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Targeting KRAS Mutant CMS3
Subtype by Metabolic Inhibitors
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Abstract

Cancer cells rewire their metabolism in order
to boost growth, survival, proliferation, and
chemoresistance. The common event of this
aberrant metabolism is the increased glucose
uptake and fermentation of glucose to lactate.
This phenomenon is observed even in the
presence of O, and completely functioning
mitochondria. This is known as the “Warburg
Effect” and it is a hallmark in cancer. Up to
40% of all CRC’s are known to have a mutated
(abnormal) KRAS gene, found at differing
frequencies in all consensus molecular sub-
types (CMS). CMS3 colon cancer molecular
subtype contains the so-called ‘metabolic
tumours’ which represents 13% of total CR
cases. These tumours display remarkable met-
abolic deregulation, often showing KRAS
mutations (68%). Unfortunately, patients har-
bouring mutated KRAS are unlikely to benefit
from anti-EGFR therapies. Moreover, it
remains unclear that patients with KRAS
wild-type CRC will definitely respond to such
therapies. Although some clinically designed-
strategies to modulate KRAS aberrant activa-
tion have been designed, all attempts to target
KRAS have failed in the clinical assays and
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KRAS has been assumed to be invulnerable to
chemotherapeutic attack. Quest for metabolic
inhibitors with anti-tumour activity may con-
stitute a novel and hopeful approach in order
to handle KRAS dependent chemoresistance
in colon cancer.
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3.1 Introduction

According to GLOBOCAN (2012), the estimated
number of cancer cases worldwide in 2008 was
12.7 million, with 7.6 million deaths. By 2030,
there will an estimated 22.2 million newly diag-
nosed cancer cases and 12 million deaths (Ferlay
et al. 2015).

Colorectal cancer (CRC) is a frequently lethal
disease showing diverse outcomes and chemo-
therapy responses. Currently, CRC is the third
leading site of cancer in men and women and is
the second leading cause of cancer-related deaths.

This number will increase largely by growth
and aging of populations and will be largest in
low- and medium-resource countries.

The global distribution of neoplasia and types
of cancer with higher penetrance continues to
change, especially in economically developing
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countries. Lower income countries accounted for
about half (51%) of all cancers worldwide in
1975 but this proportion increased to 55% in
2007 and it is projected to reach 61% by 2050
(Bray and Mgller 2006).

Nowadays, oncology tries to personalize anti-
cancer therapy on the basis of tumour genotypes
in order to provide enhanced prognostic and
treatment planning.

In 2015, the molecular classification carried
out by Guinney et al. established four different
CRC subtypes with specific molecular features:
CMS1 (MSI Immune, 14%), hypermutated, mic-
rosatellite unstable, remarkable immune activa-
tion; CMS2 (Canonical, 37%), epithelial,
chromosomally unstable, marked WNT and
MYC signalling activation; CMS3 (Metabolic,
13%), epithelial, discernible metabolic dysregu-
lation; and CMS4 (Mesenchymal, 23%), promi-
nent transforming growth factor  activation,
stromal invasion, and angiogenesis.

Despite the frequency of KRAS mutations in
cancer patients, data outcome is confusing
regarding the impact these mutations have on
treatment response and patient outcomes.

Although the development of molecular-tar-
geted therapy has supposed a clear benefit on the
survival of patients with metastatic CRC, the
majority of patients with stage IV CRC undergo-
ing complete resection die from metastasis
(Karapetis et al. 2008; Hurwitz et al. 2004).

CRC tumorigenesis is characterized by the
accumulation of sequential genetic and epigene-
tic alterations, and V-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRAS) mutations are
an early step in tumorigenesis (Vogelstein et al.
1988; Aguilera et al. 2006).

RAS genes are among the most frequently
mutated genes in human cancer. Scientific evi-
dence indicates that mutations activating RAS
family members, KRAS, HRAS, and NRAS, are
found in 20-30% of all human tumours (Cox
et al. 2014; Prior et al. 2012). Although KRAS
mutations are present in every molecular subtype
defined by Guinney et al. in 2015, they are more
prevalent in CMS3 CRC (68%). Interestingly,
CMS3 appeared to be the most similar to normal
colon tissue at the gene expression level.

