholesterol and steroid hormones, is the conversion
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), derived from
acetyl-CoA, into mevalonate [74] (Fig. 1.5.1). Enzymes involved in the so-
called mevalonate pathway are overexpressed in various types of cancer [76],
including melanoma [77], glioblastoma [78, 79], breast [80], lung [81, 82],
colorectal [83], prostate [84], and ovarian cancer [85], prompting researchers
to investigate them as potential chemotherapeutic targets. However, the
relevance of HMG-CoA reductase as a target for cancer treatment seems to be
highly tumour type specific, therefore is a controversial topic in the scientific
community [76].
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Fig. 1.5.1. The mevalonate pathway.

The rate-limiting step, catalysed by the enzyme HMG-CoA reductase can be inhibited by
antihypercholesterolemic drugs — statins, which are used to control the risk of atherosclerotic
events in patients with dyslipidemia. Figure adapted from Rikitake et al. [75].
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1.6. Bioinformatics in cancer research

Even though medicine progressed a lot in the field of oncology, there
is still a considerable amount of work ahead to enhance clinical results.
Two main issues still stand in the way: the need for a definitive and early
diagnosis and options for effective and long-lasting therapy. Understanding
the molecular mechanisms of cancer is needed for both problems to be solved
[86]. Following the initial version of the human genome project, the focus
shifted from the genes themselves to their products. Functional genomics
explores the role of genetic information, examining genes, the proteins they
code, and their functions. Proteomics examines all the proteins in the cell,
while transcriptomics looks at all the transcripts of the cell’s RNA, known
as the transcriptome. Due to the large amount of data generated by such
techniques, these sciences go hand in hand with information technology
[87]. For example, findings from metabolomics undergo multiple rounds of
processing. This procedure can be broken down into two primary phases: the
first step involves handling the initial mass spectrometry data, including peak
detection, alignment, and annotation. This step results in a table containing
all identified metabolites in the samples. The second stage of data processing
involves computations of metabolite quantities, statistical analysis, and
aligning the results with the biological context of the study [88].

Understanding metabolic flux distributions is crucial for figuring out how
metabolic reactions interplay in the cell. All bioinformatics methods mentioned
can be used to tackle cancer, starting with genetic studies of tumours [89] and
ending with mapping out their metabolic pathways on a genome-scale [90].

Modelling of metabolism at the genome scale is rapidly increasing in
popularity among scientists as a sufficiently accurate method to predict
metabolic phenotype, for example: the rate of growth and nutrient absorption
or the importance of certain genes [91]. Briefly, metabolic modelling consists
of five steps: 1) selection of an appropriate database, 2) mapping of metabolic
pathways, 3) network pruning, 4) search algorithm implementation, and 5)
metabolic pathway evaluation to select the best one. Genome-scale metabolic
models (GSMMs) are databases of all biochemical reactions, metabolites, and
genes of a given organism. GSMMs also describe the biophysical constraints
of metabolic systems, such as nutrient uptake, oxygen availability or the
stoichiometry and reversibility of reactions [91].

Computational studies like these can help find principal metabolic pathways
in cancer and form hypotheses, which can then be used for further research
and eventually — drug development. With the help of computer systems, we
can now learn more about cancer than we could ever imagine.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Cell culture reagents and materials

Reagent/Material

Distributor

Cholera toxin from Vibrio cholerae

Dulbecco’s Modified Eagle Medium
(DMEM)

Fetal bovine serum (FBS)

Fibronectin

Ham’s F-12 Nutrient Mix (F-12)

Horse serum (HS)

Hydrocortisone
Penicillin-Streptomycin (10,000 units
penicillin and 10 mg streptomycin/mL)

(pen-strep)
Phosphate-buffered saline (PBS)

Recombinant human epidermal growth
factor (rtHu EGF)

Recombinant human insulin (rHu insu-
lin)

Trypsin-EDTA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Life Technologies, Carlsbad, CA, USA

GE Healthcare Life Sciences, Logan, UT, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Life Technologies, Carlsbad, CA, USA
Thermo Fisher Scientific, Frederick, MD, USA
Life Technologies, Carlsbad, CA, USA

Sigma-Aldrich, St. Louis, MO, USA

2.1.2. Cell lines
Cell line/biomaterial Distributor
Breast cancer cells (BCC) [7]
Michigan Cancer Foundation-10A ATCC, Wesel, Germany

(MCF-10A)

Michigan Cancer Foundation-7 (MCF-7)

CLS-Cell Lines Service, Eppelheim, Germany

2.1.3. Chemicals and reagents

Reagent Distributor
5,5°,6,6’-tetrachloro-1,1°,3,3 -tetracthyl- Merck, Darmstadt, Germany
benzimidazolylcarbo-

cyanine iodide (JC-1)
7-aminoactinomycin D (7-AAD)
Acetonitrile

Ammonium bicarbonate
Dimethyl sulfoxide (DMSO)

Thermo Fisher Scientific, Frederick, MD, USA
Scharlau, Barcelona, Spain

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

25



DNA/RNA Shield™
Ethanol 96 %

Formic acid
Hydrochloric acid 12M
L-Glutamine-"C;
L-Isoleucine-"C,,""N
L-Leucine-"C,"”"N
L-Valine-"C,,"N

Zymo Research, Irvine, CA, USA
Vilniaus Degtiné, Vilnius, Lithuania
Merck, Darmstadt, Germany
Honeywell, Charlotte, NC, USA
Sigma-Aldrich, Hamburg, Germany
Sigma-Aldrich, Hamburg, Germany
Sigma-Aldrich, Hamburg, Germany
Sigma-Aldrich, Hamburg, Germany

Methanol Sigma-Aldrich, St. Louis, MO, USA

Trypan blue Sigma-Aldrich, St. Louis, MO, USA
2.1.4. Databases

Database Website

Ensembl Biomart

Kyoto Encyclopedia of Genes and
Genomes (KEGG)

NCBI’'s GEO

https://www.ensembl.org/info/data/biomart/
https://www.genome.jp/kegg/

https://www.ncbi.nlm.nih.gov/geo/

2.1.5. Instruments

Instrument

Distributor

Acquity H-Class Ultra-Performance
Liquid Chromatography system (UPLC)

Binder CB 150 CO, incubator
Concentrator

Holten Safe 2010 laminar
[llumina NovaSeq system
Neubauer hemocytometer

Peristaltic pump (for vacuum filtration)
Sigma 1-14 microcentrifuge
Sigma 3-18KS centrifuge

Triple quadrupole tandem mass spec-
trometer (MS/MS) Xevo TQD with an
electrospray ionization (ESI) ion source

Ultra-low temperature freezer

Vortex mixer
Water deionisation system

YMC-Triart C18 column, 100 x 2.0 mm,

1.9 um

Waters, Milford, MA, USA

Binder, Tuttlingen, Germany

Merck, Darmstadt, Germany

Holten A/S -Thermo, Allerod, Denmark
[llumina, San Diego, CA, USA

BRAND GMBH + CO KG, Warthelm, Germa-
ny

VWR, Radnor, PA, USA

Sigma Laborzentrifugen, Hartz, Germany
Sigma Laborzentrifugen, Hartz, Germany
Waters, Milford, MA, USA

Thermo Electron Corporation, Marietta, OH,
USA

IKA-Werke, Staufen, Germany
Barnstead|Thermolyne, Dubuque, 1A, USA
YMC, Kyoto, Japan

26



2.1.6. Kits

Kit Distributor
JetPRIME transfection reagent kit Polyplus-transfection, Illkirch-Graffenstaden,
France

Zymo-Seq RiboFree total RNA library Zymo Research, Irvine, CA, USA
prep kit

2.1.7. Other materials

Material Distributor

siRNA against BCAT?2 (cat#4392420 s1905) Ambion, Austin, TX, USA

2.1.8. Software and tools

Software Company

Bowtie2 Johns Hopkins University (open-source)
[92]

COBRApy The cobrapy core team (open-source)
[93]

HTSeq the HTSeq team (open-source) [94]

MetaboAnalyst XiaLab Analytics Inc at McGill University
(open-source) [95]

Microsoft Excel 16.75 Microsoft, Redmond, WA, USA

WebGestalt Zhang Lab at the Baylor College of Medici-

ne (open-source) [96]

2.2. Methods

2.2.1. Cell cultures and their growing conditions

Throughout this dissertation, two commercial cell lines were used: epithelial
breast adenocarcinoma (Michigan Cancer Foundation-7; MCF-7) and normal
epithelial breast (Michigan Cancer Foundation-10A; MCF-10A) cells. Our
model of ductal carcinoma cells BCC (breast cancer cells) is a patient-derived
primary cell culture described in an earlier publication [7]. MCF-7 and BCC
cell lines reflect Luminal A and B subtypes of breast cancer. MCF-7 and BCC
cells were grown in DMEM/F-12 (1:1) cell culture media, supplemented with
10 % FBS and 1 % pen-strep. MCF-10A cells were cultured in DMEM/F-12
(1:1) supplemented with 5 % HS, 1 % pen-strep, rHu insulin (10 pg/mL),
cholera toxin (100 ng/mL), rHu EGF (20 ng/mL) and hydrocortisone (500
ng/mL). For experiments where different amounts of nutrients were needed,
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custom media was prepared following the composition of DMEM. All media
used was sterile-filtered through a 0.2 uM surfactant-free cellulose acetate
membrane vacuum filtration system. Cells were cultivated in surface-treated
flasks or plates in a humidified incubator at 37 °C with a CO, concentration
of 5%. A solution of trypsin-EDTA, diluted to the final concentration of
0.05 % with PBS was used to detach the cells before re-seeding. DMEM
media supplemented with 15 % FBS and 10 % DMSO was used for long-
term cryopreservation of cells in an ultra-low temperature freezer at —80 °C.

2.2.2. Transfection

All necessary transfection procedures were executed following the protocol
for jetPRIME® transfection reagent. Cells were seeded in 6-well plates or
35 mm & Petri dishes a night before so that 60-80 % confluency would be
reached at the time of transfection. A 5 nM concentration of siRNA against the
BCAT2 gene and an appropriate amount of transfection reagent jetPRIME®
were used to suppress the BCAT2 gene. An appropriate amount of siRNA
was added to a sterile tube with jetPRIME® buffer, mixed by a vortex mixer
for 10 seconds, and centrifuged, then the transfection reagent was added to
the test tube, mixed again for 10 seconds and incubated at room temperature
for 10 min. After incubation, the mixture was dispensed into respective wells.
Controls were performed the same way, without the addition of siRNA. Cell
culture media is changed 24 hours after transfection to eliminate residues of
transfection reagents.

2.2.3. Wound healing assay

Prior to the experiment, 35 mm & Petri dishes were coated with fibronectin
dissolved in a minimal volume of PBS (1 pg/cm?) and air-dried in the laminar
at room temperature. Cells were seeded so that their confluence at the time of
transfection would be 50 %. A 24-hour period after transfection was used as a
starting point for wound healing. A monolayer of cells is then scraped with the
sharp edge of a disposable 10 pL pipette tip and the track formed is then fixed
into position for time-lapse imaging in a temperature-controlled microscope
stage with CO, control. 8 hours past the start of the experiment, the first and
last images are measured for wound closure, using the calculations below:

Wound closure (%) = (A(t = Oh) — A(t = Ah))/(A(t = Oh))

A(t = 0Oh) — area of the wound immediately after scrape (time zero)
A(t = Ah) — area of the wound h hours after scrape
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2.2.4. Experiments with *C isotope-labelled amino acids

For the isotope labelling experiments, cells were cultured for 24 hours in
custom media replacing BCAAs or glutamine (depending on the experiment)
with their isotope-labelled counterparts. This media was designed following
the composition of DMEM, supplemented with 10 % FBS, and 1 % pen-strep.
To assess the BCAA labelling pattern, L-Valine*C_,"”N, L-Leucine*C,"N,
and L-Isoleucine®C_,""N were each added to the final concentration of
0.8 mM. Only L-Leucine”C,,"" N was added to the media in the concentration
mentioned above to determine the labelling pattern of mevalonate. The
assessment of glutaminolysis was carried out by supplementing the media
with L-Glutamine"C; in the final concentration of 4 mM.

2.2.5. Metabolite extraction from cells

For the metabolomics analysis, the cell extracts were prepared as in the
protocol by Sellick and co-workers [97]. Quenching of the cells (to stop
cell metabolism) requires a solution comprised of 60 % methanol (diluted
with deionised water) and 0.85 % ammonium bicarbonate. The pH of this
solution is adjusted with 12 M hydrochloric acid to 7.4. After detaching and
centrifuging the cells, one volume of the pellet is resuspended with 5 volumes
of quenching solution and transferred to a 50 mL centrifuge tube. The tubes
with the quenching solution are cooled beforehand in an ethanol/dry ice bath
to the exact temperature of —40 °C. After the addition of the cells, the tubes
are shaken gently and immediately transferred to a refrigerated centrifuge
at —20 °C, 1000xg for 1 min. The supernatant is removed, and the cells are
resuspended in 500 pL of methanol (chilled at —80 °C) and transferred to a
microcentrifuge tube (tube 1). The tube is then submerged in liquid nitrogen
for immediate freezing. After the contents of the tube are completely frozen,
the tube is thawed and vortexed for 30 seconds. Then the tube is centrifuged
at 800xg for 1 min. The supernatant is transferred to a new microcentrifuge
tube (tube 2) kept on dry ice for later use. The pellet from tube 1 is then
resuspended in methanol and submerged in liquid nitrogen again, following
the same steps until after centrifugation, when the supernatant is transferred to
tube 2. The pellet from tube 1 is resuspended in 250 pL of cold deionised water
and frozen again in liquid nitrogen, thawed and vortexed for 30 seconds, and
centrifuged at 15000xg. The supernatant is then collected and mixed with the
methanol fractions in tube 2. All the extraction fractions are then centrifuged
at 15000xg for 1 min and the remaining supernatant is transferred to a new
tube (tube 3). Tube 3 is then dried with a concentrator at 30 °C. The dried
metabolite extracts can then be stored at —80 °C or rehydrated with deionised
water and analysed with UPLC-ESI-MS/MS.
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2.2.6. Plasma preparation for mass spectrometry analysis

Apermit from the Kaunas Regional Biomedical Research Ethics Committee
(2021-03-23, No. BE-2-32, Supplement S1) was obtained for the analysis of
blood plasma. All subjects were women and gave written informed consent.
20 blood samples were taken in total: 10 taken from healthy control subjects
and 10 from patients with an early diagnosis of invasive ductal carcinoma of
the same subtype as BCC cell line (T1 NO M0 G2, ER+, PR+, HER2(3+)). The
samples consisted of 3 mL of freshly drawn blood in EDTA-treated (purple)
blood collection tubes. Immediately after collection, the samples were
centrifuged at 1300xg for 20 min at 10 °C. 1.5 mL of the supernatant (plasma)
was then carefully transferred to a new tube and centrifuged at 15500xg for 10
min at 10 °C. The supernatant collected was aliquoted into microcentrifuge
tubes and kept in the freezer at —80 °C for long-term storage. To prepare the
plasma for chromatographic analysis, 1.5 mL of ice-cold methanol was added
to 250 pL of plasma for protein separation. Samples were then mixed for
10 seconds and kept at —20 °C for 20 min. The precipitated samples were
centrifuged at 18000 x g for 10 min at 4 °C. The supernatant was then dried
in a vacuum concentrator and kept at —80 °C until instrumental analysis. The
dried pellet was dissolved in acetonitrile in preparation for chromatography.

2.2.7. UPLC-ESI-MS/MS

After performing the metabolite extraction, samples were analysed with
the Acquity H-Class UPLC system. A YMC-Triart C18 (100 x 2.0 mm, 1.9
um) column was used to separate the extracts and a triple quadrupole tandem
mass spectrometer Xevo TQD coupled with an electrospray ionization (ESI)
ion source was used for obtaining mass spectrometry data in negative mode
with the range of 50 m/z to 250 m/z. The column’s temperature was set to
40 °C. Elution with a mobile phase of 0.1 % formic acid aqueous solution
(solvent A) and acetonitrile (solvent B) was performed at the flow rate of 0.4
mL/min in a gradient with the proportions of solvent A changed as follows:
0-0.2 min 95 %, 0.2—1.5 min 10 %, 1.5-1.8 min 90 % and 1.8-2 min back to
starting conditions. The mass spectrometer’s capillary voltage was set to —2
kV, source temperature set at 150 °C, desolvation gas (nitrogen) temperature
was set at 400 °C, gas flow at 700 L/h, cone gas flow at —20 L/h. Cone voltage
was set to 25 V.

2.2.8. Analysis of metabolomics data

Three biological replicates of metabolic samples were carried out.
Metabolites, that were present in all the samples, were identified based on their
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retention times, reported by Virgiliou and co-authors [98]. MetaboAnalyst [95]
was used to analyze the data and a different tool — WebGestalt (webgestalt.
org) was used for pathway enrichment analysis, as MetaboAnalyst did not
identify clear metabolic relationships between the perturbed metabolites
(apart from the obvious, such as taurine and hypotaurine).

