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Abstract

Personalised medication of cancer, based on genomic analysis, predominates the fields of sci-
ence and healthcare. Much attention is also paid to metabolic changes related to the disturb-
ance of glucose metabolism in cancer known as the Warburg Effect: the excessive uptake of
glucose and its conversion to lactate even in the presence of oxygen. We hypothesise that the
unwanted clonal proliferation of cancer cells can best be prevented by lowering their energy
generating capacity without hampering this process in normal tissues. Cancer is caused by
overexpression of, or mutations in oncogenes. Their products are practically all dependent on
ATP for their function, but drugs interfering with their expression may affect comparable pro-
cesses in healthy cells. This lack of specificity applies also to current metabolic and immuno-
therapeutic approaches to fight cancer. For this reason, both strategies are prone to side ef-
fects. In our opinion, carcinogenesis, caused by millions of different oncogene mutations,
should be treated with a generalised rather than a personalised method. Carcinogenesis relies
on mitochondrial oxidative phosphorylation for energy generation. Limitation of this capacity
during clonal expansion of cancer cells by the antibiotic doxycycline offers an attractive ther-
apeutic strategy. Early detection with a general tumour marker, is desirable.
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Introduction

In the 1920s, Otto Warburg and his co-workers presented experiments showing that tumours,
in contrast to healthy tissues, consume large amounts of glucose and excrete large amounts
of lactic acid irrespective of the presence of sufficient oxygen to allow mitochondrial respira-
tion [1,2]. This process is now known as aerobic glycolysis or fermentation and called the War-
burg Effect. The reason for this divergent behaviour was not understood. One of the possibil-
ities considered was that cancer cell mitochondria suffer from uncoupled or inhibited respir-
atory activity. Warburg himself was apparently not convinced of this explanation. He noted:
”In order to kill tumour cells in living animals through want of energy it is necessary, as in
experiments in vitro, to stop respiration as well as fermentation” [2]. Nonetheless, the as-
sumption that the Warburg Effect is caused by the lack of sufficient energy generating capacity
of mitochondria is still described as the Warburg Hypothesis, credited to him posthumously.
Warburg struggled his entire life with this conundrum [3,4]. Finally, he concluded that cancer
has countless secondary causes, but that the prime cause is the replacement “in great part”
of respiration by fermentation of sugar [5]. How great was not mentioned but is certainly
worth considering.

It is unlikely that cancer cells can survive and proliferate if the cells are unable to pro-
duce energy by mitochondrial oxidative phosphorylation (OXPHOS), which yields much more
ATP per glucose molecule oxidised than glycolysis [6]. In Warburg’s experiments with Jensen
sarcoma [2], 66% of the glucose was fermented to lactate; hence, 34% of the pyruvate pro-
duced by glycolysis remained available for entering the mitochondria and usage by the Krebs
cycle and OXPHOS. Because the stoichiometry of the ATP production by OXPHOS was un-
known at the time, Warburg was unable to calculate the contribution of OXPHOS to ATP pro-
duction. Using the ratio of fermentation to respiration determined by Warburg, it can now be
calculated that the contribution of OXPHOS to ATP production corresponds to more than half
of the total cellular ATP production [7]. Thus, despite the widespread view that cancer cells
synthesise ATP mainly through aerobic glycolysis [8], the calculation clearly indicates that this
opinion is untenable.

Recent studies confirmed that proliferating cancer cells generate a large part of their
ATP through glucose- and glutamine-driven OXPHOS under normoxic as well as hypoxic con-
ditions [9]. Surviving cancer cells appear to be particularly reliant on OXPHOS for their ATP
production [10-12]. Therefore, there is ample reason to upgrade the neglected role of
OXPHOS as an opportunity to combat cancer [13,14]. We think that cancer cells use fermen-
tation for their survival [15] but depend on OXPHOS for their proliferation. The Warburg Effect
allows the escape of cells from the intrinsic process of apoptosis by the gain of energy from
fermentation [16] Here, we will clarify our opinion, taking into account the eight defining hall-
marks of cancer as proposed by Hanahan and Weinberg [17] (Table 1), and the two main-
stream therapeutic strategies to treat cancer as a genomic or a metabolic disease, respec-
tively.