Recently, it has been suggested that the pre-
cursor lesion to KRAS mutant CRC (the majority
of CMS3 cancers) are tubovillous adenomas with
serrated traits.

Cetuximab and panitumumab are monoclonal
antibodies directed to the exodomain of the epi-
dermal growth factor receptor (EGFR), which in
turn blocks downstream signalling, including the
RAS/RAF/MEK/ERK pathway. Cetuximab and
panitumumab have been proven to be effective in
patients with metastatic colorectal cancer
(mCRC) when administered alone or in combina-
tion with standard chemotherapy (Jonker et al.
2007; van Cutsem et al. 2009).

Cetuximab, is commonly used in the clinical
practice to treat metastatic colon, and head and
neck cancer. The U.S. Food and Drug
Administration (FDA) approved Panitumumab
(INN), formerly ABX-EGF, in 2006 for “the
treatment of EGFR-expressing metastatic
colorectal cancer with disease progression”.
However, benefits of such therapies in the sur-
vival outcome of patients harbouring KRAS
mutant CRC are dramatically decreased.

Here we aim to describe different molecular
approaches focused on overcoming the molecu-
lar barriers posed by KRAS mutation, often
shown in metabolic CMS3 tumours, targeting
key players involved in the metabolic reprogram-
ming in colorectal tumours.

3.2 Reprogramming Cell
Metabolism in Cancer:

The “Warburg Effect”

After almost a century ago since the Warburg
effect was described in 1924, this atypical metab-
olism is considered a hallmark in every type of
cancer, exhibiting higher glycolysis and lactate
metabolism and defective mitochondrial ATP
production.

Although cancer is a heterogeneous malady,
often considered as different diseases converging
in the abnormal cell growth, cancer cells share
the very same metabolic trait: abnormal rates of
glucose conversion to lactate even in the presence
of O, (Warburg 1956).
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In general, cancer cells metabolize glucose,
lactate, hydroxybutyrate, pyruvate, lactate, fatty
acids and glutamine at much higher rates than
normal ones. In spite of the higher glycolytic
rates often shown by cancer cells, ATP rendering
is substantially lower than normal cells. Unlike,
molecular biosynthesis requirements of tumour
cells are markedly higher (Fig. 3.1a, b).

However, the metabolic homeostasis of
tumours is complex because they contain multi-
ple niches, which are linked by the transfer of
these catabolites. This metabolic plasticity
enables cancer cells to produce ATP, while keep-
ing the reduction—oxidation (redox) balance and
committing resources to biosynthesis processes
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Fig. 3.1 Targeting metabolism in colon cancer. (a) In
normal tissues, cell may obtain energy through Oxidative
Phosphorylation (OxPhos) that generates 36 ATP. In poor
oxygen conditions, normal tissues may obtain energy via
anaerobic glycolysis, which gives 2 ATP. For the same
glucose, normal cells will get 18 times more energy using
oxygen in the mitochondrion compared to anaerobic gly-
colysis. Normal tissues only use this less efficient path-

Production

that are essential for cell survival, growth, and
proliferation (Martinez-Outschoorn et al. 2017).

This metabolic feature, known as the “Warburg
effect”, represents in fact the basis for the
18F-fluorodeoxyglucose  positron  emission
tomography (FDG-PET), a non- invasive imag-
ing technique that, providing an accurate assess-
ment of tumour glucose utilization, is widely
exploited in the clinic for initial diagnosis, mea-
suring tumour size, staging, and monitoring
tumour responses to therapies. The Warburg
effect allows promoting the deviation of glyco-
lytic metabolites into multiple correlated path-
ways that provide substrates for the biosynthesis
of macromolecules (lipids, nucleic acids, and
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way in the absence of oxygen. In cancer cells the situation
changes dramatically. Even in the presence of oxygen,
cancer cells use a less efficient method of energy genera-
tion (glycolysis, not phosphorylation) delivering only 4
ATP per molecule of glucose. (b) Unlike cancer cells, in
normal cells the main goal for glucose uptake is producing
enough ATP to keep cell metabolic homeostasis. (c)
Described molecules with antitumor activity targeting
metabolism in colon cancer
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proteins) required for rapid tumour growth and
proliferation.