2.2.9. BC-based flux patterns

The ratios of non-labelled (M0O) malate and malate with two carbons
labelled (M2), were used for the estimation of acetyl-CoA fractions derived
from BCAAs. In the experiments with labelled glutamine, the extent of
glutaminolysis was assessed using the fraction of malate with four carbons
labelled (M4) as a direct estimation of the fraction of a-ketoglutarate originating
from glutamine. The interactions with enzymes such as malic enzyme and
pyruvate carboxylase create complex labelling patterns of the Krebs cycle
intermediates, that were not modeled in this work. The metabolic fluxes
around HMG-CoA resulted in a complex labelling pattern of mevalonate. The
elementary metabolic units (EMU) method [99] was used to calculate the
fluxes. A customised Python script was written to predict labelling patterns of
mevalonate from flux distributions (Supplement S2). Metabolic fluxes were
adapted to minimize the relative errors between predicted and observed mass
fractions of mevalonate.

2.2.10. RNA sequencing

We prepared three biological replicates for each of the studied cell lines
(MCF-7, MCF-10A, and BCC). After trypsinization, 1x10° cells from each
sample were mixed with 500 uL of DNA/RNA Shield™ transport and storage
medium in preparation for shipment. Samples were sent to Zymo Research
facilities for next-generation RNA sequencing (RNA-seq). The company
constructed RNA-seq libraries from 500 ng of total RNA using the Zymo-Seq
RiboFree Total RNA Library Prep Kit. The analysis was done on an Illumina
NovaSeq system to a sequencing depth of at least 30 million read pairs (150
bp paired-end sequencing) per sample.

2.2.11. Analysis of RNA-seq data

Bowtie2 [92] was used to align the pair-ended reads on a reference
sequence (the complete list of human transcripts was obtained from Ensembl
BioMart). Customised Python scripts (Supplement S3) based on the HTSeq
library [94] were used to analyse the sequence alignment map files obtained.
The expression of each gene was calculated in reads per kilobase per million
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reads (RPKM). When comparing malignant and non-malignant cell lines,
Student’s t-test was used to determine upregulated and downregulated genes.
The values were corrected for multiple testing as described in previous
work (Python code used for differential expression analysis is available as
Supplement S4) [7]. Raw and processed data was submitted to NCBI’s GEO
database (accession number GSE223718).

2.2.12. Integrated data analysis using pyTARG

A GSMM [100] was used to obtain meaningful relationships between
metabolomics and transcriptomics so that perturbations in metabolite levels
and concomitant changes in gene expression could be correlated. pyTARG —
a Python library previously developed [100], was used to estimate metabolic
fluxes from the gene expression data. The pyTARG library works as follows:
each of the modelled reactions, catalysed by metabolic enzymes, is given a
maximal rate that is proportional to the expression level of the gene coding
the enzyme (obtained from RNA-seq data). After the model is constrained,
a metabolic flux distribution is simulated by optimizing the rate of biomass
production. As there are three biological replicates for each of the cell lines,
three metabolic flux distributions are obtained. This enables the identification
of statistical differences in the reaction rate between different cell lines.
Metabolic reactions that differ between malignant and non-malignant cell
lines were determined by Student’s t-test and a false discovery rate of 0.05
after correction for multiple testing. An average difference in flux that was
higher than 0.001 mmol h™' g-DW™!' (millimoles per hour per gram of dry
weight) was also required. Broad changes in metabolic flux distributions can
be influenced by expression levels of a relatively small number of metabolic
genes. To find out the flux-controlling genes, significant changes in both
the estimated reaction rate and the expression level of at least one of their
associated genes were identified.

2.2.13. Statistical analysis

All the experiments with the cells were performed with a minimum of
three biological replicates (n = 3). Scattered data in plots was represented
by standard error. Pairwise comparisons were performed using the Student’s
t-test. The confidence level was p < 0.05. Statistical analysis for wound healing
and experiments with blood plasma was performed using “Microsoft Excel
16.75”. Metabolomics data analysis was conducted using MetaboAnalyst
[101], a web-based software tool widely utilised for its comprehensive
suite of analysis functionalities. Principal Component Analysis (PCA) was
performed for dimensionality reduction and visualization of metabolite
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profiles. Data preprocessing, including normalization and scaling, was
carried out prior to PCA. Heat maps were generated to visualize the relative
abundance of metabolites across samples, with options for data transformation
and scaling selected by the user. Box plots were employed to illustrate the
distribution of metabolite abundance among different sample groups, aiding
in the identification of significant differences. After alignment, counting and
normalization of reads, using a Python script based on the HTSeq library,
differential expression analysis of RNA-seq data was also conducted
using Python. The script employed a t-test to assess statistical significance
between different cell lines, yielding p-values for each gene. Gene identifiers
along with fold change values were extracted from the analysis results and
organised into a tabular format suitable for plotting. Utilizing Python libraries
for data visualization, a volcano plot was generated with fold change values
on the x-axis and —log , transformed p-values on the y-axis. Each point on
the volcano plot represented an individual gene, allowing for customization
to highlight genes meeting specific significance criteria. This methodology
facilitated the visualization and interpretation of significant differential
expression patterns between cell lines, thereby identifying genes of interest
for further investigation.
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3. RESULTS AND DISCUSSION

3.1. Quantification of cellular energy derived from the degradation of
BCAAs

It is not currently possible to obtain direct measurements of metabolic
reaction rates, however, metabolic fluxes can be quantified indirectly, by
measuring labelling patterns of intracellular metabolites. This method
assumes that molecules, comprised of isotopic atoms (for example '*C versus
12C) do not have a significant effect on metabolic reaction rates. These isotopic
atoms can be used to track the metabolic pathways from which the resulting
molecules have originated. The number of labelled atoms in a molecule can
be obtained by highly sensitive methods, such as nuclear magnetic resonance
or tandem mass spectrometry (MS/MS) [102, 103]. So in order to find out
how BCAAs contribute to cellular energetics, we cultivated MCF-7, BCC,
and MCF-10A cells in custom-made DMEM growth medium with fully
BC and N labelled leucine, isoleucine, and valine instead of the naturally
occurring BCAAs. We measured the fraction of acetyl-CoA, which originated
from the breakdown of BCAAs, as a ratio of malate with two carbons labelled
(M2) to non-labelled malate (MO) (see Fig. 3.1.1, a). This ratio provides an
estimate of how much acetyl-CoA, originating from labelled amino acids,
enters the Krebs cycle. However, first we have to rule out several factors,
that can influence the amount of malate from other sources. During the
breakdown of glutamine, a-ketoglutarate also enters the Krebs cycle, causing
a dilution in the ratio of labelled/unlabelled malate (Fig. 3.1.1, b). Taking
this into account, we performed parallel experiments with fully labelled
glutamine to calculate the influence of glutaminolysis. Second, even though
a custom media containing labelled amino acids was prepared, a fraction of
non-labelled BCAAs could still be present due to protein turnover and bovine
serum supplementation. In order to properly identify the fraction of labelled
BCAAs, compared to the total BCAAs degraded, we measured fractions of
BCAA transamination metabolites (4-methyl-2-oxopentanoate, 3-methyl-
2-oxopentanoate and 3-methyl-2-oxobutanoate) with and without isotopic
labelling. The relative labelled fraction of the degradation intermediates was
0.7 £ 0.02 for MCF-7 and 0.7 + 0.004 for BCC (error values correspond
to standard deviation). The fractions were remarkably equal for all three
amino acids in both cell lines, suggesting that the remaining 30 % of the
non-labelled BCAAs came from the complex cell culture media. Now we
can divide the labelled acetyl-CoA fraction by 0.7 to find out the amount
of mitochondrial acetyl-CoA originating from BCAA degradation. In the
experiments with labelled glutamine, we considered the fraction of fully
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labelled (M4) malate to be equal to the fraction of a-ketoglutarate derived
from glutamine degradation. The other fractions of labelled malate (M1, M2
and M3) derived from labelled glutamine could be a result of an array of
reactions involving enzymes like malic enzyme and pyruvate carboxylase,
which are not part of this work. It should be acknowledged, however, that the
M2 malate fraction made up almost 50 % of all malate in MCF-10A, while
little to none of the M1 fraction was observed, suggesting non-malignant cells
use alternative malate synthesis pathways. The measured M4 malate fraction
was 0.5 for BCC and 0.17 for both MCF-7 and MCF-10A. This indicates that
glutaminolysis is more important for BCC cells. In experiments with labelled
BCAAs, other fractions of labelled malate not looked at in this work (M1,
M3 and M4) made up very small portions of all malate produced in BCC and
MCF-7 and were only moderately higher in non-malignant MCF-10A cells.
The complete distribution of labelled malate fractions in different cell lines
can be seen in Fig. 3.1.2.

a AcCoA b AcCoA
QO 0
e
Oxaloacetat"-‘/\ Oxaloacetatef\
O Citrate ./.“ Citrate

o o
Malate co, Malate CO;
C000 QOO0
QCO0CO G?t“'
Glutamine utamine
CcO, co,
o - Oe

Fig. 3.1.1. Malate labelling patterns. Schemes show how the breakdown of
labelled acetyl-CoA results in the formation of M2 malate (a) and labelled
glutamine results in M4 malate (b).

1BC labelled carbons are shown in black. AcCoA — acetyl-CoA, KG — a-ketoglutarate.
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Taking into consideration the a-ketoglutarate fraction calculated earlier
and the fact that only 70 % of the BCAAs in the culture media were labelled,
we calculated the fraction of acetyl-CoA originated from BCAAs in different
cell lines as follows:

M2/M0 malate fraction

tylCoA =
facetylCo BCAAs labelled (1 — glutaminolysis)

M2/MO  0.05

A(BCC) = -
facetylCoA(BCC) 0.7(1—0.5) 0.35

~0.14

M2/MO 0.2

A(MCF-7) = 058"
facetylCoAMCE-7) = 523 —017) = 0.58

0.34

M2/MQ _0.06
07(1—0.17) 058

These results indicate that 34 % of the energy produced by the Krebs cycle
in MCF-7 cells is derived from BCAA degradation. As glutaminolysis has a
high impact on BCC energy metabolism, BCAA degradation results in only
14 % of acetyl-CoA, which is still higher than in non-malignant MCF-10A
cells, where BCAAs account for 10 % of acetyl-CoA.

Our findings suggest, that BCAA degradation accounts for up to a third
of the energy produced by the Krebs cycle in MCF-7 breast cancer cells.
However, the contribution varies from cell line to cell line, as was estimated
in a previous study by our group [7]. During the study, in which all the
degraded BCAAs were assumed to feed the Krebs cycle, it was estimated that
BCAAs account for up to 47 % of the total energy production in MCF-7. This
experiment shows that the actual numbers are lower, suggesting that not all
BCAAs are broken down to acetyl-CoA, with some degradation intermediates
dedicated to the synthesis of other molecules, such as mevalonate, which is
the focus of section 3.2 of this dissertation.

BCAAs playing a role in the energy production of cancer cells by supplying
carbon atoms to the Krebs cycle would be the most straightforward explanation
for the observed association between BCAA degrading enzymes and cancer
progression, however, current research struggles to find a definite answer.
In a study focusing on the effect of malic enzyme depletion in pancreatic
cancer cells, consequential elevation in BCAA levels was associated with
highly aggressive pancreatic ductal adenocarcinoma, but no labelled BCAA
intermediates were observed entering the Krebs cycle [104]. The same
article also rejected the involvement of mitochondrial respiration, as neither
knockdown nor overexpression of BCAT2 had an impact on the consumption
rate of oxygen. Nonetheless, they concluded pancreatic cancer cells are

facetylCoA(MCF-104) = 0.1
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highly dependent on BCAAs and suggested malic enzyme inhibition as a
therapy option for a significant amount of patients. Other isotope labelling
experiments involving BCAAs conducted by Hattori et al. on murine models
of chronic myeloid leukaemia found that the BCAAs are more likely to be
transformed from corresponding branched-chain keto-acids than to them.
That would explain the observations of elevated BCAAs in the plasma of
patients and the overexpression of BCAT enzymes in cancer cells, as the first
reaction in BCAA breakdown is reversible. However, it still does not explain
why and how BCAAs are important for cancer progression. The possibility
of BCAAs playing a key role as nitrogen sources via transamination has also
been discussed [105], though the experimental uptake rates of BCAAs in
cancer cells are in all cases [106] much lower than glutamine uptake, that is
the main source of nitrogen by transamination. Taking all this into account
we can conclude that even though BCAAs are definitely important for cancer
progression, their utilization by different cancer cells can be challenging to
understand completely, as it varies quite significantly from cell line to cell line.

Our experiments show that a significant fraction of the cellular energy in
MCEF-7 is obtained by breaking down BCAAs and incorporating them into
the Krebs cycle, which is not the case for other types of cancer. For example,
the energy production of our model cell line BCC was less dependent on
BCAAs, as their contribution was only 40 % higher than that of the non-
malignant MCF-10A cells. These results confirm, that different cancer cells
can be very different concerning their metabolism, and suggest the need for
a more personalised approach in search of the optimal treatment for each
cancer patient. For instance, dietary BCAA reduction or inhibition of BCAA
metabolism could be an effective adjuvant therapy for hormone receptor-
positive and HER2— luminal breast cancer (as is MCF-7), but might not do
much for HER2+ (BCC).

3.2. Contribution of BCAASs to mevalonate metabolism

Acetyl-CoA, besides its main function of energy production, can also be
used for lipid synthesis following the mevalonate pathway [72]. Mevalonic
acid is a precursor of cholesterol and other sterols essential for the cell. Since
mevalonic acid is mostly found in carboxylate anion form in nature, it will
be called mevalonate throughout this dissertation. Mevalonate is synthesised
from HMG-CoA by an enzyme called HGM-CoA reductase. In humans, this
enzyme is coded by a gene named HMGCR. HMG-CoA can be a product of
leucine degradation, hence we performed experiments with *C,"°N labelled
leucine, to find the extent leucine contributes to the mevalonate pathway.
Fig. 3.2.1 illustrates changes in carbon labelling patterns of intermediates in
the pathway when leucine is fully '*C labelled.
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Fig. 3.2.1. Leucine degradation to HMG-CoA with a carbon labelling
pattern of intermediate metabolites.
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HMG-CoA can also be synthesised from acetyl-CoA or acetoacetyl
coenzyme A (acetoacetyl-CoA) by the enzyme HMG-CoA synthase, which is
coded by two genes in the human genome: HMGCS1 and HMGCS2. Another
enzyme in the pathway — HMG-CoA lyase, coded by the gene HMGCL, can
break down HMG-CoA back to acetyl-CoA and acetoacetate. Acetoacetate
can then be transformed into acetoacetyl-CoA by the enzyme acetoacetyl-CoA
synthetase, which is coded by the gene AACS. The resulting acetoacetyl-CoA
can be transformed back to HMG-CoA, this would give rise to three-carbon-
labelled mevalonate (M3). We could not see this phenomenon in BCC cells,
but it appeared to be important in MCF-7 as can be seen in Fig. 3.2.2. It can
also be seen in the graph that BCC cells get over 60 % of their mevalonate
from other sources (MO0), which is not the same in MCF-7, as mevalonate
sourced from other substrates contributes to less than half of all mevalonate
in the cells. The EMU method predicted the M1 fraction of mevalonate to be
higher than it was after our calculations and did not predict the M6 fraction to
appear at all, however, we can see it in both of the cell lines, which signifies
an array of complex reactions beyond the scope of this work might occur.
Both cell lines display the calculated malate fractions M2 and M5 as similar
to the ones predicted, as they come quite directly from leucine degradation,
while M4 is significantly higher than was predicted and might be a result of
a complicated degradation pattern other enzymes might also be involved in.

BCC MCF-7
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4—
0.3 0.3
0.2 0.2
0.1 0.1
0.0
MO M1 M2 M3 M4 M5 Mé MO M1 M2 M3 M4 M5 M6

B Experimental B Predicted

Fig. 3.2.2. Relative isotopic distributions for mevalonate in two malignant
cell lines after feeding fully labelled BCAAs, experimental versus predicted
using the EMU method.
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We minimised the sum of the squares of the relative errors to find
optimal flux distributions. These distributions, normalised by the amount
of mevalonate synthesised, can be seen in Fig. 3.2.3. We also fitted the M2
labelled mitochondrial acetyl-CoA into the calculations and the optimal value
of the fraction was 0.1 for both cell lines. We did this assuming that 70 % of
HMG-CoA that results from the degradation of leucine is labelled.

Hows-m 00'00
MCF-7:1.3
BCC:0.3 a l : Mevalonic acid
Hy H H
BCC: 2.5 HO S—CoA 008.. - 1o OH
MCF-7:1
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BCC: 1.8
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Fig. 3.2.3. Scheme showing how different reactions influence changes in
labelling patterns of mevalonate. Numbers next to each reaction indicate the
estimations of metabolic flux distributions calculated using Metabolic Flux
Analysis for each of the studied cell lines.

a — HMG-CoA synthesis from leucine degradation, b — acetoacetyl-CoA synthesis reacti-

on by acetoacetyl-CoA thiolase, c — HMG-CoA synthesis reaction by HMG-CoA synthase,
d — break down reaction of HMG-CoA to acetyl-CoA by HMG-CoA lyase.