ATP-dependent phosphorylation of proteins is an important mechanism of signal
transduction. For more than a decade, the phosphorylation of tyrosine residues has been con-
sidered to play a critical role in the development of cancer [18,19]. The links between genomic,
transcriptomic and phosphoproteomic properties represent a strong signalling network,



which can be used to prioritise targets for chemotherapy. We feel that targeting the common
need of all players, i.e. energy contained in ATP, deserves priority. Our opinion is based on
two considerations. The first is that the majority of protein products of mutated genes that
drive cancer cell formation rely on ATP-dependent phosphorylation for their function. The
second is the changed balance in the energy generating capacity of the cytoplasm and mito-
chondria, which increases the resistance of cancer cells to apoptosis.

Table 1. The eight hallmarks of cancer?.
1 Sustaining proliferative signalling
2 Evading growth suppressors
3 Resisting apoptosis (primary consequence)
4 Enabling replicative immortality
5 Inducing angiogenesis
6 Activating angiogenesis and metastasis
E
8
LA

Reprogramming of energy metabolism (primary cause)
Evading immune destruction

dapted from Hanahan and Weinberg [17].

How cancer cells are defined and the inconsistency in the terms used for these cells frustrates
cancer research [20]. We think that the majority of tumours develop from derailed progenitor
cells at an intermediate stage of stem cell differentiation to post-mitotic, tissue-specific cells
(Fig. 1).
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Hypothesis

We hypothesise that it is more effective to focus cancer treatment on the Warburg Effect as
common feature of cancer than to target the millions of different causative genetic mutations.
We do, however, not suggest to tackle the excessive glycolysis but, instead, propose to target
OXPHOS as most important energy generating system of the cell. We think that this can best
be achieved by impeding the synthesis of 13 essential subunits of the OXPHOS enzyme com-
plexes rather than direct inhibition of the enzymatic reactions with small molecules. The genes
of these 13 subunits are encoded on the mitochondrial DNA (mtDNA). We have shown that
their translation can be inhibited in vivo with tetracyclines in clonally proliferating cancer cells
without obstructing OXPHOS function in slowly proliferating or post-mitotic healthy cells.

Genomics

The cancer genome

Cancer is a disease of the genome, caused by a cell’s acquisition of somatic mutations in key
genes [21]. Identification of the cancer driver genes is considered essential to provide a blue-
print for prospective therapeutic endeavours [22,23]. The realisation that these so-called on-
cogenes form the basis of cancer has a long history [24,25]. Already in the 1950s, it was rec-
ognised that tumours arise from clonal expansion of a single mutated progenitor cell that may
express certain tissue-specific markers [24]. Cancer-related mutations may be inherited, in-
duced by environmental factors or result from replication errors [26]. Oncogenes carry gain-
of-function mutations. They often act in concert with tumour suppressor genes carrying loss-
of-function mutations.

In the last few years, cancer is seen as a collection of many specific diseases. The ap-
parent genomic diversity of tumours has inspired the idea of personalised medication, tailored
for specific carcinogenic mutations [27,28]. Whole-genome cancer sequencing projects have
established that mutations in a multitude of genes are involved in carcinogenesis [21,29,30].
Broad-based genomic testing is used as a tool to stratify patients for genetically matched clin-
ical trials [31]. Analysis of over five million mutations in more than seven thousand cancers
has yielded over 20 distinct mutational signatures that might improve cancer diagnostics and
treatment [32].

Kinases, small molecule inhibitors and monoclonal antibodies

Many oncogenes code for ATP-dependent protein kinases. Their activity is linked to the energy
generating capacity of cancer cells. The ‘kinome’ of the human genome represents more than
500 genes [33], equivalent to ~2% of the total number of protein-coding genes. The different
ATP-dependent kinases are involved in the phosphorylation of a large number of specific tar-
gets responsible for the proliferation of cancer cells. Numerous small molecules and mono-
clonal antibodies have been developed to offset the aberrant actions of the mutated kinases.
The targets may be slightly different from organ to organ; however, they all share their ATP
dependence for phosphorylation to become functionally active. Unfortunately, improvement
of the quality of life and overall survival gained with these chemotherapeutics has been dis-



appointing [34—-38]. A seemingly attractive approach to fight certain cancers is related to mu-
tations in genes coding for growth factor receptors [39]. Various mutation-specific monoclonal
antibodies and tyrosine kinase inhibitors that block the function of these receptors are pres-
ently available. Sadly, the kinase inhibitors may lose their therapeutic activity because a mu-
tation in another genes reduces the efficacy. One of the counteracting genes is the proto-
oncogene KRAS. Interestingly, the mutated KRAS protein contributes to the Warburg Effect
[40-42].