Furthermore, an augmented flux of cytosolic
NADPH provided from the cytosolic oxidative
pentose phosphate pathway (PPP) is observed
that will balance the intracellular redox potential
and neutralize the excessive levels of reactive
oxygen species (ROS) resulting from the
enhanced metabolic activity of cancer cells.

Warburg hypothesized that cancer was caused
by defects in mitochondrial oxidative phosphory-
lation and then forcing the cell to switch into gly-
colysis, thus cells would become undifferentiated
and cancerous. However, studies carried out by
Prof. Craig B. Thompson’s laboratory at the
Memorial Sloan-Kettering Cancer Center, prefer-
entially indicates that the Warburg effect is not
just a passive response to damaged mitochondria
but results from oncogene-directed metabolic
reprogramming required to support glycolytic
metabolism and anabolic growth (Ward and
Thompson 2012). The question about altered
metabolism as primary cause or just consequence
of genomic alteration in cancer still remains
open.

Nevertheless, alterations in oncogenic signal
transduction pathways and loss of tumour sup-
pressor genes, then affecting the regulation of
enzymes and transporters, are tightly correlated to
aerobic glycolysis in cancer. Over-expression of
the facilitative glucose transporter 1 (GLUT-1)
promotes an increased glucose uptake in a variety
of cancer cell types, and has been associated with
the loss of the tumour suppressor PTEN (Morani
et al. 2014) or constitutive activation of oncogenes
such as KRAS, AKT, SRC, and Myc (Dang 2012).

HIF-1 and Myc positively regulate the expres-
sion of pyruvate kinase M2 (PKM2), the final
rate-limiting enzyme of glycolysis, which cataly-
ses the conversion of phosphoenolpyruvate to
pyruvate.

Aberrant activity of some signalling pathways
such as the PI3K/AKT/mTORCI1 pathway has
been reported to enhance the expression of glyco-
lytic enzyme Hexokinase II (HKII) that mediates
the phosphorylation of glucose upon its entrance
into the cell (Wang et al. 2014).

HIF-1 and c-Myc are also considered master
regulators of the metabolic reprogramming in
neoplasia. Both proteins have been shown to
cooperatively induce the expression of both,
HKII and pyruvate dehydrogenase kinase 1
(PDHK1). PDHKI1 in turn inactivates the pyru-
vate dehydrogenase (PDH) and so the pyruvate
dehydrogenase enzyme complex (PDC) involved
in the conversion of pyruvate to acetyl-coenzyme
A, therefore inhibiting pyruvate entrance in the
tricarboxylic acid (TCA) cycle and then limiting
mitochondrial OXPHOS.

Moreover, both HIF-1 and c-Myc enhance the
transcription of lactate dehydrogenase A
(LDHA), which catalyses the transformation of
pyruvate into lactate, further then boosting the
glycolytic cancer phenotype in Myc over-
expressing cancers (Dang et al. 2008).

Over-expression of PKM2 has been found in
multiple human cancers, including colon cancer,
and it is considered a master regulator of the met-
abolic rewiring (Aguilera et al. 2016).

PKM2 may form a complex tetramer, with high
catalytic activity, or can exist as a dimer, less active
form. In cancer cells, different post-translational
modifications, such as fibroblast growth factor
receptor type 1 (FGFR1)-mediated phosphoryla-
tion at Tyrl05, enhance the tetramer-to-dimer
switch, therefore inhibiting pyruvate kinase activ-
ity and promoting the diversion of glycolytic inter-
mediates towards collateral pathways, such as PPP
and serine biosynthesis (Dayton et al. 2016).