To quantify how much mevalonate (and acetoacetate) is produced from
leucine, we compared the total carbon derived from the leucine degradation
pathway with the total carbon that forms acetyl-CoA. The amount of carbon
coming from leucine degradation in MCF-7 cells can be calculated like this:

C(leucine) =n X a
C(leucine) = 6 x 1.3 = 7.8

Leucine with 6 carbon atoms (n) in its backbone times the reaction rate
of HMG-CoA formed per 1 unit of mevalonate that was produced in MCF-7
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(the reaction rates can be seen in Fig. 3.2.3). We need to compare this with the
amount of atoms that was consumed as acetyl-CoA. The net consumption of
acetyl-CoA can be described as the sum of all reactions that consume it minus
the production of acetyl-CoA by HMG-CoA lyase:

C(acetyl-CoA) =n x (b+c—d)

C(acetyl-CoA) =2x (22+21.2—-215)=2x19=338

Now we can calculate the total carbon atoms that originated from leucine
degradation in MCF-7:

C(leucine)
C(total) = -
C(leucine) + C(acetyl-CoA)
Cleotal) = —2> -8 _ 67
(total) = o8 38~ 116

These calculations indicate that 67 % of the carbon atoms in mevalonate
and acetoacetate are derived from the degradation of leucine. Following the
same equations, we calculated the contribution of leucine in BCC cells as
well:

C(leucine) = 6x03 =1.8
C(acetyl-CoA) =2x(25+25—-18)=2x%x32=64

1.8 _1.8_022
1.8+64 82

Here, only 22 % of the carbon is derived from the degradation of leucine.
Contrary to the two cell lines mentioned above, we could not detect any
mevalonate in MCF-10A (chromatograms available as Supplement S5).

Interestingly, in BCC cells, the fraction of labelled mitochondrial acetyl-
CoA derived from labelled leucine was similar to the one we estimated with
all three BCAAs. This could suggest that out of all three BCAAs, leucine is
the only one responsible for the supply of mitochondrial acetyl-CoA in this
cell line. The fate of isoleucine and valine could be an interesting question to
research in future studies of BCAA metabolism in cancer.

The role of cholesterol in cancer progression is still a debated topic.
Cholesterol levels are usually higher in cancer cells than they are in normally
developing cells [77, 107, 108], however, the explanation for this phenomenon
isnot yet clear. In a previous work carried out by our group, it was revealed that
most of the studied cancer cell lines did not express cholesterol transporters

C(total) =
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[100, 109]. As cholesterol is an important structural component of the cell
membrane, a key regulator of cellular signal transduction, and a precursor
for an array of different signalling molecules [110], cancer cells have to rely
on the mevalonate pathway, to synthesize cholesterol. Our findings suggest
that leucine plays an important role in the de novo synthesis of mevalonate,
making it another mechanism by which leucine supports cell proliferation and
invasiveness. These results would confirm the findings of other researchers,
which concluded that leucine deprivation causes inhibition of proliferation
and differentiation of cells by mechanisms, dependent and independent of the
mTOR signalling pathway [111, 112]. Cholesterol is a precursor for steroid
synthesis, suggesting it might have something to do with hormone-dependent
cancer progression. While no clear conclusions regarding its role in breast
cancer can be drawn yet, potential mechanisms could include cholesterol’s
involvement in estrogen’s biosynthesis, Ras, Erk1/2, Akt, and p38 signalling
pathways as well as being a major component of lipid rafts, crucial for
apoptosis, migration, and invasion [113]. While no specific pharmacological
inhibitors of BCAA catabolism are yet on the market, the mevalonate
pathway already has an array of inhibitors with years and years of clinical
use for the prevention of cardiovascular events, that could be used to prove
or disprove the hypothesis. Several clinical and pre-clinical trials have shown
the antiproliferative effect of statins (inhibitors of HMG-CoA reductase,
typically used to treat hypercholesterolemic patients) on cancer [114—116],
suggesting them as prospective adjuvant therapy. The conflict emerges,
however, following the inconsistencies in the results of epidemiologic
studies. While some of them show an association between high serum levels
of cholesterol and cancer development or the use of statins minimizing the
risk for oncologic diseases and reoccurrences [117-122], almost equally as
many studies show there is no association [123—126] or even claim statins
can be dose-dependently carcinogenic [127]. Although some criticize these
kinds of studies for having many limitations, it should be kept in mind that
observational epidemiologic studies use real-world data, as opposed to
highly controlled clinical and preclinical trials. While the question of whether
cholesterol affects cancer progression is still debated, this additional pathway
leucine plays a role in, added to energy production, signalling, and aiding
biomolecular synthesis might be enough to have a significant effect on cancer
development.

3.3. The role of BCAAs in cell invasiveness

Our previous experiments showed that leucine plays a significant role
in the synthesis of cholesterol. As already mentioned in section 1.5 of this
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dissertation, the invasiveness of breast cancer cells relies heavily on the
mevalonate pathway [128—130]. We were interested in whether a decrease
in BCAA levels would affect the invasiveness of our studied cell lines. We
used two different methods of BCAA reduction: a knockdown using siRNA
against BCAT?2 to suppress BCAA catabolism and a reduction of BCAAs in
the nutritional media (from the usual 0.8 mM to 0.2 mM). To assess the impact
of BCAASs on the invasiveness of breast cancer cells, we used a method called
wound healing assay. The in vitro wound healing assay is a relatively simple
and cost-effective way to assess cell migration under different experimental
conditions. It involves opening a “wound” in the cell monolayer with a sharp
object, creating a cell-free region for the cells to migrate and close the wound.
The two-dimensional (2D) cell monolayer model is most widely used because
2D studies can be performed under normal cell culture conditions available
in most cell culture laboratories. We investigated the effect of reduced BCAA
content and BCAT2 gene inhibition on BCC, MCF-7, and MCF-10A cell
migration. Just after scraping, we changed the cell culture media to either the
DMEM/F-12 normally used or the custom 0.2 mM BCAA media to remove
the debris that was left after the scratch, and fixed the culture plate into
position for time-lapse imaging (Fig. 3.3.1). We chose an interval of 8 hours
between the first and the last image taken, to minimise the influence cell
division has on the movement of cells in the wound closure area.
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Fig. 3.3.1. The depiction of the wound healing assay. The first picture (start)
shows the wound area in red at the beginning of the experiment and the
second one shows the area 8 hours after the experiment was started.

BCAT?2 inhibition had a greater effect on BCC cell invasiveness than the
reduction of BCAAs in the media, as compared to the control (Fig. 3.3.2).
The wound in the control group contracted 72.05 % (+ 6.90 % standard

45



error (SE)) and only 35.96 % (£ 3.88 % SE) in the BCAT2-inhibited group,
meaning BCAT2 inhibition significantly reduced invasiveness. We could also
see statistically significant results in the 0.2 mM BCAA group, compared
to the control, although it was not as effective as gene silencing (the wound
closed 50.54 % (£ 1.21 % SE) in the group with a reduced amount of BCA As).
Surprisingly, MCF-7 was more affected by the reduced amount of BCAA in
the media, while no statistical difference was observed in the BCAT2-inhibited
group. This, and the fact, that BCC was more sensitive to changes in BCAA
levels, even though they contribute less to mevalonate and mitochondrial
acetyl-CoA production, could be a result of MCF-7 cells not being able to
form a stable monolayer, thus providing difficulties in evaluating the results
of this experiment. Regardless, the 0.2 mM BCAA group had significantly
slower wound closure in MCF-7: 7.20 % (= 1.53 % SE) after the 8-hour time-
lapse, as opposed to the control, in which the closure was 19.35 % (+ 1.12 %
SE). We observed no statistically significant results in the benign MCF-10A
cells, which may suggest that BCAAs are involved in cancer invasiveness but

not in the migration of healthy epithelial cells or that the contribution is not
as significant.
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Fig. 3.3.2. The effect of reduced BCAA concentration (0.2 mM BCAA) and
BCAT?2 gene inhibition by siRNA on cell migration, evaluated using the
wound healing assay.

The main challenge of this study was the fact that some of the studied cell
lines do not form a stable monolayer, meaning that the wound-healing assay
might not be the best method to track migration for these cell lines, as they are
not as prone to attract one another to try and close the “wound”. Nonetheless,
the results still show a significant reduction in wound closure in MCF-7 after
BCAA content is reduced, suggesting these cells do need a certain amount of
BCAAs to move around and proliferate. Future experiments should involve
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another aspect of the migratory properties, such as single-cell migration
analysis, also achieved by time-lapse imaging. In this way, the results would
not be as influenced by the phenotype of the cell line.

mTOR signalling pathway also plays a huge role in cell migration [131,
132], as does cellular energetics, meaning that the depletion of BCAA
catabolism can influence cancer cell migration by a combination of different
mechanisms. However, there should be an increase in intracellular BCAAs
after BCAT2 inhibition, meaning it is less likely, that the suppression of
migration in the BCAT2-inhibited group of BCC cells is caused by mTOR, as
the mTOR signalling pathway is activated by intracellular leucine.

Additionally, elevated BCAAs in the media also seem to suppress breast
cancer cell migration [133], which may mean that a completely different
mechanism takes place. The authors suggest the immune cells, which are also
in high demand for BCAAs, might be involved in their unexpected results in
animal studies, but less could be said about the wound healing and transwell
assays with LM2 breast cancer cells. N-cadherin (but not E-cadherin) was
also downregulated in the presence of elevated BCAAs in this cell line,
showing that the migration disturbances are not a coincidence. A study by
Sciacovelli et al. revealed that a part of BCAA-derived nitrogen bypasses
the Krebs cycle and channels into the biosynthesis of arginine exclusively
in metastatic renal carcinoma cells [38]. Section 1.3. of this dissertation
mentioned that the enzyme argininosuccinate synthetase 1, involved in the
synthesis of arginine, is also an important factor in cell migration, suggesting
yet another mechanism for BCAA-driven migration of cancer cells. Taking
all that into account, it is hard to conclude the underlying cause of our results,
however, it is clear that BCAAs do have an impact on cancer cell migratory
properties, with mechanisms for it still being quite a large knowledge gap,
providing interesting questions for further research in the field.

3.4. Determination of intermediate metabolites of the BCAA
degradation pathway in blood plasma

In order to determine whether there are any changes in the BCAA
degradation pathway of breast cancer patients in a clinical setting, we
performed a small-scale experiment using human blood plasma. We performed
a targeted chromatographic analysis of blood plasma samples from 10 women
with breast adenocarcinoma and 10 healthy individuals for control (more in
Materials and Methods). We chose to investigate 5 BCAA metabolites in
this study: 3-hydroxyisovalerate and mevalonate, as intermediates of leucine
degradation, 3-methyl-2-oxopentanoate as an intermediate of isoleucine
degradation and 3-aminoisobutanoate and 3-hydroxyisobutyrate from the
degradation pathway of valine.
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The differences between the control and study groups are depicted in Fig.
3.4.1. First of all, we found that the amounts of intermediates studied varied
widely between different samples. Despite that, we observed a statistically
significant increase in the amount of 3-hydroxyisobutyrate (of valine
degradation) in the blood plasma of patients as compared to control, while its
concentration in MCF-7 and BCC cancer cells was low (results not shown).
This could mean, that cancer cells excrete 3-hydroxyisobutyrate, however,
the reason for this is still yet to be explained.
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Fig. 3.4.1. Metabolic intermediates of BCAA degradation in the blood
plasma of healthy individuals and patients with breast cancer.

A star (*) near the name of the studied metabolite indicates statistically significant
differences.

We also observed a statistically significant increase of 3-hydroxyisovalerate
in patient plasma samples. 3-hydroxyisovalerate branches out in the
degradation pathway of leucine and is not involved in the synthesis of acetyl-
CoA or mevalonate for that matter (the scheme for BCAA degradation is
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available as Supplement S6). Seeing that mevalonate was significantly
downregulated in breast cancer patients, it could be said that there is a higher
demand for it in the tumour itself, upregulating the degradation pathway of
leucine and the intermediates that do not eventually result in mevalonate are
secreted out of the cell, giving rise to 3-hydroxyisovalerate in our plasma
samples.

Also, when we tested cell extracts using isotopically labelled BCAAs,
malignant cell samples contained relatively high levels of 3-methyl-2-
oxopentanoate (results not shown), suggesting upregulated degradation of
isoleucine, meanwhile, the amount in blood plasma did not differ significantly
between groups of patients and healthy individuals. 3-aminoisobutanoate of
valine degradation did not differ between the two groups.

Other metabolomic studies of breast cancer patient plasma samples have
also reported a significant increase in BCAA degradation intermediates [ 134—
136]. Having this in mind, a determination of some intermediates of BCAA
metabolism, along with other perturbed amino acids and their metabolites, in
the blood could be a prognostic marker of early-stage breast cancer and could
be applied in clinical practice. As for the BCAAs themselves, higher levels
of circulating BCAAs were found to be associated with a lower risk of breast
cancer in premenopausal women and a higher risk among postmenopausal
women, suggesting hormonal changes have a lot to do with their role in
disease progression. As mentioned in the discussion part of section 3.3. of
this dissertation, elevated circulating BCAAs could activate the immune
response [133], eventually leading to a lower risk of breast cancer in the
premenopausal group. In another study with premenopausal women without
a known cancer diagnosis, high plasma levels of BCAAs were significantly
positively correlated with free testosterone levels [137]. The perturbations in
sex hormone levels are established biomarkers for breast cancer risk [138,
139]. The downside of using BCAAs alone as biomarkers is the diversity
of metabolic diseases, that could also cause changes in the plasma content
of these three amino acids. These are the diseases related to perturbations in
BCAA metabolism mentioned earlier. For example, a higher plasma profile
of BCAAs and their related metabolites were the most promising biomarkers
for cardiometabolic risk and inflammation [140, 141]. Amino acid plasma
content can also be influenced by body mass index [142] meaning all of these
measures should be taken into account when developing BCAAs and their
metabolites into clinically accurate biomarkers.

49



3.5. Metabolomic analysis of amino acids associated with malignancy in
breast-derived cells

Next, we were interested in identifying a broader spectrum of amino acid-
related changes in the metabolome of the studied cell lines. A metabolomic
analysis allowed the quantification of 33 internal metabolites, in all the three
studied cell lines. We performed a PCA, which revealed that 97.6 % of the
variance in the metabolic data could be assigned to the first two principal
components (PCs), with the first one accounting for 61.6 % of variability,
and the second for 36 %. The second component clearly separated MCF-10A
from the malignant MCF-7 and BCC cell lines, while the first component
showed some variation between the three cell lines (Fig. 3.5.1). These results
indicate that 36 % of the variation in metabolite concentrations between the
three cell lines could be associated with malignancy.
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Fig. 3.5.1. PCA plot showing the variation in metabolite profiles of the three
studied cell lines between the two PCs.
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For a better understanding of which metabolites are best for distinguishing
malignant cells from non-malignant ones, we represented the concentration
data in a heat map (Fig. 3.5.2). Now we can clearly see the diversity of
intracellular amino acid profiles. The heat map also shows that the three
BCAAs: leucine, isoleucine, and valine have lower relative concentrations
in BCC cells. These results could either mean BCAAs are less important for
BCC or that the cell line is auxotrophic to them. The latter is more likely
regarding our previous experiments where we show that these cells were
always in between MCF-7 and MCF-10A regarding BCAA utilisation and
that BCAT?2 is overexpressed in both cancer cell lines [7].
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Fig. 3.5.2. A heat map showing the relative abundances of the 33 studied
metabolites in each sample. Dendrograms identify similarities between
groups of metabolites that have similar concentration patterns across
different samples, determined by hierarchical clustering.
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Broader profiling of metabolomes for the three studied cell lines revealed
new amino acid-related perturbations between healthy and malignant
cells. Six metabolites at the top of the heat map could be characterised by
higher concentrations in MCF-10A than in the malignant cell lines. These
metabolites were tyrosine, methionine, mannitol, hypotaurine, choline, and
taurine. Another group of metabolites formed a cluster characterised by
higher concentrations in MCF-7 and BCC instead. These four metabolites
were betaine, acetylcarnitine, serine, and pyroglutamic acid.

Out of all the mentioned perturbed metabolites, six (methionine, taurine,
hypotaurine, choline, betaine, and pyroglutamic acid) are related to the
methionine cycle to some extent (a more detailed concentration distribution
for some of the mentioned compounds is depicted in box plots in Fig. 3.5.3).
The downregulation of these metabolites in MCF-7 and BCC cells may mean
they are highly consumed due to the importance of the methionine cycle in
rapidly dividing cells. Indeed, even though cancer cells have the ability to
synthesize methionine, the supply often does not catch up with the demand,
making the cells auxotrophic to it [43]. Methionine dependency is a long-
known characteristic of cancer but is still a very relevant topic when it comes
to personalised treatment strategies [143—146].
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The concentrations depicted are not absolute and reflect the normalised areas of the corres-
ponding peaks in the chromatograms.