Recent advances in cancer immunotherapy have resulted in FDA-approved drugs with
durable responses in patients with metastatic diseases. However, in many patients, immuno-
therapies do not help and it is difficult to predict who will benefit. Because of the often limited
efficacy of chemotherapeutics, the need for combination therapy and neoadjuvant treat-
ments in the genotype-matched personalised approach is regarded essential [43,44]. Hope-
fully, the development of neoantigen vaccines will improve this therapeutic strategy. Person-
alised protein mutanome [45] and RNA mutanome [46] vaccines are presently clinically tested
(NCT02928224) [47]; however, it remains questionable whether this undoubtedly scientifically
interesting research will result in a cure or at least a significant improvement of the quality of
life and overall survival.

Metabolomics

The Warburg Effect

The opinion that genotype-based therapeutic agents deserve priority in the war against cancer
is not generally accepted [48—50]. Many oncologists adhere to the conviction that the primary
cause of cancer is metabolic. The group of Alberghina strongly promotes this view [51-54] and
it forms the crux of the monograph by Seyfried [55]. Those who view cancer as a metabolic
disease see the Warburg Effect as the basis of carcinogenesis. They favour cancer treatment
by intervention at the level of glucose metabolism, based on the assumptions that cancer cells
suffer primarily from: (1) intermittent hypoxia in pre-malignant lesions [56,57], (2) deficiencies
of OXPHOS [58-62], (3) mtDNA depletion [63,64], or (4) defects of other mitochondrial func-
tions [65,66]. Seoane et al. [67] support the notion that cancer is linked to mitochondrial dys-
function but, like Seyfried’s group [55], did not find evidence that mtDNA mutations are di-
rectly responsible for tumour initiation, maintenance or aggressiveness. In fact, Seoane et al.
[67] postulates that the intact mitochondrial genome has a critical function in the cellular
adaptive survival response during tumour development. We do not believe that the Warburg
Effect arises as a consequence of the absence of oxygen or respiratory insufficiency. We think
that it is the consequence of genetic mutations and that mitochondrial energy metabolism
remains adequate in cancer cells.

The energy generating capacity of cells is based on the interplay between glycolysis in
the cytosol and OXPHOS in the mitochondria. Their contribution to the total energy produc-
tion varies depending on the uptake of oxygen. To regulate the contribution of glycolysis and
OXPHOS, cells have a high energy checkpoint and a low energy checkpoint. The former is rep-
resented by the hypoxia-inducible factor 1o (HIF-1a). Under normoxic conditions, the sub-
dued expression of this transcription factor will keep glucose uptake as low as possible [68].



The latter is represented by AMP-activated protein kinase (AMPK). AMPK stimulates ATP gen-
erating catabolic pathways and suppresses ATP consuming anabolic pathways during meta-
bolic stress under hypoxic conditions. AMPK stimulates glucose and fatty acid uptake and ox-
idation when cellular energy is low. Phosphorylation of AMPK is required for its activation.
Mutations in (proto)oncogenes and tumour suppressor genes may disturb the control of these
checkpoints [69]. Mutations that result, directly or indirectly, in a massive uptake of glucose
will lead to cancer. The glucose transporter of the plasma membrane plays a critical role in
glucose import. Inhibition of the transporter has been shown to counteract the Warburg Effect
in vitro [70].

Metabolic treatment options

Dietary approaches

The increased mutation rate and disturbed DNA repair during senescent deterioration con-
tribute to the rise of cancer with age [71]. Diets that restrict total caloric intake result in re-
duced blood glucose levels [72] and have been shown to increase the lifespan of laboratory
rodents through a reduction of DNA damage [71]. In vivo experiments with dietary and caloric
restriction measures in mice have revealed a significant induction of proapoptotic and antian-
giogenic effects [56]. These processes are likely to contribute to a lower cancer frequency and
aggressiveness. However, while caloric restriction is probably beneficial for cancer patients, it
may compromise the patient’s general physical condition [73].