3.3  Mutant KRAS in Colon Cancer
Genetic alterations in any one of the 3 isoforms
of the RAS family (HRAS, NRAS, or KRAS
genes) are very frequent events on neoplasic
transformation. The Sanger Centre keeps and
periodically updates an exhaustive database
involving the nature and frequency of RAS muta-
tions in different human tumours (catalogue of
somatic mutations in cancer: http://sanger.ac.uk/
cosmic).

In fact, activating KRAS mutations are found
in human epithelial neoplasia with an overall fre-
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quency of 30%. Studies of the extensive panels of
human tumour tissue samples analysed during
the last three decades have shown that there is a
prevalent correlation of specific mutated RAS
isoforms with particular types of tumours
(Shimizu et al. 2007).

Some reports describing KRAS overexpres-
sion in a colon carcinoma did not find a positive
correlation between KRAS overexpression and
prognosis, pointing out that RAS overexpression
should not be used as a predictive factor (Akkiprik
et al. 2008).

KRAS mutations are detected in 40-45% of
all colorectal carcinoma (CRC) suggesting that
KRAS proteins must play a pivotal role in
tumour development (Vaughn et al. 2011). Most
KRAS mutations are located in codons 12 and
13 (80% and 20%, respectively), being G12D
the most often amino acid modification. On the
other hand, much lower activating mutation
percentages have been found in NRAS (1-3%)
(Irahara et al. 2010). KRAS mutation is an early
event in CRC. Although still arguable, it has
been proposed that in some CRCs, KRAS muta-
tions may occur as early events in formation of
aberrant crypt foci that could later trigger the
development of hyperplasic polyps and eventu-
ally to CRC (Yuen et al. 2002; Nash et al. 2010).
However, contrary to pancreatic carcinomas
where KRAS mutations are prevalent, many
other genetic and epigenetic alterations besides
KRAS mutations may occur in CRC that could
be responsible for tumour initiation and pro-
gression in this case like APC, beta-catenin
mutations and promoter silencing of genes
involved in controlling the WNT signalling
pathway.

As it has been reported on pancreatic ductal
adenocarcinoma (PDAC), there is a tight correla-
tion between KRAS mutations and poor progno-
sis of aggressive and invasive colorectal
carcinomas (Conlin et al. 2005; Zavodna et al.
2009). Interestingly, some clinical studies have
reported that the rate of KRAS mutation is higher
in CRC patients with lung metastasis and that the
presence of the mutation in CRC patients with
liver metastasis correlates with poor prognosis
(Cejas et al. 2009; Nash et al. 2010).

3.4 Metabolic Switch in CRC:

KRAS Connection

As it has been widely described, several clinical
trials have shown that KRAS mutations in cancer
may predict a lack of responses to the anti-epi-
dermal growth factor receptor (EGFR)-based
therapy. So, anti-EGFR therapies using cetux-
imab and/or panitumumab are now limited to
patients with KRAS wild-type CRC (Jonker et al.
2007; Karapetis et al. 2008; Ye et al. 2013).

Interestingly, mutant KRAS is closely
involved in the upregulation of the cell Warburg
metabolism. Mutated KRAS maintains tumour
growth by boosting glucose uptake and transport-
ing glucose intermediates into the pentose phos-
phate pathway (PPP) and hexosamine
biosynthesis pathway (HBP). Nowadays, the
interest to understand the reprogramming of
metabolism in neoplasic transformation is
increasing. Although the molecular mechanism
behind the upregulation of glucose metabolism is
not yet understood, the pivotal role played by
KRAS signalling in the homeostasis of aerobic
glycolysis has been reported in several types of
cancer. For example, in a PDAC murine model, it
has been demonstrated that mutated KRAS keeps
tumour growth by stimulating glucose uptake and
leading glucose intermediates into the hexos-
amine biosynthesis pathway (HBP) and pentose
phosphate pathway (PPP) (Ying et al. 2012).
Remarkably, knockdown of rate-limiting
enzymes in HBP or PPP halted tumour growth,
indicating their potential as therapeutic targets.