Besides being a building block for proteins, methionine is involved
in several crucial metabolic pathways that take part in epigenetics
(S-adenosylmethionine), nuclear processes (polyamines), detoxification
(glutathione), and the formation of cellular membranes (phospholipids) [ 144].
The methionine cycle is a part of the so-called one-carbon metabolism [147],
which allows cells to generate methyl groups (or one-carbon units) to utilize
them in methylation processes crucial for transcription, replication, and DNA
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repair. The folate cycle, another part of one-carbon metabolism, has long been
a target for treating cancer, followed by the development of antifolates. The
best-known drug in this class — methotrexate is being used for the treatment
of many cancers to this day, however, it has many side effects caused by the
importance of the foliate cycle for healthy proliferating cells [144, 147]. One
way to combat this would be to selectively target specific enzymes in the one-
carbon metabolism pathways. We will discuss possible drug targets later on
in the dissertation.

3.6. Differential gene expression of the three breast-derived cell lines

Extracting conclusions about metabolism, only having the concentrations
of metabolites in question, would be unreasonable, as metabolism is a
complex net of interactions between different enzymes and their substrates.
Keeping that in mind, we paired the metabolomics data with data from next-
generation RNA sequencing (RNA-seq) for a bigger picture of the underlying
processes involved in cancer progression. Knowing the expression of genes
that code different metabolic enzymes gives us valuable information on what
could have caused the disturbances in the metabolic profiles of the cells. As
we are only interested in the differences between the metabolism of healthy
and malignant cells, we performed a differential expression analysis on the
RNA-seq data. To find the differentially expressed genes between the three
studied cell lines, we used cut-off values of 0.01 for false discovery rate and 2
for fold change. According to the processed RNA-seq data, 1495 genes were
significantly upregulated in MCF-7 as compared to MCF-10A, while 1335
genes were significantly downregulated respectively. When comparing BCC
to the healthy epithelial cells, 1926 of the genes in common were upregulated,
and 1669 were downregulated in BCC cells. 274 of the upregulated genes
and 563 of the downregulated genes were common in both cancer cell lines.
A broader summary of the differential expression analysis can be seen in Fig.
3.6.1.
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Fig. 3.6.1. Volcano plots visualising the genes that are upregulated (red),
downregulated (blue), and have no differential expression (black) in both of
the studied cancer cells as opposed to the non-malignant MCF-10A cells.

Next, we carried out a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment test using the WebGestalt online gene set
analysis toolkit [96] and found no significantly enriched pathways among the
upregulated genes (the cut-off false discovery rate was 0.05). On the other
hand, we identified 10 significantly enriched KEGG-described downregulated
pathways, as can be seen in Fig. 3.6.2.
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Fig. 3.6.2. Enriched pathways among the downregulated genes in BCC and
MCF-7.
Names of the pathways correspond to pathologies or other processes the genes are mostly

involved in.

Half of the mentioned pathways relate to certain diseases, others are
associated with signalling (such as the IL-17 signalling pathway) or
cell adhesion. In general, these results indicate that cancer cells are less
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sensitive to extracellular signalling and detach from the extracellular matrix
easily. However, we could not identify any metabolic processes that were
significantly enriched while analysing this gene set, which addressed the
need to integrate metabolomic data in the analysis using GSMMs as scaffolds
for the interpretation of transcriptomic data. Among the 274 genes that were
upregulated in both cancer cell lines, 44 were metabolic genes, involved in
131 metabolic reactions. Among the 563 downregulated genes, 130 were
involved in metabolic processes, associated with 832 metabolic reactions.
The large number of reactions comes from the fact that downregulated genes
are involved in cross-membrane transport. One example would be the solute
carrier family 36 member 4 coded by the gene SLC36A4. It is involved in
the transport reactions of four amino acids (glycine, alanine, proline, and
serine). The solute carrier family 6 member 15 (SLC6A15) is involved in the
transport of 11 amino acids. The remaining course of this work will focus on
the relationships between the changes at the transcriptomic and metabolomic
levels.

3.7. The search for potential drug targets for breast cancer by
combining metabolic and genomic data

Three of the perturbed metabolites from the previous analysis (methionine,
taurine, and hypotaurine) can be tracked down to a common precursor —
homocysteine (Fig. 3.7.1.), an intermediate in the methionine cycle. Another
metabolite, pyroglutamic acid, formed by the breakdown of glutathione, can
alsobetraced back to homocysteine, although the carbon atoms in pyroglutamic
acid come from glutamine involved in the synthesis of glutathione. We found
that the gene AHCY coding the enzyme adenosylhomocysteinase, which
is involved in the breakdown of S-adenosylhomocysteine into adenosine
and L-homocysteine, is significantly downregulated in MCF-7 and BCC
as compared to MCF-10A. AHCY was previously implicated as a tumour
suppressor gene involved in p53-induced cell cycle arrest [ 148]. This function
seems to be cell type-specific, as some cancers, for example, neuroblastoma,
overexpress AHCY, making it a tumour promoter [149, 150]. In our case,
the downregulation of AHCY together with the decreased concentration of
methionine in cell extracts, led to the assumption that the malignant cell lines
we study have a lower activity of the methionine cycle. Two of the other
perturbed metabolites — betaine and choline, also are linked to the methionine
cycle. Choline is a vitamin obtained from the diet. It is involved in the synthesis
of betaine (Fig. 3.7.1), which provides methyl groups to the methionine cycle.
The aforementioned groups are then used in the methylation of DNA and
protein with S-adenosyl methionine (SAM) as a methyl donor [151]. The
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internal choline pool appeared to be lower in both cancer cell lines. That
could be explained by the downregulation of the gene solute carrier family
44 member 5 (SLC44A5), which codes a choline transporter. Betaine, on the
other hand, had higher concentrations in malignant cell lines. As mentioned
before, betaine is produced from choline, but it can also be a product of
glycine metabolism. However, betaine can only be consumed by the enzyme
betaine-homocysteine methyl transferase, which is a step in the methionine
cycle. Ultimately, due to the reduced activity of the methionine cycle, the
consumption of betaine decreases, resulting in its accumulation in the cells.
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Fig. 3.7.1. Altered metabolic pathways in the studied breast cancer cells,
identified by an integrated metabolomic and transcriptomic analysis.
Metabolites and genes that are lower in concentration or expression in malignant cells are

depicted in blue, while the ones with higher profiles in cancer cells are marked in red.

Methionine is involved in the synthesis of SAM — a donor of methyl groups,
used for protein and DNA methylation [152]. High SAM concentrations
can have an anti-cancer effect by inducing apoptosis or down-regulating
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oncogenes by methylation [153]. Our observations regarding the lower
activity of the methionine cycle might mean a lower re-methylation rate of
SAM has a protective effect on malignant cells. The possibility of using SAM
in cancer therapy was shown by several groups on different breast [154, 155]
and liver [156] cancer cells.

Other researchers have shown that methionine sulphoxide reductase
A, another enzyme that contributes to the pool of methionine by reducing
oxidised methionine, is downregulated in MCF-7 cells, as compared to
HEK-293 [157]. The same group also showed that the downregulation of
this enzyme is associated with a more aggressive phenotype of breast cancer
[158], proposing that this phenomenon is related to the antioxidant nature
of the enzyme, as ROS are important mediators of invadopodia formation,
necessary for cell invasion [158, 159].

Tumour-suppressor genes are usually neglected when it comes to target-
based discovery of anti-cancer agents, mainly because inhibiting the gain-of-
function with small molecules looks like an easier approach, than restoring the
loss-of-function [160]. However, in terms of nutrition, the methionine cycle
in cancer could easily be activated by an increased methionine intake, which
would also be a less toxic path in targeting cancer. Several studies have shown
that excess methionine stopped the proliferation of MCF-7 and other cells
through p53 [161-164], without affecting benign cells. Clinical implications
should be addressed with caution though, as some breast and other cancer
types are methionine dependent and a higher intake of methionine could
benefit the cancer more than the patient. This further stresses the importance
of personalised medicine in the field of oncology. In the future, new treatment
strategies should consider a thorough metabolic investigation of the tumour
beforehand. Other limitations of metabolite supplementation in cancer
therapy could include the possibility that using SAM as an adjuvant might
trigger the methylation of other tumour-suppressor genes, thus promoting
carcinogenesis [156].

Our gene expression data also showed that the two genes involved in the
biosynthesis of serine from 3-phosphoglycerate (PHGDH and PSPH) were
overexpressed in MCF-7 and BCC as compared to MCF-10A (charts with more
detailed gene expression data can be seen in Fig. 3.7.2). The gene PHGDH
codes phosphoglycerate dehydrogenase and was shown to be overexpressed
in several cancers before [165]. Studies have shown that overexpression of
this gene in non-malignant MCF-10A cells can cause phenotypic alterations
that predispose cells to malignancy [166]. A higher expression of PHGDH in
breast cancer patients was also associated with a shorter time to relapse and
decreased overall survival [167]. PSPH codes phosphoserine phosphatase,
which is involved in the last step of L-serine synthesis. Overexpression of
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PSPH is also a presumed marker for colorectal cancer [168]. The role of these
two genes in cancer is still not fully understood. Together with the elevated
intracellular serine pool, our results indicate a greater biosynthesis rate of
serine. Serine is another important contributor to one-carbon metabolism as
it is a major source of methyl groups for methylation reactions [169]. Apart
from that, serine is also a precursor for the biosynthesis of many molecules,
such as glycine (ultimately resulting in glutathione, purines, and porphyrins),
cysteine as well as sphingo- and phospholipids [170]. Because of this, many
tumours can develop a dependency on extracellular serine. This was shown
on xenografic mice — tumours grew almost twice as fast when on a serine and
glycine-rich diet [171]. Other studies show that PSPH can promote cancer
invasion and colony formation by pathways, unrelated to synthesis of L-serine
[172, 173], suggesting a pharmacologic inhibition of the enzyme would be a
better alternative for cancer treatment than dietary restriction in this case.
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Fig. 3.7.2. Expression levels of genes, involved in the observed
perturbations in intracellular metabolic pools.

The expression data is presented in RPKM. Error bars represent standard deviations (n=3).
Statistical significance determined by t-test as compared to MCF-10A: p<0.05 (*), p<0.01
(**), p<0.001 (***).

59



Due to increased mitochondrial activity, ROS are usually significantly
elevated in cancer. They activate ROS-mediated signalling in cancer, by
oxidation of phosphatases in mitogen-activated protein kinase (MAPK)
signalling cascades or the PI3K/protein kinase B (Akt) signalling pathway
[174]. Glutathione scavenges free radicals and acts as a detoxifying agent in
cells [175]. Degradation of glutathione results in a metabolic dead end that
is pyroglutamic acid (also depicted in Fig. 3.7.1.), which was upregulated in
our malignant cell lines. Our transcriptomic analysis revealed that the gene
CHACI1 was also overexpressed in both MCF-7 and BCC. The product of
this gene — glutathione-specific y-glutamylcyclotransferase 1, breaks down
glutathione into cysteinyl-glycine and pyroglutamic acid [176]. Knock-down
of this gene can reduce cell migration and proliferation, while overexpression
of this gene can have the opposite effect. Also, a higher expression of the gene
correlates with poorer prognosis in breast and ovarian tumours [177, 178].
Taking this into account, our findings suggest pyroglutamic acid could also
be a potential metabolic biomarker of breast cancer and CHACI a target for
drug design and development.

Our results also showed a higher concentration of acetyl-carnitine
in malignant cells, suggesting a higher activity of the carnitine shuttle,
responsible for the transportation of fatty acids from cytosol to mitochondria.
The association between the carnitine shuttle and cancer is also well-
established [179]. Acetyl-carnitine was shown to be a prognostic biomarker
for hepatocellular carcinoma [ 180] and effective in enhancing the antitumoural
effects of cisplatin or histone deacetylase inhibitors [181]. Other perturbations,
like a lower concentration of mannitol in the malignant cell lines, can only be
explained by alterations in transporter activity, as mannitol is a metabolically
inert molecule in humans. Indeed, SLC26A6, coding a mannitol transporter,
showed a lower expression in BCC and MCF-7 compared to MCF-10A.

Finally, the gene expression data was used to constrain a GSMM and it was
analysed using a previously created Python library pyTARG [88]. pyTARG
is a set of functions that take GSMMs as input and predicts metabolic fluxes
as well as outputs a list of possible drug targets in the form of perturbed
reactions from the model. We used flux balance analysis to predict metabolic
flux distributions. The analysis revealed a downregulation of the respiratory
chain in the malignant cell lines, which is consistent with Warburg’s effect
and was previously observed in a larger panel of different cancer cells [88].
We found that the reaction rate of ATP-synthase was lower in the two cancer
cells and genes ATP1B3 and ATP6V1H were downregulated. Similar results
were seen in human colon cancer cells with resistance to 5-fluorouracil [182].
Complex III of the respiratory chain had a lower reaction rate, and two of
the genes involved (UQCRH and UQCR1) were downregulated. We also
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observed a lower metabolic flux in Complex II of the respiratory chain, due
to the downregulation of the gene NDUFBS. The lower reaction rate of ATP-
synthase can be explained by a metabolic “switch” that was observed in the
work of Sanchez-Cenizo et al. The ATPase inhibitory factor 1 controls a shift
from OXPHOS to enhanced aerobic glycolysis and is highly overexpressed
in all lung, colon, and breast cancers [183]. As we have already discussed
throughout the dissertation, aerobic glycolysis supports cancer by providing
more than just energy and the shift from OXPHOS protects from reaching
lethal levels of ROS. We found extracellular serine uptake was also lower
in both studied cancer cells because of the downregulation of the serine/
proton symporter, coded by the gene SLC36A4. This further supports our
previous findings regarding upregulated serine biosynthesis in the studied
cancer cells, making serine biosynthesis even more of a prospective target
for drug development. Finally, the model predicted lower CO, transformation
to bicarbonate in malignant cell lines, as a result of the downregulation of
two carbonic anhydrases (CA6 and CA2). Carbonic anhydrases have been
recognised as crucial regulators of tumour cell pH, as they adjust bicarbonate
and proton levels essential for cell survival and growth. This recognition has
driven efforts to inhibit particular carbonic anhydrase isoforms as potential
cancer drug targets. Only two of the 12 active isoforms, carbonic anhydrases
IX and XII have been identified as anti-cancer targets. Other isoforms have
not been explored as potential therapeutic targets for cancer therapy [184].
Low carbonic anhydrase II protein expression often serves as a biomarker
associated with tumour aggressiveness and poor prognosis in various
cancers, including pancreatic ductal adenocarcinomas, colorectal, gastric,
and gastrointestinal stromal cancers [185—-188]. Because of that, this isoform
can be viewed as both a diagnostic and an independent prognostic factor for
favourable outcomes and overall survival in the mentioned cancers. However,
in other cancers like astrocytomas, oligodendrogliomas, melanomas,
pulmonary endocrine tumours, as well as breast cancer, the upregulation
of carbonic anhydrase II is linked to poor prognosis, tumour progression,
and metastasis [187, 189—-191]. There are no studies to this date linking the
other isoform we found downregulated — carbonic anhydrase VI to cancer
progression [184], suggesting an interesting research question for the future.
A complete list of all the perturbed metabolic reactions and their associated
genes we found to be significant for cancer can be found in the supplements
section as Supplement S7.
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CONCLUSIONS

1. The extent of BCAA degradation in the production of cellular energy
by the Krebs cycle was 34 % in MCF-7 cells, 14 % in BCC cells, and
10 % in MCF-10A cells. Mevalonate production from the breakdown of
leucine was exclusive to breast tumour cells; the percentage of carbon
from leucine that eventually formed mevalonate was 67 % in MCF-7
cells and 22 % in BCC cells. Consequently, the suppression of BCAA
metabolism significantly slowed down breast tumour cell invasiveness.

2. An upregulation of 3-hydroxyisovalerate and 3-hydroxyisobutyrate,
along with a downregulation of mevalonate was observed in the blood
plasma of patients with breast tumours compared to healthy control.
The metabolic pathways of breast cancer patients are regulated in a way
that satisfies the high demand for mevalonate and acetyl-CoA. There-
fore, the aforementioned metabolites could be used as biomarkers for
identifying early-onset breast cancer.

3. Thirty-three internal metabolites were identified as common among
BCC, MCF-7 and MCF-10A cells. Ten of them — tyrosine, mannitol,
acetylcarnitine, serine, methionine, taurine, hypotaurine, choline, be-
taine, and pyroglutamic acid — were associated with malignant breast
tumours. The last six of the aforementioned are metabolically linked
to the methionine cycle. An integrated analysis of the metabolome
and transcriptome revealed that the genes AHCY, PHGDH, PSPH and
CHACI involved in methionine and serine metabolism, could be che-
motherapeutic targets for the studied breast tumour cells.
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SANTRAUKA

Ivadas

Pasaulio sveikatos organizacija pripazino kriities piktybinius navikus vy-
raujancia naviky forma visame pasaulyje [1]. Apskaiciuota, kad Sia liga per
gyvenimg susirgs viena i§ aStuoniy motery [2]. Nepaisant dél mokslo ir me-
dicinos pazangos pageréjusiy prognoziy, ankstyvas ligos aptikimas ir indivi-
dualizuotas gydymas iSlieka svarbiis uzdaviniai, siekiant sumazinti pacienty
nastg ir padidinti i§gyvenamumo rodiklius. Vienas sunkiausiai jveikiamy on-
kologiniy ligy bruozy — metabolinis perprogramavimas — sulauké didziulio
mokslininky susidoméjimo pries beveik Simtmetj, kai Otto Warburg paskelbe
apie navikinése lastelése vykstanc¢ig aerobing glikolize [3]. Nuo to laiko, skir-
tumy tarp piktybiniy ir sveiky audiniy tyrimai yra tikslinés terapijos atradimy
pagrindas.