Restriction of the available glucose can be particularly damaging for the brain. Repre-
senting only 2% of the body weight, the brain consumes 20% of the total glucose intake [74].
It is essential for energy but also as a precursor for neurotransmitters. When there is limited
supply of nutrients, the human body will maintain the blood glucose level at the required
lower limit for as long as possible by gluconeogenesis from amino acids and, eventually, even
by digesting bodily proteins (cachexia). In addition, the brain can adapt its energy generation
in part by the oxidation of ketone bodies produced from fatty acids by the liver during periods
of starvation [55]. Various studies have focused on the possible improvement of cancer treat-
ment by ketogenic diets, rich in fat but low in carbohydrates [55,58,75—79]; however, evi-
dence that dietary modification on its own can effectively treat cancer patients is lacking. Di-
etary intervention is at best a secondary approach alongside other treatments.

Pharmacological approaches

The excessive absorption of glucose from the bloodstream by cancer cells cannot be easily
tackled by dietary measures, such as substitution of glucose with ketone bodies [78, 79] of
mannose [80]. Application of competitive or direct small molecule inhibitors of any of the en-
zymes involved in glycolysis at effective doses to kill cancer cells may be life threatening be-
cause of concurrent inhibition of glycolysis in normal cells. Inhibition will be less effective in
cancer cells than in healthy cells as long as the cellular uptake and use of glucose by the cancer
cellsis unrestricted. Nevertheless, there have been numerous proposals to control cancer with
small molecule inhibitors that act at the metabolic level, including inhibition of enzymes in-
volved in glycolysis [81-89], the pentose phosphate pathway [90-92], pyruvate dehydrogen-
ase [93-99], succinate dehydrogenase [83,86,87] and phosphoinositide 3-kinase [100-102].



Energyomics

The mitochondrial energy generating capacity as target of choice

We believe that mutations in genes that switch glucose metabolism from OXPHOS to glycoly-
sis, leading to fermentation, will cause cancer, but only in progenitor cells that have retained
or regained their capacity for proliferation (Fig. 1). This change was first identified by Warburg
and is regarded one of the hallmarks of cancer (Table 1). As outlined in our hypothesis, we
consider the energy metabolism a better target to combat cancer than the millions of genetic
mutations causing the disease. When viewed in the light of energy metabolism, cancer can be
seen as a singular disease with increased glycolytic activity but still adequate respiratory ca-
pacity. Although this capacity may be limited in comparison with fully differentiated cells, it is
sufficient for cancer cells to proliferate because of the increased glycolysis in the presence of
oxygen.

Ward and Thompson [103] presented the view that cancer is based on the oncogene-
directed metabolic reprogramming to synthesise building blocks required for growth. The
greater demand for building blocks derived from glycolytic intermediates may indeed explain
a greater dependency of tumours on glucose [104]. However, the conclusion that the major
function of fermentation in cancer cells is to maintain high levels of glycolytic intermediates
for anabolic reactions contradicts the main observation of Warburg: the overproduction of
lactate, which is indicative of the energy generating function of glycolysis. Aerobic glycolysis
is not exploited for the synthesis of building blocks but forced upon the cells by mutations in
oncogenes coding for various kinases [105,106] and this allows the cells to evade apoptosis.

Normally, the combined cytoplasmic and mitochondrial energy generating capacity of
cells that are destined to die will be too low to sustain cellular physiology and, consequently,
induce apoptosis with conservation of the building blocks for recycling. We believe that, while
the enzymes of the glycolytic pathway are still functional and present at normal levels in these
cells, glucose uptake is a limiting factor. Thus, mutations that result in increased glucose up-
take will cause fermentation and power the cytosolic energy generating capacity. Conse-
guently, cytosolic ATP levels are kept high by the raised glycolysis, reducing the need for ATP
produced in mitochondria. The decreased ADP-ATP exchange across the mitochondrial inner
membrane results in a high ATP/ADP ratio within the mitochondrial matrix and a high mito-
chondrial inner membrane potential (A¥n). Jointly, these enhance the cancer cell’s resistance
to apoptosis [15]. In other words, fermentation enables cancer cells to stay alive in spite of a
restrained but still coupled OXPHOS. The Warburg Effect transforms cells that are on the path-
way of programmed cell death to cancer cells (Fig. 1).