In human colorectal cancer, the increase of
glucose transporter 1 (GLUT1) expression and
glucose uptake is critically dependent on KRAS
mutational state (Yun et al. 2009). In fact, PET
(fluorodeoxyglucose (FDG) positron emission
tomography scan) is used to evaluate tumour size
and location by analysing glucose metabolism by
measuring the uptake of FDG, a glucose ana-
logue and it has been described that CRC cells
with mutated KRAS show an increased FDG
accumulation via of GLUTI upregulation
(Kawada et al. 2012; Iwamoto et al. 2014).

On the other hand, the tight relationship
between GLUT-1 and KRAS is confirmed by
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studies reporting that glucose deprivation con-
tributes to the development of mutated KRAS
pathways in tumour cells (Yun et al. 2009).

Actually, GLUT1 has been addressed as a poten-
tial target in oncology drug discovery since in 2014
a crystal structure of human GLUT-1 was obtained.
This achievement will surely be helpful in the dis-
covery of new GLUTI inhibitors as anti-cancer
agents (Flight 2011). First, GLUT-1 antibodies
were shown to inhibit breast cancer and lung cancer
(NSCLC) cell lines growth (Rastogi et al. 2007).
Interestingly, in 2010 a series of synthetic polyphe-
nolic esters were also described to inhibit glucose
transport through the cell membrane, and to exert a
certain anti-proliferative activity in the H1299 lung
cancer cell line. Moreover, these molecules were
used in combination with anti-cancer drugs cispla-
tin or paclitaxel demonstrating synergistic effects in
the inhibition of breast and lung cancer cell growth
(Granchi et al. 2016).

Likewise, the small-molecule N-[4-chloro-3-
(trifluoromethyl)phenyl]-3-oxobutanamide
(fasentin) was identified as a chemical sensitizer
to the death receptor stimuli FAS and tumour
necrosis factor (TNF) apoptosis-inducing ligand.
Fasentin interacts with a unique GLUT-1 site in
the intracellular channel of this protein, thus
inhibiting glucose transport (Wood et al. 2008)

GLUT-1 also plays an essential role for the
homeostasis of pancreatic, ovarian, and glioblas-
toma cancer stem cells (CSCs). WZB117, a spe-
cific GLUT1 inhibitor, was shown to inhibit the
self-renewal and tumour-initiating capacity of the
CSCs without compromising their proliferative
potential in vitro. In vivo, systemic WZB117
administration was able to inhibit tumour initia-
tion after implantation of CSCs without causing
significant adverse events in host animals
(Shibuya et al. 2015). Recently, WZB117 was
shown to kill lung and breast cancer cells by
inhibiting GLUT1-mediated glucose transport,
leaving non-tumorigenic cells unaffected
(Shibuya et al. 2015)

In addition to their glucose dependency,
tumour growth and survival also relies on gluta-
mine uptake. Glutamine is a fundamental carbon
source for the tricarboxylic acid (TCA) cycle and
a nitrogen source for nucleotides and nonessen-

tial amino acids. Glutamine is also involved in
other cellular processes in cancer cells, such as
(mTOR) signalling and including anti-oxidative
stress. Therefore, glutamine dependent pathways
and signalling involved in cancer cell survival,
progression and metastasis is a hot topic in can-
cer research (Deberardinis and Cheng 2010; Wise
and Thompson 2010).

As it has been reviewed for glucose transport,
glutamine metabolism exhibits pleiotropic effects
on cancer cell signalling and therapeutic suppres-
sion of glutamine metabolism is considered to be
an attractive anti-cancer strategy.

For instance, Benzylserine and L-y-glutamyl-
p-nitroanilide (GPNA), the inhibitor of the gluta-
mine transporter SLC1AS, have been shown to
be effective agents in the treatment of non-small
cell lung cancer cell lines and murine xenografts
(Hassanein et al. 2015). However, these drugs
have been shown to induce unselective toxicity in
normal, healthy cells that require glutamine for
other pathways.