Be gliukozés, naviko progresavimui itin svarbi aminoriigsciy medziagy
apykaita. Navikui jos ne tik baltymy statybin¢ medZziaga, bet ir signalinés
molekulés, tarpiniai produktai kitoms biologinés sintezés reakcijoms bei
papildomas energijos Saltinis [5]. Sakotos grandinés aminoriigitys (angl.
branched-chain amino acids, BCAA) sulauké didelio susidoméjimo po to,
kai navikinése lgstelése buvo pastebéta padidéjusi fermenty, atsakingy uz jy
metabolizmg raiska [6]. Pirmasis fermentas BCAA skilimo kelyje — Sakoto-
sios grandinés aminorigsciy transferazé (angl. branched-chain amino acid
transferase, BCAT) yra vienas 1§ potencialiy chemoterapiniy taikiniy [ 8], taigi
gilesnis naviky aminoriig§¢iy metabolizmo supratimas yra daug zadantis ba-
das plétoti tiksling onkologiniy ligy terapija. Kartu su molekulinés biologijos
ir genomikos moksly pazanga Zengia ir noras sumazinti bauginancios kriities
piktybinio naviko diagnozés nastg ateities kartoms.

Tyrimo tikslas
Sio darbo tikslas i$aiskinti sudétingg aminorigs¢iy vaidmenj kriities pikty-
biniy naviky medziagy apykaitoje, taikant jvairius omikos metodus bei bioin-
formacing analize chemoterapiniy vaisty taikiniy paieskoms.

Tyrimo uZdaviniai

1. Nustatyti Sakotos grandinés aminortig§¢iy vaidmenj kriities naviko 13s-
teliy energetikoje ir biologinéje mevalonato sintezéje, naudojant izoto-
pais Zymétas aminorigstis.
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2. Atlikti palyginamajg kriities piktybiniais navikais sergan¢iy pacienciy
ir sveiky motery kraujo plazmos analize, ieSkant Sakotos grandinés
aminoriig§ciy metabolizmo tarpiniy produkty.

3. Derinant metabolomikos ir transkriptomikos duomenis nustatyti ami-
noriig§¢iy metabolizmo pokycius kriities naviko lgstelése, siekiant rasti
potencialius vaisty taikinius.

Darbo mokslinis naujumas

Nors rysys tarp naviky ir padidéjusios BCAA skaidanciy fermenty raiskos
yra diskusijy tema jau apie deSimtmet], aiSkus mechanizmas, kuriuo BCAA
metabolizmas veikia naviky vystymasi dar néra Zinomas. Siame darbe mes
atskleidziame naujus mechanizmus, kuriais BCAA skatina kriities naviky
progresavima, sekdami jy metabolizma bei virtimg lasteline energija ir 1aste-
1és statybinémis medziagomis, o tai savo ruoztu prisideda prie naujy terapiniy
metody paieskos ir biozymeny ankstyvai diagnostikai atradimo. Nauji Sio dar-
bo atradimai apima BCAA katabolizmo jtakos acetilkofermento A ir mevalo-
nato gamybai jvertinimg navikinése lgstelése bei potencialiy plazmos kriities
naviky bioZymeny atradima, atsizvelgiant j padidéjus; BCAA katabolizma,
aptikta motery, kurioms naujai diagnozuota invaziné duktaliné karcinoma,
kraujyje. Be to, jungdami kriities navikiniy lgsteliy metabolominius ir trans-
kriptominius duomenis naudodamiesi bioinformaciniais metodais, nustatome
sutrikimus navikiniy lasteliy vienos anglies metabolizme, kurie galéty buti
tolimesniy tyrimy apie aminortig§¢iy vaidmenj naviky progresavime tema.

Kiti svarbiis su darbu susije aspektai

Sios disertacijos rezultatai buvo Lietuvos mokslo tarybos finansuojamo
projekto ,,Sakotosios grandinés aminoriigi¢iy degradacijos jtaka navikiniy
lasteliy metabolizmui ir proliferacijai® (S-SEN-20-6) dalis. Tyrimy rezultatai
padalinti j septynias dalis, siekiant geriau atskirti skirtingus tiriamus aspektus,
taciau iSvados buvo formuluojamos atsizvelgiant j kelis i$ jy. Skyriy ,,Lasteliy
energijos, gautos skaidant BCAA, kiekybinis jvertinimas* ir ,,BCAA indélis
1 mevalonato metabolizmg“ rezultatai buvo paskelbti viename recenzuoja-
mame straipsnyje. Jie, kartu su neskelbtais skyriaus ,,BCAA reik§mé lasteliy
invazyvumui® rezultatais sudaro pirmaja iSvada. Antraja iSvada sudaro ne-
skelbti rezultatai pateikti skyriuje ,,BCAA katabolizmo tarpiniy metabolity
nustatymas kraujo plazmoje®, o kity skyriy rezultatai publikuojami antrajame
recenzuojamame straipsnyje ir sudaro tre¢igjg Sios disertacijos iSvada.
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TYRIMU METODAI

Lasteliy kultiiros ir jy kultivavimo salygos

Sioje disertacijoje buvo naudojamos dvi komercinés lasteliy linijos: epi-
telinés kruties adenokarcinomos (MCF-7) ir normalaus kriities epitelio
(MCF-10A) lastelés. Musy duktalinés karcinomos lgsteliy modelis (BCC)
yra i§ paciento iSskirta pirminé lasteliy kulttira, aprasyta ankstesnéje publi-
kacijoje [7]. MCF-7 ir BCC lgsteliy linijos atitinka luminalinius A ir B kra-
ties naviky potipius. MCF-7 ir BCC lastelés buvo auginamos DMEM/F-12
(1:1) mitybinéje terpéje, papildytoje 10 proc. fetaliniu jaucio serumu (angl.
fetal bovine serum, FBS) ir 1 proc. penicilino-streptomicino (pen-strep) tir-
palu (10,000 TV penicilino ir 10 mg streptomicino mililitre tirpalo). MCF-
10A Iastelés buvo kultivuojamos DMEM/F-12 (1:1) terpeje, papildytoje
5 proc. arklio serumu, 1 proc. pen-strep, rekombinantiniu zmogaus insulinu
(10 png/ml), choleros toksinu (100 ng/ml), rekombinantiniu zmogaus epider-
miniu augimo faktoriumi (20 ng/ml) ir hidrokortizonu (500 ng/ml). Lastelés
buvo kultivuojamos apdoroto pavirSiaus flakonuose arba plokstelése, drégna-
me 37 °C temperaturos ir 5 proc. CO, koncentracijos inkubatoriuje. Trip-
sino-EDTA tirpalas, praskiestas fosfatiniu buferiu (angl. phosphate-buffered
saline, PBS) iki galutinés 0,05 proc. koncentracijos, buvo naudojamas Iaste-
léms atlipinti nuo flakono kitam séjimui. DMEM terpé, papildyta 15 proc.
FBS ir 10 proc. dimetilsulfoksidu, buvo naudojama ilgalaikiam lgsteliy krio-
konservavimui itin zemos temperatiiros Saldiklyje —80 °C temperatiiroje.

Transfekcija

Transfekcija buvo atlikta vadovaujantis jetPRIME® transfekcijos reagen-
to protokolu. Lastelés séjamos j 6-1y Sulinéliy ploksteles arba 35 mm & Petri
l1eksteles naktj pries transfekcija, kad biity pasiektas 60—80 proc. padengimas.
Mitochondrinés Sakotos grandinés aminoriig§ciy transferazeés (BCAT2) ge-
nui slopinti buvo naudota 5 nM siRNR prie§ BCAT2 gena koncentracija ir
reikiamas transfekcijos reagento jetPRIME® kiekis. | sterily mégintuvélj su
jetPRIME® buferiu buvo jpiltas atitinkamas siRNR kiekis, jis 10 sekundziy
maiSomas siikuriniu maiSytuvu, centrifuguojamas, tada j ta pat] mégintuvelj
ipilamas transfekcijos reagentas, mégintuvelis vél 10 sekundziy maiSomas ir
inkubuojamas kambario temperattiroje 10 min. Po inkubacijos miSinys i$pils-
tomas ] atitinkamus Sulinélius. Kontroliné transfekcija be siRNR buvo atlikta
taip pat.
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»Zaizdos gijimo* metodas

Pries eksperimentg 35 mm & Petri 1ékstelés buvo padengtos fibronektinu,
iStirpintu minimaliame PBS turyje (1 pg/cm?) ir dziovintos laminare, kam-
bario temperattiroje. Lastelés buvo sé¢jamos taip, kad jy padengimas trans-
fekcijos metu buty 50 proc. Eksperimentas pradedamas praéjus 24 val. po
transfekcijos. Siauras lasteliy sluoksnis nubraukiamas astriu vienkartinio
10 pl pipetés antgalio krastu. Suformuotas plySys tuomet reikiama kryptimi
fiksuojamas ant mikroskopo stalelio tvirtinamame inkubatoriuje su tempera-
tiriniu réZimu bei CO, tiekimu ir paliekamas vaizdinti 8 val. Pra¢jus 8 valan-
doms nuo eksperimento pradZios, pirmasis ir paskutinis vaizdai analizuojami
matuojant ,,zaizdos* uzsivérimo plota, pagal toliau nurodytus skai¢iavimus:

,Zaizdos* uzsitraukimas (%) = (A(t = Oh) — A(t = Ah))/(A(t = Oh))
A(t=0h) — ,,Zaizdos* plotas 1§ karto po nubraukimo (laikas nulis)
A(t = Ah) — ,,Zzaizdos* plotas pra¢jus h val. po nubraukimo

Eksperimentai su *C izotopais Zymétomis aminoriig§timis

Lastelés buvo kultivuojamos 24 val. terpéje, kurioje BCAA arba glutami-
nas (priklausomai nuo eksperimento) pakeisti izotopais Zymétais jy atitikme-
nimis. Terpé buvo gaminama individualiai pagal jprastos DMEM mitybinés
terpés sudétj ir papildyta 10 proc. FBS bei 1 proc. pen-strep. Norint jvertinti
zyméty BCAA skilimo profilj, terpé buvo papildyta 0,8 mM galutinés kon-
centracijos L-Valinu”C_,"N, L-Leucinu"C,"N ir L-IzoleucinuC,""N. Me-
valonato skilimo profiliui jvertinti j terpe buvo pridéta tik aukS¢iau nurodytos
koncentracijos L-Leucino"C,"N. Glutaminolizés jvertinimui terpé buvo pa-
pildyta tik 4 mM galutinés koncentracijos L-Glutaminu®*C..

Metabolity iSskyrimas iS 1asteliy

Metabolominei analizei lgsteliy ekstraktai buvo paruosti kaip nurodyta
Sellick ir bendraautoriy protokole [97]. ISdZiovinti metabolity ekstraktai gali
buti laikomi —80 °C temperatiiroje arba rehidratuojami dejonizuotu vande-
niu ir analizuojami pasitelkiant itin aukSto nasumo skysc¢iy chromatografija
su elektropurkStuvinés jonizacijos Saltiniu ir tandeminiu masiy spektrometru
(angl. ultra-performance liquid chromatography system with electrospray
ionisation source and tandem mass spectrometer;, UPLC-ESI-MS/MS).

Plazmos paruoSimas masiy spektrometrijos analizei

Kraujo plazmos analizei gautas Kauno regiono biomedicininiy tyrimy eti-
kos komiteto leidimas (2021-03-23, Nr. BE-2-32). Visi tiriamieji buvo mote-
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rys ir dave rastiska informuota sutikima. IS viso buvo paimta 20 kraujo mé-
giniy: 10 kontroliniy méginiy i$ sveiky motery bei 10 i$ pacienciy, kurioms
anksti diagnozuota to paties potipio, kaip BCC lasteliy linijos (T1 NO MO
G2, ER+, PR+, HER2(3+)) invaziné¢ duktaliné karcinoma. Méginius sudaré
3 ml Svieziai paimto kraujo vakuuminiuose EDTA apdorotuose (purpuriniu
dangteliu) kraujo surinkimo mégintuvéliuose. IS karto po paémimo méginiai
buvo centrifuguojami 1300xg 20 minuciy 10 °C temperattiroje. Tada 1,5 ml
supernatanto (plazmos) buvo atsargiai perkelta j naujg mégintuvélj ir centri-
fuguojama 15500x%g 10 minuc¢iy 10 °C temperatiiroje. Surinktas supernatan-
tas buvo paskirstytas | mikrocentrifuginius mégintuvélius ir laikomas Saldi-
klyje —80 °C temperatiiroje ilgalaikiam saugojimui. Norint paruosti plazma
chromatografinei analizei, 250 pl plazmos buvo pridéta 1,5 ml ledo Saltumo
metanolio baltymy nusodinimui. Tada méginiai buvo 10 sekundziy purtomi,
po to 20 minuc¢iy laikomi —20 °C temperatiiroje. Tuomet méginiai 10 minu-
¢iy centrifuguojami 18000xg 4 °C temperatiiroje. Supernatantas dziovinamas
vakuuminio koncentratoriaus pagalba ir laikomas —80 °C temperatiiroje iki
instrumentinés analizés. RuoSiantis chromatografijai, iSdziovintos nuosédos
buvo istirpintos acetonitrile.

UPLC-ESI-MS/MS

Atlikus metabolity ekstrakcija, meéginiai buvo analizuojami naudojant
Acquity H klasés UPLC sistema. Ekstraktams atskirti buvo naudojama
YMC-Triart C18 (100 x 2,0 mm, 1,9 pm) kolon¢l¢, o masiy spektrometri-
jos duomenims gauti buvo naudojamas trigubo kvadrupolio tandeminis ma-
sés spektrometras Xevo TQD, sujungtas su elektropurkStuvinés jonizaci-
jos (angl. electrospray ionisation, ESI) jony S$altiniu, neigiamu rezimu nuo
50 m/z iki 250 m/z. Kolon¢lés temperatiira buvo nustatyta ties 40 °C. Eliucija
judancia 0,1 proc. skruzdziy riigSties vandeninio tirpalo (tirpiklis A) ir ace-
tonitrilo (tirpiklis B) faze buvo atlikta 0,4 ml/min tekéjimo greiciu, keiciant
tirpiklio A proporcijas gradientu: 0—0,2 min. 95 proc., 0,2—1,5 min 10 proc.,
1,5-1,8 min 90 proc. ir 1,8—2 min atgal j pradines sglygas. Masiy spektro-
metro kapiliariné jtampa —2 kV, Saltinio temperatiira 150 °C, desolvatacijos
dujy (azoto) temperatiira 400 °C, dujy srautas 700 1/val, kiigio dujy srautas —
20 1/val., o jtampa 25 V.

Metabolomikos duomeny analizé

Kiekvienam meginiui buvo atlikti trys biologiniai pakartojimai. Metabo-
litai, aptikti visuose méginiuose, atpazinti pagal jy sulaikymo laika, kurj nu-
staté Virgiliou ir bendraautoriai [98]. Duomenims analizuoti buvo naudoja-
mas MetaboAnalyst [95], tac¢iau keliy praturtinimo analizei buvo naudojamas
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kitas jrankis — WebGestalt [96], kadangi MetaboAnalyst nepavyko nustatyti
aiskiy ry$iy tarp sutrikusiy metabolity (iSskyrus akivaizdzius, tokius kaip tau-
rinas ir hipotaurinas).

Metabolizmo srauto modeliavimas remiantis *C izotopu sekimu

Apskaiciuojant acetil-KoA frakcijas, gautas skylant BCAA, buvo naudo-
jamas nezymeéto (MO0) malato ir malato su dviem Zymétomis anglimis (M2)
santykis. Eksperimentuose su Zymétu glutaminu, glutaminolizés mastas buvo
jvertintas naudojant malato frakcija su keturiomis Zymétomis anglimis (M4),
kaip tiesioginis a-ketoglutarato frakcijos, gautos i§ glutamino atitikmuo. Dél
sgveikos su fermentais, tokiais kaip malato dehidrogenaz¢ ir piruvato kar-
boksilazeé, susidaro sudétingi zyméti Krebso ciklo tarpiniy produkty profi-
liai, kurie Siame darbe nebuvo tiriami. Metaboliniai srautai aplink 3-hidrok-
si-3-metilglutaril-kofermenta A (HMG-KoA) sudaré sudétingus mevalonato
zyméjimo modelius. Srautams apskai¢iuoti naudotas elementariyjy metaboli-
niy vienety metodas [99]. Python programavimo kalba buvo parasytas kodas,
kuriuo galima numatyti mevalonato zenklinimo modelius 1§ srauty pasiskirs-
tymo. Metaboliniai srautai buvo koreguoti, siekiant sumazinti santykines pa-
klaidas tarp numatomy ir stebimy mevalonato masés daliy.