It is clear that the energy generating capacity of cancer cells is sufficient for prolifera-
tion. The choice between glycolysis and OXPHOS has been called a tumour’s dilemma [107];
however, we do not consider the fermentation in cancer cells a metabolic choice but a funda-
mental property responsible for survival [15]. Respiration is not replaced by fermentation but
remains essential for proliferation. Although promoting apoptosis is not considered the pre-
vailing mechanism of tumour therapy, it is the route for the 10° cells per hour that are replaced
in the human body [108]. Recently, it was emphasised that effective therapeutic solutions for
cancer might lie outside the cabinet of the cutting-edge medicines [109]. We think that the



main goal of cancer therapy should be to bring the cancer cells back to the programmed death
pathway of apoptosis. The earlier cancer is diagnosed, the more likely this approach will be
successful.

There are thousands of potentially unique mutations that may serve as targets for per-
sonalised medication. As long as a single cancer cell remains able to divide, new mutations
may arise that promote fermentation. For that reason. we propose to concentrate on the en-
ergy generating capacity of the mitochondria. This is already declining in cells on their way to
apoptosis because of diminishing OXPHOS function. Thus, rather than to fight against the un-
wanted fermentation, we propose to focus on further curtailment of the mitochondrial energy
generating capacity. We do, however, not recommend direct inhibition of OXPHQOS, as this
would also affect healthy organs, but advocate restriction of OXPHOS capacity in cancer cells
without significant limitation of this capacity in healthy cells. We have shown that this can be
achieved by partial inhibition of mitochondrial protein synthesis in rapidly expanding cancer
cells [110]. Treatment with the tetracycline antibiotic doxycycline will partially inhibit synthe-
sis of the 13 essential subunits of the OXPHOS enzymes encoded on the mtDNA and result in
a partial OXPHOS defect. Slowly proliferation and post-mitotic healthy cells will keep sufficient
reserve mitochondrial energy generating capacity to remain functionally active during treat-
ment with doxycycline at doses routinely used for Lyme disease and Q fever (100 mg twice
daily) because the mitochondrial protein synthesis is not completely blocked. In contrast, the
mitochondrial energy generating capacity in cancer cells will be critically affected by doxycy-
cline treatment since the higher proliferation rate leads to a faster and more profound deple-
tion of the mtDNA-encoded OXPHOS enzyme subunits through cell divisions [110].

In a survival study of patients with tumours of the nasopharynx and larynx, pre-treat-
ment with tetracyclines resulted a significant increase of overall survival as compared to treat-
ment with erythromycin, which does not inhibit mitochondrial protein synthesis [111]. We
showed that treatment with doxycycline reduced the mitotic index of tumour tissue [112] and
that doxycycline alone or in combination with a variety of common chemotherapeutics
blocked proliferation and even cured cancer in animal model systems [110,113-115].

Augmentation of oxidative stress as anticancer strategy to induce apoptosis

Oxidative stress is considered a cause of cancer [116]. Because of metabolic and signalling
changes, cancer cells are inherently under increased oxidative stress [117]. Reactive oxygen
species (ROS) may promote cancer cell initiation, maintenance and proliferation [118]. Oxida-
tive stress may also be caused by genetic mutations. For instance, Ishikawa et al. [119] found
that mtDNA mutations in the gene coding for a subunit of complex | of the respiratory chain
(MTND6) were associated with overproduction of ROS and led to tumour progression in an
experimental mouse model.

It is thought that increased oxidative stress makes cancer cells more prone to free rad-
ical-induced apoptosis when challenged by further oxidative stress. This idea has led to the
proposition to treat cancer with pro-oxidants to exacerbate oxidative stress [117,120-122].
For example, high doses of vitamin C have been used to enhance oxidative stress in cancer
cells. While vitamin C at daily need and recommended oral dose acts as an antioxidant, intra-
venous application of the maximal daily dose exerts pro-oxidant action and leads to a rise of



ROS in cancer cells [123,124]. However, a 12-week phase Il clinical trial (NCT010800352) with
intravenous administration of vitamin C of up to 60 g weekly did not result in remission and
caused many adverse effects [125].