Some other small inhibitors, such as, CB-839
and  bis-2-(5-phenylacetamido-1,2,4-thiadiazol-
2-yl) ethyl sulfide (BPTE) have been reported to
specifically target glutaminase (GLS) isoforms not
often expressed in normal cells (Xiang et al. 2015)

In view of the abovementioned factors sup-
porting the tight interplay between mutated
KRAS and the Warburg metabolism in cancer
and the partial success of molecules directly tar-
geting KRAS, quest for new scopes and mole-
cules capable to overcome chemotherapy
resistance in tumours displaying gene mutations
downstream EGFR should be considered as a top
priority in oncological research worldwide.

3.5 Uncoupling the “Warburg
Effect” in CRC: A Chink
in the Armour of KRAS

Dependent Chemoresistance

As it has been widely explained, CRC is the sec-
ond leading cause of cancer-related deaths and
trials using apoptosis-inducing ligand monother-
apy to overcome resistance to apoptosis in colon
cancer have not shown clinical benefits.
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There is a need for a novel focus to overcome
clinical resistance to chemotherapies, mainly due
to RAS/RAF mutations.

It has been also explained that the enhanced
metabolic requirements of colon cancer cells
necessarily involves increased glucose uptake
and glycolytic flux relative to normal tissues.
This feature is used to visualize colon cancer
cells using positron emission tomography (PET)
where signals emitted from 2-deoxy-2-fluoro-D-
glucose (FDG), which is taken up preferentially
by colon cancer cells, are monitored.

Currently, some promising molecules are
being investigated to bypass KRAS dependent
chemoresistance, using a metabolic approach
(Fig. 3.1¢).

In 2016, Carr et al., published an interesting
article where they overcome colon cancer cells
resistance to TRAIL (tumour necrosis factor-
related  apoptosis-inducing  ligand)  using
2-deoxy-D-glucose (2DG), which is molecularly
similar to FDG and is preferentially uptaken by
cancer cells. In tumour cells, 2DG metabolism
may affect death receptor (DR) expression
(TRAIL is a DR ligand) and dissociate the Bak-
Mcl-1 complex in cells with high glycolytic
activity (Yamaguchi and Perkins 2012). In addi-
tion, 2DG is a receptor-competitive inhibitor of
glucose, increasing oxidative stress, inhibiting
N-linked glycosylation, and hence inducing
autophagy. It inhibits cell growth and facilitates
selective apoptosis in cancer cells.

The Ras/Raf/mitogen-activated protein kinase
kinase = (MEK)/extracellular  signal-regulated
(ERK) cascade is involved the signal transduction
from the cell surface receptors to the nucleus and
regulates cell cycle, cell proliferation, cell differen-
tiation and survival. Genetic and epigenetic altera-
tions in many of the key players in this pathway
have been found to be associated with cancer.

The dual RAF/MEK kinase Inhibitor
R0O5126766, synthesized in Chugai
Pharmaceuticals Co., Ltd. was shown to decrease
FDG uptake in KRAS and BRAF mutant colon
cancer murine xenografts (Tegnebratt et al.
2013). This metabolic inhibition correlates with a
decreased cell membrane expression of the glu-
cose receptor GLUT-1 and it was tightly associ-

ated with a notably reduced expression of the
marker of proliferation Ki67.

In the 70-80th of the twentieth century, sev-
eral scientific reports demonstrated that the anti-
diabetic biguanide drugs phenformin (PF) and
buformin (BF) can exert some anti-tumour activ-
ity in animal models and increase from 5 to
10-years survival of cancer patients.

Metformin (1,1-dimethylbiguanide hydro-
chloride) is often used to reduce hepatic gluco-
neogenesis and increase skeletal muscle glucose
uptake in patients with type 2 diabetes. Metformin
has been proposed as adjuvant therapy in cancer
treatment because of its ability to limit cancer
incidence by negatively modulating the PI3K/
AKT/mTOR pathway.