RNR sekoskaita

Kiekvienai tirtai lasteliy linijai (MCF-7, MCF-10A ir BCC) paruo$éme
po tris biologinius méginio pakartojimus. Po tripsinizacijos 1x10° lasteliy i$
kiekvieno méginio buvo sumaisyta su 500 ul DNA/RNA Shield™ transpor-
tavimo terpés, taip paruoSiant meginius siuntimui. Méginiai buvo iSsiysti |
Zymo tyrimy laboratorijas naujos kartos RNR sekoskaitai. Tyrimy laboratori-
jasudaré RNR sekoskaitos bibliotekas i§ 500 ng RNR, naudodama Zymo-Seq
RiboFree Total RNA Library Prep Kit rinkinj. Analizé buvo atlikta naudojant
»lllumina NovaSeq* sistemg. Sekos gylis buvo maziausiai 30 milijony baziy
pory (150 bp poriniy galy sekoskaitai) vienam méginiui.

RNR sekoskaitos duomeny analizé

Gauty sekoskaitos baziy pory prilyginimui standartinei sekai (zmogaus
transkriptomo standartas buvo gautas i§ Ensembl BioMart duomeny bazés)
buvo naudojamas Bowtie2 [92] jrankis. Gauty suderintos sekos Zemélapio
faily analizavimui buvo paraSytas Python kodas, pagrjstas HTSeq biblioteka
[94]. Kiekvieno geno ekspresija apskai¢iuota rodmenimis per kilobaz¢ mi-
lijonui skaitymy. Padidéjusios ir sumaZzéjusios raiskos genams jvertinti tarp
piktybiniy ir sveiky lasteliy linijy buvo naudojamas Stjudento t-testas. Gautos
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reik§meés buvo koreguotos siekiant iSvengti daugkartinio testavimo paklaidy,
kaip apraSyta ankstesniame darbe [7]. Apdoroti ir neapdoroti duomenys pa-
talpinti § NCBI GEO duomeny baz¢ (iraSo numeris GSE223718).

Integruota duomeny analizé pasitelkiant pyTARG

ReikSmingy rySiy tarp metabolomikos ir transkriptomikos duomeny paies-
kai buvo naudojamas genomo masto metabolinis modelis (angl. genome-
scale metabolic model, GSMM). Tokiu biidu siekta rasti koreliacijg tarp meta-
bolizmo ir geny ekspresijos poky¢iy. pyTARG — tai anks¢iau muisy komandos
sukurta [100] Python biblioteka metaboliniams srautams numatyti pasitel-
kiant geny ekspresijos duomenis. Metabolinés reakcijos, kurios skiriasi tarp
sveiky ir piktybiniy lasteliy linijy, buvo nustatytos naudojant Stjudento t-testa
su 0,05 klaidingo aptikimo dazniu po daugkartinio testavimo paklaidy korek-
cijos. Vidutinis srauty skirtumas, didesnis nei 0,001 mmol h-1 g-DW-1 (mili-
moliy per valandg vienam gramui sausos masés) buvo reikalingas reikSmin-
giems rezultatams nustatyti. Plataus spektro metabolinio srauto pasiskirstymo
pokyc¢iams jtakos gali turéti santykinai nedidelis metaboliniy geny skaicius.
Norint i$siaiSkinti srautg kontroliuojancius genus, buvo nustatyti reikSmingi
apskaiciuoto reakcijos greicio ir bent vieno su reakcija susijusio geno ekspre-
sijos lygio poky¢iai.

Statistiné analizé

Visi eksperimentai su lastelémis buvo atlikti maziausiai trimis biologi-
niais pakartojimais (n = 3). Duomeny iSsibarstymas diagramose isreiskiamas
standartine paklaida. Poriniai palyginimai atlikti naudojant Stjudento t-tes-
ta. Reik§mingumo lygmuo p < 0,05. ,,Zaizdos gijimo* bei eksperimenty su
kraujo plazma statistiné analiz¢ atlikta naudojant ,,Microsoft Excel 16.75%.
Metabolizmo duomeny analizé atlikta naudojant MetaboAnalyst [101] — in-
ternetinj jrankj. Pagrindiniy komponenty analizé (angl. principal component
analysis, PCA) buvo atlikta siekiant sumazinti gauty duomeny matmenis ir
vizualizuoti skirtingus metabolity profilius. Prie§ PCA atliktas iSankstinis
duomeny apdorojimas, jskaitant normalizavimg bei mastelio pritaikyma. Po
prilyginimo standartinei sekai, duomeny apskai¢iavimo ir normalizavimo,
naudojant anksc¢iau minétus Python kodus, pagristus HTSeq biblioteka, RNR
sekvenavimo duomeny diferencinés ekspresijos analizeé taip pat buvo atlik-
ta naudojant Python. Siekiant jvertinti statistinj reikSminguma tarp skirtingy
lasteliy linijy panaudotas t-testas ir gautos kiekvieno geno p reikSmés.
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REZULTATAI IR JU APTARIMAS
Lasteliy energijos, gautos skaidant BCAA, kiekybinis jvertinimas

Kol kas dar néra ymanoma tiesiogiai iSmatuoti metaboliniy reakcijy grei-
¢io, taciau kiekybiskai jvertinti medziagy apykaitos srautus galima netiesio-
giai, matuojant tarplasteliniy metabolity Zenklinimo profilius. Sis metodas
apima izotopisky atomy (pvz., *C vietoje '*C) sekimg molekulése, kad biity
galima atsekti jy metabolizmo kelius. Siems matavimams naudojami tokie
jautrlis metodai kaip branduolinis magnetinis rezonansas arba tandeminé
masiy spektrometrija. Norédami iSsiaisSkinti, kokia jtakg BCAA turi Igsteliy
energetikai, lasteles kultivavome terpéje, papildytoje pilnai izotopais pazyme-
tomis BCAA. Acetilkofermento A (acetil-KoA) dalis, susidariusi BCAA ski-
limo metu, buvo jvertinta pagal Zzyméto ir nezyméto malato santykj. Vertinant
rezultatus, buvo atsizvelgta ir j glutaminolizg, turin¢ig jtakos malato santykiui
— atlikti eksperimentai su Zymeétu glutaminu. Baltymy skilimo reakcijy metu
ar terp¢ papildzius serumu joje gali atsirasti nezyméty BCAA, taigi norédami
atmesti jy jtaka lgsteliy energetiniam metabolizmui, matavome BCAA tran-
saminacijos produkty (4-metil-2-oksopentanoato, 3-metil-2-oksopentanoato
ir 3-metil-2-oksobutanoato) frakcijas, Zymétas ir nezymétas izotopais. Nuo-
seklios metabolity frakcijos, susidariusios tirtose lastelése skylant BCAA,
parodé¢, kad mazdaug 30 proc. nezyméty BCAA atsirado 1S lasteliy mitybinés
terpés. Skai¢iavimus atlikome laikydami, kad pilnai paZyméta malato frakci-
ja atitinka a-ketoglutaratg, gautg glutamino skaidymo metu, o kitos Zymétos
malato frakcijos atsirado jvairiy fermentiniy reakcijy metu. Gauta 0,5 M4 ma-
lato frakcija BCC Igstelése ir 0,17 M4 malato frakcija MCF-7 bei MCF-10A
lasteliy linijose byloja apie didesn¢ glutaminolizés svarbg BCC lasteléms.
Tolimesniais skai¢iavimais buvo vertinama acetil-KoA frakcija, atsizvelgiant
1 glutaminoliz¢ ir nezyméty BCAA kiek] terpéje. Rezultatai parodé, kad 34
proc. energijos, susidariusios Krebso ciklo metu MCF-7 Igstelése, buvo gauta
BCAA skaidymo metu. Dél didesnés glutaminolizés jtakos BCAA Iasteliy
energetiniam metabolizmui, energijos kiekis, susidares BCC lasteléms skai-
dant BCAA, buvo 14 proc., 0 MCF-10A — 10 proc. Ankstesnis miisy grupés ty-
rimas [7] numate, kad energija, susidaranti MCF-7 lasteléms skaidant BCAA,
turéty siekti 47 proc. visos Igstelinés energijos. Sis eksperimentas parodo, kad
realybeje Sis skaiCius yra maZesnis ir kad dalis BCAA sunaudojama kitoms
biosintezés reakcijoms, tokioms kaip mevalonato sintezé¢. Bendrai Sio sky-
riaus rezultatai parodo, kad skirtingy navikiniy lasteliy BCAA apykaita gali
buti labai skirtinga, o tai tik dar kartg jrodo individualizuoto gydymo svarba,
pavyzdZiui, BCAA sumazinimas dietoje gali buti efektyvus kaip papildoma
priemoné hormony receptorius turin¢iy ir HER2 neigiamy luminaliniy krities
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naviky gydymui (kaip MCF-7), bet maziau efektyvus HER2 teigiamy (kaip
BCC) naviky gydymui.

BCAA indélis | mevalonato metabolizmg

Be energijos gamybos, acetil-KoA gali biiti panaudotas ir lipidy sintezei
per mevalonato metabolin} kelig. Mevalono rtigstis arba mevalonatas yra
cholesterolio ir kity steroliy pirmtakas. Mevalonatg i§ HMG-KoA sintetina
fermentas, vadinamas HMG-KoA reduktaze. HMG-KoA gali buti leucino
skilimo produktas, tod¢l atlikome eksperimentus su “C /"N zymétu leucinu,
siekdami i$siaiskinti, kiek leucinas prisideda prie mevalonato kelio. HMG-
KoA taip pat gali biiti sintetinamas 18 acetil-KoA arba acetoacetilkofermento
A (acetoacetil-KoA), naudojant fermenta HMG-Ko0A sintaze. Kitas fermentas
— HMG-KoA liaze, gali HMG-KoA suskaidyti atgal j acetil-KoA ir acetoa-
cetatg. Tada fermento acetoacetil-KoA sintetazés pagalba acetoacetatas gali
biti paverstas acetoacetil-KoA. Gautas acetoacetil-KoA gali biiti paverstas
atgal | HMG-KoA — taip susidaro trimis anglimi pazymétas mevalonatas
(M3). Sis reiskinys nebuvo pastebétas BCC lastelése, ta¢iau jis pasirodé svar-
bus MCF-7. Tuomet apskai¢iavome optimalius metaboliniy srauty pasiskirs-
tymus ir normalizavome skaicius pagal pagaminto mevalonato kiekj. | skai-
Clavimus taip pat jtraukéme M2 Zyméta mitochondrinj acetil-KoA. Abiejy
navikiniy lgsteliy linijy optimali frakcijos verté buvo 0,1. Skaic¢iavimai atlikti
darant prielaida, kad 70 proc. HMG-Ko0A, susidarancio leucino skilimo metu,
yra zymetas. Norédami jvertinti, kiek mevalonato (ir acetoacetato) susidaro
i§ leucino, palyginome bendra anglies kiekj, gautg i§ leucino skilimo kelio,
su visa anglimi, kuri sudaro acetil-KoA. Anglies kiekj, susidarantj MCF-7
lasteléms skaidant leucing, galima apskaiciuoti taip: 6 leucino anglies atomai
padauginami i§ HMG-KoA reakcijos grei¢io vienam mevalonato vienetui pa-
gaminti (6 x 1,3 = 7,8). Rezultatas lyginamas su suvartoto acetil-KoA atomy
kiekiu. Gryngjj acetil-KoA suvartojimg galima apskaiciuoti 1§ visy jj varto-
janciy reakcijy greiciy sumos atémus reakcijos, kurios metu HMG-KoA liaze
pagamina acetil-KoA, greitj (2 x (2,2 +21,2-21,5) 2 x 1,9 =3,8). Dabar ga-
lime apskaiciuoti bendrg anglies atomy, susidariusiy MCF-7 skaidant leucing,
kieki (7,8 / (7,8 + 3,8) = 0,67). Skai¢iavimai rodo, kad 67 proc. mevalonato ir
acetoacetato anglies atomy susidaro leucino skilimo metu. Remdamiesi tais
paciais skaiCiavimais, mes iSsiaiSkinome leucino jtaka mevalonato sintezei
ir BCC lastelése (1,8 /(1,8 + 6,4) = 0,22). Cia tik 22 proc. anglies gaunama
1§ leucino degradacijos. PrieSingai nei navikinése, sveikose MCF-10A las-
telése mevalonato visai neaptikome. Jdomu ir tai, kad BCC lgsteliy Zymé-
ta mitochondrinio acetil-KoA frakcija, kilusi 1§ leucino, buvo labai panasi |
ta, kuri apskaiciuota eksperimente su visomis trimis BCAA. Tai gali reiksti,
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kad Siose lastelése, i$ trijy BCAA, vienintelis leucinas yra atsakingas uz ace-
til-KoA tiekimg. Ankstesnis musy grupés tyrimas [100, 109] atskleidé¢, kad
daugumoje tirty navikiniy lgsteliy linijy nerasta cholesterolio neSikliy, o tai
rodo, kad norédamos apsirtipinti cholesteroliu Sios lgstelés yra priklausomos
nuo mevalonato kelio. Leucino dalyvavimas de novo mevalonato sintezéje
yra dar vienas mechanizmas, kuriuo jis palaiko lgsteliy proliferacijg ir in-
vaziSkuma. Sios i§vados sutampa su tyrimais, rodandiais leucino vaidmenj
proliferacijoje ir diferenciacijoje, nepriklausomai nuo mTOR signalizacijos
kelio [111, 112]. Statinai, skirti cholesterolio kiekio kraujyje mazinimui, ma-
zino naviky proliferacijg klinikiniy ir ikiklinikiniy tyrimy metu [114-116],
o tai reiskia, kad jie galéty buti pritaikomi kaip pagalbiné priemoné onkolo-
giniy ligy gydymui. Taciau epidemiologiniy tyrimy rezultatai nenuoseklis:
kai kurie rodo rysj tarp didelio cholesterolio kiekio ir naviky arba rodo, kad
statinai mazina naviky rizika [117-122], o kiti neranda jokio rySio [123—-126]
arba netgi rodo, kad statinai gali biiti kancerogeniski, priklausomai nuo dozés
[127]. Nors cholesterolio jtaka navikams vis dar neaiski, papildomas leucino
vaidmuo cholesterolio sintez¢je, kartu su vaidmenimis energijos gamyboje,
biomolekuliy sintezéje ir signalizavime gali biiti viena BCAA poveikio navi-
ky proliferacijai prieZasciy.

BCAA reik§mé lgsteliy invazyvumui

Zinodami, kad kriities navikiniy lasteliy migracija priklauso nuo meva-
lonato kelio [128, 129], bandéme patikrinti, ar BCAA trikumas turés jtakos
misy tirty lasteliy invazyvumui. Naudojome du skirtingus BCAA kiekio ma-
zinimo lIgstelése metodus: geny slopinimg naudojant siRNR prie§ BCAT2 ir
BCAA kiekio sumazinimg mitybingje terpéje (nuo jprastos 0,8 mM iki 0,2
mM koncentracijos). Norédami jvertinti BCAA jtaka kriities navikiniy Iaste-
liy invazyvumui, taikéme ,,zaizdos gijimo* tyrimo metoda. In vitro ,,zaizdos
gijimo* tyrimas yra gana paprastas ir ekonomiskas biidas jvertinti lgsteliy
migracijg skirtingomis eksperimentinémis salygomis. Tyrimas vykdomas
vientisame lasteliy sluoksnyje astriu daiktu atveriant ,,zaizda", t.y. laisva plo-
ta, 1 kurj lastelés galéty migruoti, sieckdamos islaikyti sluoksnio vientisuma.
Tyréme sumazinto BCAA kiekio terpéje ir BCAT2 geno slopinimo povei-
ki BCC, MCF-7 ir MCF-10A lasteliy gebéjimui uzverti ,,zaizda“. ISkart po
»zaizdos® atvérimo, pakeitéme lasteliy auginimo terpe i iprastai naudojama
DMEM/F-12 arba terpg, kurioje BCAA koncentracija 0,2 mM, siekdami
pasalinti po atvérimo likusias lgsteliy nuolauzas, ir tvirtinome Iékstele ant
mikroskopo stalelio esan¢iame inkubatoriuje, kad biity galima atlikti uzdels-
to veikimo vaizdinimg. BCAT2 slopinimas tur¢jo didesne jtakg BCC laste-
liy migracijai, nei BCAA kiekio sumazinimas terpéje, lyginant su kontrole.
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Kontrolés grupés ,,zaizda* susitrauké 72,05 proc. (standartiné paklaida (angl.
standard error, SE) £ 6,90 proc.) ir 35,96 proc. ( 3,88 proc. SE) BCAT?2 slo-
pinimo grupéje. StatistiSkai reikSmingi rezultatai matomi ir 0,2 mM BCAA
terpés grupe¢je, lyginant su kontrole (50,54 proc. + 1,21 proc. SE). Kita vertus,
MCEF-7 labiau paveiké sumazintas BCAA kiekis terp¢je, o BCAT2 slopinimo
grupéje statistiskai reik§mingo skirtumo nepastebéta. Siuo atveju BCC laste-
lés buvo jautresnés BCAA kiekio poky€iams, nors jos ir maziau prisideda prie
mevalonato ir mitochondrinio acetil-KoA gamybos. Taip gali biiti d¢l to, kad
MCEF-7 lastelés nesudaro stabilaus monosluoksnio, tod¢l atsiranda sunkumy,
vertinant Sio eksperimento rezultatus. Nepaisant to, MCF-7 lasteliy ,,zaizda*
zymiai lé¢iau uzsivéré 0,2 mM BCAA terpés grupéje: 7,20 proc. (£ 1,53 proc.
SE) po 8 val. laiko intervalo (kontrolés grupéje ,,zaizdos* uzsivérimas po
8 val. buvo 19,35 proc. £ 1,12 proc. SE). Nepiktybinése MCF-10A lastelése
statistiSkai reikSmingy rezultaty nepastebéjome, o tai gali reiksti, kad BCAA
yra susijusios su navikiniy, bet ne sveiky epitelio Igsteliy migracija arba jy
indélis sveiky lgsteliy atveju néra toks reikSmingas. Norint tiksliau jvertinti
Sio tyrimo rezultatus, ateityje biity tikslinga atlikti vienos lastelés judéjimo
jvertinimg. Tokiu biidu biity sumazintas netolygaus skirtingy lasteliy linijy
monosluoksnio sudarymo sukeltas SaliSkumas.