When administered orally or intravenously, pro-oxidants will affect all cells and tissues.
Therefore, it seems wiser to boost ROS production through manipulation of respiratory func-
tion in rapidly growing cancer cells with normal or increased supply of oxygen. The respiratory
chain is the main source of ROS in cells and disruption of this pathway is known to cause an
increase of ROS formation [126]. Augmentation of ROS production by selective targeting of
the respiratory chain has been proposed as a possible therapeutic approach as such or in com-
bination with other therapeutic measures [127,128]. We have shown that treatment of cancer
cells with doxycycline results in a respiratory deficiency, a decrease of AWm and an increase of
ROS production [115]. Moreover, the treatment lowered the apoptotic threshold for the an-
ticancer drug gemcitabine [115]. Thus, doxycycline may serve as a double-edged sword, de-
creasing the mitochondrial energy generating capacity and increasing oxidative stress.

Concluding remarks

Reconsidering the hallmarks of cancer as formulated in Table 1, we feel that the resistance
towards programmed cell death (hallmark 3) is actually the only real point worth fighting. It is
the physiological consequence of the reprogramming of energy metabolism (hallmark 7). The
other six hallmarks are the result of the fact that cancer cells originate from mutated progen-
itor cells that through gain of oncogenic changes are able to evade the Hayflick limit and con-
tinue to divide [129-131].

Therapeutic measures should be directed towards the creation of conditions that
lower the apoptotic threshold of cancer cells but not of healthy cells. As outlined, one ap-
proach for lowering of this threshold is to decrease mitochondrial ATP synthesis and AW and
increase ROS production. This can be achieved by inhibition of mitochondrial protein synthesis
with doxycycline in exponentially expanding cancer cells [115]. In addition to lowering of the
apoptotic threshold, doxycycline might have further advantages. Cancer cells frequently de-
velop resistance to anti-cancer drugs by over-expression of ATP-driven efflux pumps that clear
the drug before it affects cellular physiology. A doxycycline-induced OXPHOS deficiency will
reduce the ATP supply, which might limit pump function. Targeting the mitochondrial protein
synthesis in clonally expanding cancer cells is a potential strategy for any combination therapy,
except if clonal expansion of T-cells is part of the treatment strategy [132]. Thus, doxycycline
treatment may provide a radical change of the collective cancer ecosystem to achieve better
outcomes for society [37].

Early diagnosis of cancer remains a major challenge [133]. We recommend early diag-
nosis by a common cancer marker and inhibition of mitochondrial protein synthesis in cancer
cells as routine starting point for the fight against cancer in primary care. In this respect, py-
ruvate kinase may potentially serve as a universal biomarker for early cancer detection. Py-
ruvate kinase catalyses the conversion of phosphoenolpyruvate to pyruvate in the final reac-
tion of the glycolysis. PKM2 is the dominant isoform of the enzyme in malignant tumours
[134]. PKM2 can switch from a dimeric, inactive to a tetrameric, active form promoting aerobic
glycolysis. The mechanism is initiated by phosphorylation of tyrosine kinase signalling proteins
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[135] and is, thus, ATP-dependent. The PKM?2 activity of cancer cells correlates with the level
of glucose and oxygen utilisation [107,136]. The expression of PKM2 in cancer cells is reminis-
cent of its expression during embryogenesis [135]. PKM2 is an important marker for cancer in
vivo [135]. Knockdown of PKM2 expression can reverse oxaliplatin-resistance in colorectal
cancer cells [137] and downregulation of PKM2 expression by metformin increases the cispla-
tin-sensitivity of osteosarcoma cells, reversing chemoresistance [138]. Considering the im-
portance of PKM2 in the cancer cell biology, we think that it is sensible to develop a mass
spectrophotometry-based proteomic test for circulating PKM2, released from tumours in the
blood, as general cancer biomarker for diagnostic purposes in primary care.
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