In 2015, Jia et al. reported that Metformin
might prevent induced colorectal cancer in dia-
betic rats by reversing the Warburg effect. They
described that Warburg inhibition was mediated
through inhibition of the master regulator PKIM2.
In fact, PKM2 metformin-induced inhibition has
been also reported in other neoplasia. For
instance, Metformin Induces apoptosis, down-
regulating PKM2 in breast cancer cells grown in
poor nutrient conditions (Silvestri et al. 2015).

c-Src, is found to be over-expressed and acti-
vated in a wide variety of human tumours. The
relationship between Src activation and cancer
progression appears to be significant, regulating
cancer glucose metabolism in premalignant
estrogen receptor (ER)-negative mammary epi-
thelial cells.

In this model, Saracatinib, a highly selective,
dual Src/Abl kinase inhibitor, was shown to
blocks c-Myc translation and glucose metabolism
aresult of an inhibition in ERK1/2-MNK1-eIF4E-
mediated cap-dependent translation of c-Myc and
transcription of the glucose transporter GLUT]I,
therefore interfering with the Warbug effect.

Saracatinib has been used in a phase II trial
treating patients with previously treated meta-
static colon cancer or rectal cancer. Results from
this study suggested that may stop the growth of
tumour cells by blocking blood flow to the
tumour and by blocking some of the enzymes
needed for cell growth (ClinicalTrials.gov
Identifier: NCT00397878).
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3.5.1 Vitamin C: Reassessing of GAPDH in highly glycolytic KRAS or BRAF
the Role of Vitamin C mutant cells leads to an energetic catastrophe and
in Metabolic Enhanced Colon cell death not seen in normal cells.
Cancer Later, in 2016 it was published another scien-

In 1976, Linus Pauling and Ewan Cameron per-
formed a pioneering clinical study of the survival
times of 100 terminal cancer patients who were
given supplemental ascorbate (usually 10 g/day)
plus adjuvant chemotherapy and 1000 matched
controls, similar patients who had received the
same treatment except for the ascorbate. Survival
times greater than 1 year after the date of untreat-
ability were observed for 22% of the ascorbate-
treated patients and for 0.4% of the controls
(Cameron and Pauling 1976).

Many authors have reported that vitamin C
shows certain anti-tumour activity, but in spite of
the several efforts carried out in order to unravel
the molecular mechanism underlying this killing
effect and its intriguing selective activity, this is
still far from clear.

Scientific data published by Chen Q et al,,
supporting the previous clinical study carried out
by Pauling and Cameron, have shown that vita-
min C exerts killing effects on cancer cells from
very different origin, displaying a wide variety of
gene mutations (many of them do not display
KRAS mutation) and alterations in different sig-
nalling pathways (Chen et al. 2008).

In 2015 in an article published in Science, Yun
J et al., presented data stating that oxidized vita-
min C was able to kill CRC cells depending on
the KRAS mutational status (Yun et al. 2015).
They found that cultured human CRC cells har-
bouring KRAS or BRAF mutations were selec-
tively killed when exposed to high levels of
vitamin C. This effect was due to increased
uptake of the oxidized form of vitamin C, dehy-
droascorbate (DHA), via the GLUTI glucose
transporter. Increased DHA uptake caused oxida-
tive stress when intracellular DHA is reduced to
vitamin C, depleting glutathione. Thus, ROS
accumulate and inactivate glyceraldehyde
3-phosphate  dehydrogenase (GAPDH), an
enzyme of ~37 kDa that catalyses the sixth step
of glycolysis and thus serves to break down glu-
cose for energy and carbon molecules. Inhibition

tific work partially confirming previous observa-
tions of Yun et al., but mainly focused on the
putative interaction of vitamin C in the Warburg
metabolism that is considered, as stated previ-
ously, a hallmark in cancer and glycolytic
enzymes reported as central points of regulation
in cancer. In this work we described a novel anti-
tumour mechanism of vitamin C in KRAS mutant
colorectal cancer involving the Warburg meta-
bolic disruption through downregulation of key
metabolic checkpoints in KRAS mutant cancer
cells and tumours without killing human immor-
talized colonocytes (Aguilera et al. 2016).
Vitamin C is capable to induce RAS detachment
from the cell membrane via ROS inhibition.
Thus, RAS detachment leads inhibition ERK 1/2
and PKM2 phosphorylation. As a consequence of
this activity, we could observe strong downregu-
lation of the glucose transporter (GLUT-1) and
pyruvate kinase M2 (PKM2)-PTB dependent
protein expression causing a major blockage of
the Warburg effect and therefore energetic stress.