Lasteliy migracijai jtakos turi ne tik mevalonato sinteze, bet ir 1asteliy ener-
getinis metabolizmas bei mTOR signalinis kelias [131, 132], o tai reiskia, kad
BCAA Iasteliy migracijg gali veikti daugiau nei vienu mechanizmu. mTOR
signalinj kelig aktyvina vidulgstelinis leucinas, kurio kiekis gali padideti dél
sutrikdyto BCAA katabolizmo po BCAT?2 slopinimo, taigi mazai tikétina, kad
judéjimo sulétéjimas slopinant BCAT2 yra sukeltas mTOR. Sj teiginj papildo
ir tyrimai, rodantys, kad didesné BCAA koncentracija terp¢je slopina kriities
lasteliy judeéjima [133], kas gali reiksti, jog Siame procese dalyvauja visiskai
kitas mechanizmas. Autoriy teigimu, tam jtakos gali turéti padidéjes BCAA
poreikis imuninéms lgsteléms. Sciacovelli ir kt. atliktas tyrimas atskleidé, kad
butent metastazavusiose inksty karcinomos lgstelése dalis BCAA kilmés azo-
to apeina Krebso ciklg ir patenka j arginino biosinteze¢ [38]. Fermentas argini-
nosukcinato sintetaze 1, kurio pagalba ir sintetinamas argininas, taip pat yra
svarbus lasteliy migracijos veiksnys, o tai rodo dar vieng mechanizma, kuriuo
BCAA gali skatinti navikiniy lasteliy migracija.

BCAA katabolizmo tarpiniy metabolity nustatymas kraujo plazmoje
Siekdami nustatyti, ar kliniking¢je aplinkoje yra kokiy nors pokyciy kri-
ties navikais serganciy pacien¢iy BCAA skaidymo kelyje, atlikome nedidelio

masto eksperimentg, naudodami zmogaus kraujo plazmg. Atlikome tiksli-
n¢ chromatografing deSimties sveiky motery ir deSimties motery, serganciy
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kriities adenokarcinoma, kraujo plazmos méginiy analiz¢ (daugiau skyriuje
,Medziagos ir metodai**). Siame tyrime pasirinkome tirti penkis BCAA meta-
bolitus: 3-hidroksiizovaleratg bei mevalonata, kaip tarpinius leucino skilimo
produktus, 3-metil-2-oksopentanoatg kaip tarpinj izoleucino skilimo produk-
tg ir 3-aminoizobutanoatg bei 3-hidroksiizobutiratg i$ valino skaidymo kelio.

Kiekvieno tirty tarpiniy produkty kiekiai stipriai varijavo tarp skirtingy
meéginiy. Nepaisant to, pacienty kraujo plazmoje pasteb&jome statistiSkai
reikSmingg 3-hidroksiizobutirato (valino degradacijos produkto) kiekio padi-
déjima, lyginant su kontrolés grupe, nors jo koncentracija MCF-7 ir BCC na-
vikinése Igstelése nebuvo didelé. Tai gali reiksti, kad naviko Igstelés iSskiria
3-hidroksiizobutiratg j iSore, taCiau to priezastis nezinoma.

Stebéjome ir statistiSkai reikSmingai didesnj 3-hidroksiizovalerato kieki
pacienciy plazmos méginiuose. 3-hidroksiizovaleratas iSsiSakoja leucino de-
gradacijos kelyje ir nedalyvauja acetil-KoA bei mevalonato sintezéje. Maty-
dami, kad mevalonato kiekis kriities navikais serganciy pacienciy plazmo-
je buvo gerokai mazesnis, galime teigti, kad padidéjes jo poreikis paciame
navike, taigi aktyvinamas leucino skilimo kelias, o nereikalingi mevalonato
sintezei tarpiniai produktai iSskiriami ] Igstelés iSor¢ — todél musy plazmos
meéginiuose stebimas 3-hidroksiizovalerato kiekio padidéjimas.

Be to, atlikdami eksperimentus su izotopiSkai Zymétomis BCAA, naviki-
niy lasteliy ekstrakty méginiuose pastebéjome palyginti didelj 3-metil-2-ok-
sopentanoato kiekij, kas galéty reiksti padidéjusj izoleucino skaidymo kelio
aktyvuma, tuo tarpu Sio tarpinio produkto kiekis kraujo plazmoje reikSmingai
nesiskyré tarp pacienciy ir sveiky motery. Valino degradacijos tarpinio pro-
dukto 3-aminoizobutanoato kiekis nerodé statistiskai reikSmingy skirtumy
tarp tiriamyjy.

ReikSmingi pokyciai BCAA skilimo kelyje buvo stebimi ir kity mokslinin-
ky atliktuose tyrimuose [134, 136], taigi BCAA skilimo produktai galéty buti
panaudojami kaip biozymenys ankstyvos stadijos kriities naviky aptikimui.
Didesni paciy BCAA kiekiai kraujo plazmoje siejami su maZesne kriities na-
viky rizika moterims, dar neturéjusioms menopauzes, ir didesne rizika mo-
terims po menopauzes. Tai gali reiksti, kad hormony poky¢iai labai svarbiis
Sty aminoriigsciy vaidmeniui ligos progresavime. Kaip jau minéta vienoje
Sios disertacijos diskusijos dalyje (zr. skyriy ,,BCAA reikSmé lasteliy inva-
zyvumui®), padidéjes cirkuliuojanciy BCAA kiekis gali suzadinti imunines
reakcijas [133] — tai gali turéti jtakos maZzesnei kriities naviky rizikai pries$
menopauzeg. Kitame tyrime, kuriame buvo tiriamos moterys prie§ menopau-
z¢ be zinomos onkologinés ligos diagnozées, didelis BCAA kiekis plazmoje
reik§mingai teigiamai koreliavo su laisvojo testosterono lygiu [137]. Lytiniy
hormony lygio poky¢iai yra gerai zinomi kriities naviky rizikos bioZymenys
[138, 139].
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Aminoriugs$¢iy, susijusiy su piktybiSkumu Kriities kilmés Iastelése,
metabolity analizé

Toliau buvome suinteresuoti nustatyti platesnj su aminoriigStimis susijusiy
poky¢iy spektra tirty Iasteliy linijy metabolomuose. Metabolizmo analize lei-
do kiekybiskai jvertinti 33 vidinius metabolitus visose trijose tirtose l1gsteliy
linjjose. PCA atskleidé, kad 97,6 proc. metaboliniy duomeny dispersijos gali
biti priskirta pirmiesiems dviems pagrindiniams komponentams — pirmasis
sudaro 61,6 proc. kintamumo, o antrasis — 36,0 proc. Antrasis komponentas
aiSkiai atskyré¢ MCF-10A nuo piktybiniy MCF-7 ir BCC lasteliy, o Sie rezul-
tatai rodo, kad 36 proc. metabolity koncentracijy skirtumy tarp trijy Iasteliy
linijy yra susije¢ su piktybiniais kriities navikais.

BCC lgstelése pastebéta mazesné trijy BCAA: leucino, izoleucino ir vali-
no, koncentracija. Tai gali reiksti, kad BCC Igsteléms Sios aminoriigStys ma-
ziau svarbios arba kad $§i linija joms auksotrofiné. Pastarasis teiginys labiau
tikétinas, atsizvelgiant ] tai, kad kituose miisy atliktuose eksperimentuose
BCC visada buvo tarp MCF-7 ir MCF-10A, kas lie¢ia BCAA panaudojima,
bei tai, kad BCC, kaip ir MCF-7, pastebéta padidéjusi BCAT2 raiska [7].

Sesi metabolitai i§ 33-jy minéty metabolity pasizymi didesnémis koncen-
tracijomis MCF-10A, lyginant su piktybinémis lasteliy linijomis. Tai tirozi-
nas, metioninas, manitolis, hipotaurinas, cholinas ir taurinas. Kita metabolity
grupé sudare klasterj, kuriam budinga didesné koncentracija MCF-7 ir BCC
lastelése. Sie keturi metabolitai buvo betainas, acetilkarnitinas, serinas ir pi-
roglutamo rugstis. I visy paminéty pakitusios koncentracijos metabolity Sesi
(metioninas, taurinas, hipotaurinas, cholinas, betainas ir piroglutamo riigstis)
tam tikru mastu susij¢ su metionino ciklu. Sumazéjusj Siy metabolity kiekj
MCF-7 ir BCC lgstelése gali lemti didesnis jy suvartojimas, dél metionino
ciklo svarbos greitai besidalijanCioms lgsteléms.

Nors navikinés Igstelés ir turi galimybe sintetinti metioning, jo pasitla daz-
nai nepaveja paklausos, todel lastelés tampa auksotrofinémis [43]. Priklau-
somyb¢é nuo metionino yra seniai Zinoma naviky savybé, taciau vis dar labai
aktuali tema, kai kalbama apie individualizuoto gydymo strategijas [44, 143,
144, 146]. Be to, kad metioninas yra baltymy statybin¢ medziaga, jis daly-
vauja ir keliuose svarbiuose metaboliniuose keliuose epigenetikoje (S-ade-
nozilmetioninas), branduoliniuose procesuose (poliaminai), detoksikacijoje
(glutationas) bei lgsteliy membrany (fosfolipidy) susidaryme. Metionino ci-
klas yra vadinamojo vienos anglies metabolizmo dalis, leidzianti lasteléms
generuoti metilo grupes (vienos anglies struktiirinius vienetus) bei panaudoti
jas metilinimo procesuose, kurie yra labai svarbiis transkripcijai, replikacijai
ir DNR pazaidy taisymui. Folio ciklas, kita vienos anglies metabolizmo dalis,
ilgg laikg buvo taikinys naviky gydymui — vadovaujantis tuo buvo atrasti fo-
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lio riigities antagonistai. Zinomiausias $ios klasés vaistas — metotreksatas vis
dar naudojamas daugelio naviky gydymui [144], ta¢iau sukelia daug nepagei-
daujamy reakcijy. To galima biity iSvengti selektyviai taikantis j fermentus
vienos anglies metabolizmo keliuose.

Krities navikiniy ir sveiky lasteliy diferenciné genuy ekspresija

ISvady apie Iasteliy metabolizmg formulavimas, Zinant tik atitinkamas
metabolity koncentracijas, biity netikslingas, kadangi medziagy apykaita
yra sudétingas skirtingy fermenty ir jy substraty sgveikos tinklas. Turéda-
mi omenyje tai, sujungéme metabolomikos duomenis su naujos kartos RNR
sekoskaitos duomenimis, kad turétume platesnj pagrindiniy su piktybiniais
navikais susijusiy procesy vaizda. Zinodami geny, koduojanéiy skirtingus
metabolinius fermentus, raiska, gauname vertingos informacijos apie galimus
lasteliy metabolizmo profiliy pokycius. Atlikome RNR sekoskaitos duome-
ny diferencinés ekspresijos analize. Klaidingo aptikimo dazniui pasirinkome
ribine 0,01 vertg, o raiSkos poky¢iai vertinti, jeigu raiSkos skirtumas tarp ti-
riamy grupiy buvo maziausiai 2 kartai. Apdoroti RNR sekoskaitos duomenys
parode, kad 1495 genai MCF-7 lastelése pasiZzyméjo padidéjusia raiska, lygi-
nant su MCF-10A, o 1335 genai — sumazéjusia raiska. Lyginant BCC su svei-
komis krities epitelio lastelémis, 1926 bendri genai pasizyméjo padidéjusia
raiSka, o 1669 — sumazéjusia raiSka BCC lastelése. Abiejose piktybinése 1as-
teliy linijose buvo paplite 274 genai, pasiZymintys padidéjusia raiska, ir 563,
pasiZymintys sumazéjusia raiSka, lyginant su sveikomis lgstelémis. Tuomet
atlikome Kioto geny ir genomy enciklopedijos (angl. Kyoto Encyclopedia of
Genes and Genomes, KEGG) keliy praturtinimo analiz¢ naudodami WebGes-
talt internetinj jrankiy rinkinj (webgestalt.org), ta¢iau neradome reikSmingai
praturtinty keliy tarp padid¢jusia raiSka pasizyminciy geny (ribinis klaidingo
aptikimo daznis buvo 0,05). Kita vertus, nustatéme 10 statistiSkai reikSmingai
praturtinty keliy, kuriuose genai pasizymi sumaZzéjusia raiska. Pusé minéty
keliy buvo susije su tam tikromis patogeny sukeliamomis ligomis, kita pusé —
su lgsteliy signaliniais keliais, ta¢iau neradome praturtinty keliy, susijusiy su
medziagy apykaita. Tai iSkéle poreikj integruoti j analiz¢ anksciau gautus me-
tabolomikos duomenis panaudojant GSMM duomeny interpretavimui. 1§ 274
geny, pasizyminc€iy padidéjusia raiSka abiejose navikinése lasteliy linijose, 44
buvo metaboliniai genai, dalyvaujantys 131 metabolinéje reakcijoje. IS 563
geny, pasiZymin¢iy sumazéjusia raiSka piktybinése Iasteliy linijose, 130 buvo
metaboliniai, susij¢ su 832 metabolinémis reakcijomis. Didelis pastaryjy re-
akcijy skaicius susijes su $iy geny dalyvavimu transmembraninéje pernasoje.
Pavyzdziui, genai SLC36A4 ir SLC6A1S5 susij¢ su aminoriigS¢iy pernasa.
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Potencialiy vaisty taikiniy krities piktybiniams navikams paieska
derinant metabolinius ir genominius duomenis

Trys 1§ anks¢iau minéty pakitusios koncentracijos metabolity (metioninas,
taurinas ir hipotaurinas) turi bendrg pirmtakg — homocisteing, kuris yra tarpi-
nis metionino ciklo produktas. Kitas metabolitas, piroglutamo riigstis, susida-
ranti glutationo skilimo metu, taip pat gali buti siejama su homocisteinu, nors
jos skeleta sudarantys anglies atomai gaunami i§ glutamino, kuris dalyvauja
glutationo sintez¢je. Mes nustatéme, kad genas AHCY, koduojantis fermen-
ta adenozilhomocisteinaze, dalyvaujancig S-adenozilhomocisteinui skylant j
adenozing ir L-homocisteing, pasizymi sumaz¢jusia raiska MCF-7 ir BCC
lastelése, lyginant su MCF-10A. Jau anksciau pastebéta, kad AHCY yra navi-
ka slopinantis genas, susij¢s su p53 sukeltu lastelés ciklo sustabdymu [148].
Panasu, kad §i funkcija specifiné lgsteliy tipui, nes kai kurios naviky rasys,
pavyzdziui, neuroblastoma, turi padidéjusig AHCY raiska, kas reiksty, kad
AHCY Siuo atveju yra onkogenas [149, 150]. Miisy tyrimo atveju sumazéjusi
AHCY raiska, kartu su sumazéjusia metionino koncentracija lasteliy ekstrak-
tuose, leidzia daryti prielaida, kad miisy tiriamose piktybinése Igsteliy linijose
metionino ciklo aktyvumas mazesnis. Du kiti pakitusios koncentracijos me-
tabolitai, betainas ir cholinas, taip pat yra susij¢ su metionino ciklu. Cholinas
yra vitaminas, gaunamas su maistu. Jis dalyvauja betaino sintezéje, o Sis me-
tionino ciklui tiekia metilo grupes. Sios grupés, kartu su S-adenozilmetioninu
(SAM) kaip metilo donoru, naudojamos DNR ir baltymy metilinimui [152].
Cholino telkinys abiejose navikinése lasteliy linijose buvo mazesnis dél su-
mazejusios geno SLC44AS5, atsakingo uz cholino pernasa, raiskos. Ir atvirks-
¢iai, piktybinése lgstelése betaino kiekis buvo didesnis greiciausiai dél to, kad
sumazéjus metionino ciklo aktyvumui, sumazéjo betaino suvartojimas.

Sumaz¢jes metionino ciklo aktyvumas taip pat reiSkia sumazejusia SAM
sinteze. SAM, kaip maisto papildo, potencialas onkologiniy ligy terapijoje
buvo jrodytas ne vienu tyrimu [154—156]. Tikslinése vaisty taikiniy paies-
kose navika slopinantys genai daznai pamirStami, kadangi atrodo paprasciau
mazomis molekulémis slopinti onkogeno skatinamg funkcija, nei aktyvinti
slopinancio geno slopinamg [160]. Ta¢iau, aminortig§¢iy kontekste, $ig uz-
duot] galima lengvai i$spresti papildant mitybg atitinkamomis aminortgsti-
mis. Keli tyrimai jau parode, kad didesné¢ metionino koncentracija terpéje
slopino MCF-7 ir kity lgsteliy proliferacija per p53, nepaveikiant sveiky las-
teliy [161-164]. Taciau tokie gydymo bidai turéty biiti priimami kritiSkai
vertinant kiekvieng atvejj, kadangi, kaip minéta anksc¢iau, kai kurie navikai
turi priklausomybe nuo metionino. Tai pabrézia individualaus gydymo svarbg
onkologijoje. Ateityje kiekvieno paciento gydymui jvertinti turéty bti atlie-
kamas nuodugnus metabolinis naviko iStyrimas, siekiant didziausio efekto ir
maziausio nepageidaujamo poveikio.
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Misy geny ekspresijos duomenys taip pat parod¢, kad du genai, dalyvave
serino biosintez¢je 1§ 3-fosfoglicerato (PHGDH ir PSPH), pasizyméjo padi-
déjusia raiSka MCF-7 ir BCC, lyginant su MCF-10A. Genas PHGDH, ko-
duojantis fosfoglicerato dehidrogenaze, padidéjusia raiska pasizymi ir kity
naviky tyrimuose [165], o padidéjusi jo raiska MCF-10A lastelése gali sukelti
piktybinius pakitimus [166]. Padidéjusi kriities onkologiniy pacienty PHG-
DH raiska susijusi su trumpesniu recidyvo laikotarpiu ir maZesniu bendru
1Sgyvenamumu [167]. PSPH koduoja fosfoserino fosfataze, kuri dalyvauja
paskutiniame L-serino sintezés etape. Padidéjusi PSPH raiska taip pat pers-
pektyvus kolorektaliniy naviky biozymuo [168]. Siy dviejy geny vaidmuo
navikuose vis dar néra pilnai suprantamas. Kartu su susikaupusiu vidulgsteli-
niu serinu, misy rezultatai rodo didesnj serino biosintezés greitj. Serinas yra
dar vienas svarbus vienos anglies metabolizmo dalyvis, nes yra pagrindinis
metilo grupiy Saltinis [169]. Dél Sios priezasties daugeliui naviky gali i$si-
vystyti priklausomybé nuo vidulastelinio serino. Ksenografiniy peliy mode-
livose, navikai augo beveik dvigubai greiciau, kai pelés buvo Seriamos serinu
ir glicinu papildytu pasaru [171]. Kiti tyrimai rodo, kad PSPH gali skatinti
naviky metastazes ir nesusijusiais su L-serino sinteze keliais [172, 173], o
tai rodo, kad farmakologinis fermento slopinimas §iuo atveju biity geresné
alternatyva, nei dietinis serino ribojimas.

Padidéjes mitochondrijy aktyvumas navikuose lemia padidéjusj reaktyviy-
Jju deguonies riisiy, vaidinan¢iy svarby vaidmenj naviko signaliniuose keliuo-
se, kieki [174, 175]. Glutationas neutralizuoja laisvuosius radikalus ir detok-
sikuoja lgsteles [175]. Glutationo skilimo metu susidaro piroglutamo rugstis,
kurios koncentracija miisy tirtose piktybinése Iasteliy linijose yra padidéjusi.
Integruota analize atskleidé padidéjusiag geno CHACI raisSka tiek MCF-7,
tiek BCC lastelése. Sio geno produktas, glutationui specifiné y-glutamilciklo-
transferazé 1, skaido glutationg j cisteinil-glicing ir piroglutamo riigstj [176].
Slopinant CHAC1, sumazé¢ja Igsteliy migracija ir proliferacija, o padidéjusi
Sio geno raiSka turi priesingg poveikj. Be to, didesné CHACI raiska koreliuo-
ja su prastesne krities ir kiausidziy naviky prognoze [177, 178]. Atsizvelg-
dami } savo ir kity mokslininky rezultatus, manome, kad piroglutamo riigstis
galéty biti potencialus krities naviky biozymuo, o CHACI1 — perspektyvus
vaisty kiirimo taikinys.

Galiausiai, geny raiSkos duomenys buvo panaudoti kuriant GSMM pasi-
telkiant pries tai sukurta Python biblioteka pyTARG [100]. Norédami numa-
tyti metaboliniy srauty pasiskirstyma, pritaikéme srauty balanso analize. Ji
atskleidé sumazéjusj kvépavimo grandinés aktyvuma navikinése lastelése, o
tai sutampa su Warburgo efektu ir buvo pastebéta didesn¢je grup¢je skirtingy
naviky Iasteliy [100]. Taip pat nustatéme, kad ATP-sintazés reakcijos greitis
dviejose misy tirtose navikinése lgstelése buvo mazesnis bei susijusiy geny
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ATPI1B3 ir ATP6V1H raiska sumazéjusi. PanasSts rezultatai gauti tyrimuose
su 5-fluorouracilui atspariomis storosios Zarnos navikinémis Igstelémis [ 182].
Kvépavimo grandinés komplekso reakcijos greitis taip pat buvo mazesnis bei
dviejy su juo susijusiy geny (UQCRH ir UQCR1) raiska sumazéjusi. Pastebé-
tas mazesnis metabolity srautas ir antrajame kvépavimo grandinés komplekse
dél sumazéjusios geno NDUFBS raiskos. Uzlgstelinio serino pasisavinimas
abiejose navikinése lgstelése buvo blogesnis, dél mazesnés serino/protony
simporterio, kurj koduoja SLC36A4, raiskos. Tai dar kartg jrodo serino sinte-
zés svarbg navikinése lgstelése. Modelis taip pat numaté mazesnj CO, virtimo
bikarbonatu reakcijos greiti navikinése lastelése dél sumazéjusios karboniniy
anhidraziy CA6 ir CA2 raiskos. Karboninés anhidrazés svarbios naviky pH
reguliavimui, IX ir XII izoformos pripazjstamos prieSnavikiniy vaisty taiki-
niais, taciau kitos izoformos vis dar néra pakankamai iStyrinétos [184]. Tai
galéty biiti tolimesniy tyrimy tasa.

ISVADOS

1. BCAA skilimo jtaka lgstelinés energijos gamybai Krebso cikle buvo
34 proc. MCF-7 lastelése, 14 proc. BCC Iastelése ir 10 proc. MCF-10A
lastelése. Mevalonato sintez¢ i$ leucino vyko i$skirtinai krities naviko
lastelése; MCF-7 lastelése 67 proc. leucing sudaranc¢iy anglies atomy
galiausiai virto mevalonatu, BCC lastelése Sis kiekis atitiko 22 proc.
BCAA metabolizmo slopinimas taip pat Zymiai sulétino kriities naviko
lasteliy invazyvuma.

2. Kriities navikais serganciy pacienciy kraujo plazmoje pastebétas sta-
tistiSkai reikSmingai didesnis 3-hidroksiizovalerato ir 3-hidroksiizo-
butirato kiekis bei mazesnis mevalonato kiekis, lyginant su sveikomis
moterimis. Rezultatai rodo, kad krities navikais serganc¢iy pacienciy
medziagy apykaita pakitusi taip, kad patenkinty padidéjusj mevalona-
to ir acetil-KoA poreikj. D¢l Sios priezasties, minéti metabolitai galéty
biiti naudojami kaip bioZymenys ankstyviems kriities navikams aptikti.

3. Buvo nustatyti 33 vidiniai metabolitai, kurie buvo bendri tarp BCC,
MCF-7 ir MCF-10A lasteliy. DeSimt 1§ jy: tirozinas, manitolis, ace-
tilkarnitinas, serinas, metioninas, taurinas, hipotaurinas, cholinas, be-
tainas ir piroglutamo riigstis buvo susij¢ su krities piktybiniais navi-
kais. Paskutinés SeSios i§ pirmiau minéty medziagy yra metaboliskai
susijusios su metionino ciklu. Integruota metabolomo ir transkriptomo
analizé atskleidé, kad su metionino ir serino metabolizmu susij¢ genai
AHCY, PHGDH, PSPH bei CHACI gali biiti tirty kriities naviko laste-
liy chemoterapinis taikinys.
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S2. Python script for flux distribution calculations

import numpy as np

def convolution(a, b):

lo = (a) + (b)- 2
con = []
for k in (lo + 1):
v =20
for 1 in ( (a)):
if 1 <k + 1 and (k - 1) < (b):
v =v + a[i] * b[k - 1]

con.append (v)
return con

def labels(f, V4, Vo, V1):
V5 = V4 + Vo
V3 =Vl + V5 - 1

#EMUs of 4 carbons
#External variables

unlabeledAcCoA = convolution([0.989

AcCoA = [
unlabeledAcCoA[0] * (1 - f),
unlabeledAcCoA[l] * (1 - f),
unlabeledAcCoA[2] * (1 - f) + £
1
AcetoaColAex = convolution (AcCoA, AcCoA)
MG3456un = convolution (
convolution([0.989, 0.011], [0.989, 0.011]),
convolution([0.989, 0.011], [0.989, 0.011])
)
MGCoA3456 = [
0.3 * MG3456un[0],
0.3 * MG3456un[1],
0.3 * MG3456un(2],
0.3 * MG3456un([3] + 0.7,
0.3 * MG3456un[4]
1
MGCoA3456
#Matrix of balances
HMGCoA3456 = [-V1 -V5, 0, V5]

Acetoa = [V3, -V3, 0]

AcetoaCoA = [0, V4, -V4 - V6]

A = np.array ([HMGCoA3456, Acetoa, AcetoaCoA])
HMGCoA3456 = [V1, O]

Acetoa = [0, 0]
AcetoaCoA = [0, V6]

B = np.array([HMGCoA3456, Acetoa, AcetoaCoAl])
x = np.array ([MGCoA3456, AcetoaColex])

C = np.dot (B, x)
y = np.linalg.solve (A, -C)

Yy

97



AcetoaCoA = y[2]

#EMUs of 6 carbons
#External

MGun = convolution (MG3456un, unlabeledAcCoA)

MGlab = [0, 0O, O, O, O, 1, O]
MG=[]
for i in (7):

MG.append (0.3 * MGun[i] + 0.7 * MGlab[il])
#Convolutions

AcCoAxAcetoaCoA = convolution (AcetoaCoA, AcCoA)

fl = (v1i) / (V1 + V5)
f2 = (Vv5) / (V1 + V5)
Mev=[]

for i in (7):

Mev.append (f1 * MG[i] + f2 * AcCoAxAcetoaCoA[i])

return Mev

Mev = labels (0.1, 0, 2.5, 0.3)

Mev
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83. Python script for processing sequence alignment files

import HTSeq
import math
import pickle

#Get transcript lengths

transcripts = HTSeqg.FastaReader ('Transcripts.fasta')
lengths = {}

for t in transcripts:

lengths[t.name.split (' ") [1]] = (t.seq)

#Make a dictionary of splicing variants

vardic = {}
for t in transcripts:
sp = t.name.split('|[")
if sp[0] not in wvardic:
vardic[sp[0]] = [sp[l]]
else:
vardic[sp[0]].append(sp[1])

import os
#Process SAM files

for subdir, dirs, files in os.walk('.'"):
for £ in files:

s = f.find('l.sam")

if s != -1:
genexp = {}
gencount =
transabs =
fragments = 0

alms = HTSeq.SAM Reader (f)

for bundle in HTSeq.pair SAM alignments (alms, bundle=True):
fragments += 1
genes = []
transcripts = []

for m in bundle:
first al, second al =m
if first_al.aligned and second_al.aligned:

if first al.iv.chrom == second al.iv.chrom:
if first al.inferred insert size < 600:
genes.append (first_al.iv.chrom.split ('[") [0])
transcripts.append (
first al.iv.chrom.split('[") [1]
)
if (genes) > 0:
ambiguous = 0
for g in genes:
if g != genes[0]:
ambiguous = 1
if ambiguous == 0:
1 =0
n = len(transcripts)

for t in transcripts:
1 += lengths|[t]
avlen = (1) 7/ (n)
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fpk = 1000 / (avlen)

if genes[0] not in genexp:
genexp[genes[0]] = fpk
gencount [genes[0]] = 1
else:
genexp[genes[0]] += fpk
gencount [genes[0]] += 1

for tr in vardic[genes[0]]:
if tr not in transcripts:
if tr not in transabs:
transabs([tr] = 1
else:
transabs[tr] += 1

gen_fpkm = {}
for g in genexp:

gen fpkm[g] = genexp[g] * (1000000) / (fragments)
name = f[:s] + '.pkl'

with (name, 'wb') as output:
pickle.dump (gen_ fpkm, output)
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S4. Python script for differential gene analysis

import pickle

import HTSeq

import math

import sys

import scipy

from scipy import stats

from scipy.stats import ttest_ind
from scipy.stats import pearsonr
import numpy as np

import matplotlib as mpl
mpl.use('agg')

import matplotlib.pyplot as plt
import os

#Read expression files

refe = {}
sal = {}

for subdir, dirs, files in os.walk('.'"):
for £ in files:
if f.find('.pkl") != -1:
with (£, '"rb'") as input:
expresion = pickle.load (input)

if f.find('MCEF7'") != -1:
refe[f[:-4]] = expresion
if f.find('BCC") != -1:
sal[f[:-4]] = expresion
(sal)
(refe)

#Read all the sequenced genes
genes = []

for s in refe:
for g in refe[s]:
if g not in genes:
genes.append (g)

for s in sal:
for g in sal[s]:
if g not in genes:
genes.append (qg)

#Differential expression

pvals = {}
mlogpvals = {}
lograts = {}
dif = {}

for ge in genes:
x = []
for s in refe:
if ge in refe[s]:
x.append (refe[s] [ge])
else:
x.append (0)
[]
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for s in sal:

if ge in sal[s]:
y.append (sal[s] [ge])
else:
y.append (0)

t, pv = ttest ind(x, y, equal var=False)

if math.isnan(pv) == False:
pvals[ge] = pv
mlogpvals[ge] = -math.loglO (pvals[ge])
dif[ge] = np.mean(y)-np.mean (x)

if np.mean (x)

> 0 and np.mean (y)
lograts[ge] = math.log(

import operator

sorted _vals =

(pvals.items (),

#Correct for multiple testing

n = (sorted vals)
(n)
hvals = {}
for i in range(n):
hvals[sorted vals[i][0]] =
(i + 1)
for j in (n - 1):
for i in range(n - 1):

upre =

if hvals[sorted vals[i][0]
hvals[sorted vals[i][O]]

(1

#Differential expression results

with
for

with

("Upregulated.txt",
g in hvals:
if hvals[g] < 0.01 and difl[g
upre.append (g)
if g not in lograts:
line = g + '\t'
'\t'

")

+ str(dif[g]) +

> 0z

(np.mean(y)) / (np.mean (x

key = operator.itemgetter (1)

(sorted vals[i][1]

> hvals[sorted vals[i + 1][0]]:

as text file:

1 > 0:

text file.write(line)

else:
if lograts[g] > 1:
line = g + '"\t'
str (hvals[g]) +
text file.write

("Downregulated.txt", "w")

for g in hvals:

with

if hvals([g] < 0.01 and dif[g]
if g not in lograts:

line = g + '"\t' + str(pvals[g]) + '"\t' + str(hvals[g])
"\t' + str(diflg]) + '\r'
text file.write(line)
else:
if lograts[g] < -1:
line = g + '\t' + g + '"\t' + str(pvals[g]) + '"\t'
str (hvals[g]) + '"\t' + str(diflgl) + '"\zr'

(line)
as text file:

< 0:

text file.write(line)

("AllTheGenes.txt", "w") as

for g in hvals:

if g not in lograts:

text file:
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= hvals[sorted vals[i + 1][0]

"\t

+ str(pvals([g]) + '\t' + str(hvals[g])
l\rl
+ g + "\t' + str(pvals[g]) +
"\t'" + str(diflg]) + '\r'
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line = g + '"\t' + str(pvals[g]) + '"\t' + str(hvals[g])

str(dif[g]) + '"\r'
text file.write(line)

else:
line = g + '"\t' + g + "\t' + str(pvals[gl)
str (hvals[g]) + '"\t' + str(diflgl) + '\r'
text file.write(line)

x =[]

y =[]

for g in lograts:
x.append (lograts[gl)
y.append (mlogpvals[g])

xu = []
yu = []
for g in lograts:
if hvals[g] < 0.01 and lograts[g] > 1:
xu.append (lograts[g])
yu.append (mlogpvals[g])
xd = []
yd = []
for g in lograts:
if hvals[g] < 0.01 and lograts[g] < -1:

xd.append (lograts[g])
yd.append (mlogpvals[g])

plt.scatter(x, y, s=3, c='black'")
plt.scatter(xu, yu, s=5, c='red')
plt.scatter(xd, yd, s=5, c='blue')

plt.xlabel ('log2 (FC) ")
plt.ylabel ('-1ogl0 (p-val)")
plt.savefig('volcano.png')
plt.close()

with ('pvals.pkl', 'wb') as output:
pickle.dump (pvals, output)

with ('dif.pkl', 'wb') as output:
pickle.dump (dif, output)
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S5. Chromatograms
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86. BCAA degradation scheme from KEGG
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S87. Complete list of perturbed metabolic reactions
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