Tumour-specific pyruvate kinase M2 (PKM?2)
is a master regulator for the Warburg effect and In
addition to its well-established role in aerobic
glycolysis, PKM2 directly regulates gene tran-
scription [90].

Interestingly, in 2014 Tian et al., published
that highly glycolytic cells triggered by activa-
tion of the hypoxia-inducible factor (HIF) path-
way greatly enhanced vitamin C-induced toxicity
in multiple cancer cell lines, including von
Hippel-Lindau (VHL)-defective renal cancer
cells. According to their observations, HIF
increases the intracellular uptake of DHA through
its transcriptional target glucose transporter 1
(GLUT1), synergizing with the uptake of its
reduced form through sodium-dependent vitamin
C transporters (Tian et al. 2014).

The majority of these results point to the
Warburg metabolism and related overexpressed
enzymes in cancer as a promising scientific field
that requires further in-depth studies in order to
find new therapeutic targets. Encouraging results
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observed in vitamin C research, such as its ability
to overcome anti-EGFR resistance and displayed
selectivity, emphasizes the need for further
research on this topic and may open the door to a
novel generation of molecules that may consti-
tute a new hope in handling RAS dependent che-
moresistant cancer.

3.6 Conclusions

KRAS dependent chemoresistance is a major
threat to the clinical handling of CRC and other
neoplasia. Among all the CRC subtypes, the
CMS3 also called “metabolic subtype”, shows
frequent KRAS mutation and concomitant meta-
bolic alterations. Many authors have shown com-
pelling data highlighting the role of KRAS
signalling in the regulation of aerobic glycolysis
in several types of cancer.

KRAS harbouring cancers have altered metab-
olism involving enhanced nutrients uptake gly-
colysis, glutaminolysis, and elevated synthesis of
nucleotides and fatty acids.

Unfortunately, clinical trials with molecules
targeting KRAS did not render clear benefits to
the overall survival (OS) and progression-free
survival of metastatic colorectal cancer patients
and, to date, no effective treatments that target
mutant variants of KRAS have been introduced
into clinical practice. It is time to propose differ-
ent approaches to break down the KRAS barrier
to chemotherapy. Counteracting KRAS-ruled
metabolic pathways may be a promising focus in
order to sensitize KRAS mutant tumours to che-
motherapy and many studies are already centred
in this approach.

But the problem seems to be far more complex.

Glucose requirements and carbon sources in
tumours are much more heterogeneous than ini-
tially thought. Currently, new studies have been
developed showing a dual capacity of tumour
cells for glycolytic and oxidative phosphoryla-
tion (OXPHOS) metabolism.

Metabolic OXPHOS-dependent cancer cells
are capable to use alternative substrates, such as

glutamine and/or fatty acids. Therefore, the vari-
ety of carbon substrates able to fuel neoplastic
cells points out to a high metabolic heterogeneity,
even within tumours sharing the stage and clini-
cal diagnosis. Indeed, it has been reported that
80% of the ATP generation in MCF7 breast can-
cer cells relies on mitochondrial respiration
(Guppy et al. 2002).

Furthermore, some studies have reported that
glycolysis inhibition often restores OXPHOS in
cancer cells (Bonnet et al. 2007; Michelakis et al.
2010) demonstrating that in spite of the aug-
mented glycolytic rates often shown by cancer
cells, mitochondrial oxidative metabolism
remains intact. The overall data strongly point
out to a high cancer metabolic plasticity, imply-
ing that molecules targeting metabolic factors in
cancer may face similar mechanisms of resis-
tance as previously described for conventional
chemotherapy.

Combination of metabolic inhibitors and clas-
sical chemotherapeutic agents may constitute a
great advance to address KRAS-driven chemore-
sistance, often attributed to the concomitant
altered metabolic expression patterns.
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