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Colorectal cancer (CRC) is the world's third most common cancer, with more than 1.9
million newly diagnosed patients in 2020". The global incidence of CRC has more than
doubled over the past 30 years? Its incidence is expected to increase even further in the
coming years to 3.2 million new CRC cases in 2040°, as more and more countries adopt a
so-called “western” lifestyle (e.g., high consumption of animal fats, processed meats, low
physical activity)*°. Even though screening and treatment has improved significantly over
the past few decades®’, CRC is still the second most deadly cancer worldwide, accounting
for more than 900,000 deaths in 2020". In addition, CRC places a significant economic
burden on populations and healthcare systems?, estimated to be around €19.1 billion in
Europe in 2015°.

Disease stage at diagnosis, as assessed by the American Joint Committee on Cancer
(AJCC)'® and the Union for International Cancer Control (UICC)'" tumor-node-metastasis
(TNM) staging system, remains the most important determinant of prognosis and guides
clinical management in patients with CRC'™. In the Netherlands, five-year survival for
TNM stage | is 95% and drops to only 12% for TNM stage IV CRC patients’®. However,
the survival of individual CRC patients diagnosed with the same disease stage may differ
substantially, often due to the heterogeneous nature of the disease'?. Furthermore, it has
been described that under-treatment or over-treatment of some patient groups may arise
when using the TNM staging system for treatment allocation’. Hence, there remains an
urgent clinical need to identify novel prognostic and/or predictive biomarkers in CRC'.
However, despite the great interest and immense amount of research invested in the
development of additional prognostic and/or predictive markers' 629, only few markers
have been implemented in clinical practice to date'>?".

Metabolic reprogramming is a recognized hallmark of cancer cells?>?4. The most commonly
known metabolic abnormality in cancer cells is the so-called Warburg-effect (named after
Dr. Otto H. Warburg, who was the first to describe the altered metabolism of cancer cells
in the 1920s%), a phenomenon characterized by increased glycolysis even in the presence
of oxygen?. It has been proposed that the Warburg-effect promotes the malignant
potential of cancer cells?, thereby potentially affecting patient prognosis and response to
therapy?%*. However, to date, the evidence is very limited and results are inconsistent?’.
This inconsistency in results may be explained by the fact that previous prognostic studies
mostly focused on investigating a single protein involved in the Warburg-effect, while this
pathway is much more complicated. The predictive value of the Warburg-effect has mostly
been investigated in in vitro cell culture studies®. To the best of our knowledge, only one
study to date has investigated the association between response to 5-fluorouracil (5-FU)
therapy and the expression of proteins related to metabolism in human tissue samples®.
However, this was investigated in a (retrospective) case-control design, which is prone to
various biases (e.g., selection bias, confounding bias).

208 | Chapter8



Targeting the Warburg-effect has become a major area of focus in the development of new
anti-cancer drugs®®, as inhibition of the Warburg-effect may reduce tumor cell proliferation
and metastasis®. Various inhibitors of glycolytic enzymes and transporters (e.g., GLUT,
PKM2, LDHA, MCT1) are currently in (pre)clinical development®” 3. Unfortunately, there
has been little clinical success to date®” %. It has been proposed that this lack of clinical
success may result from the limited knowledge on the metabolic pathways involved in
CRC, as no metabolic profiling is currently performed before initiation of therapy®. Even
though the Warburg-effect is a common phenomenon observed a variety of cancers, it is
not a universal trait of all tumor cells®® %,

The principal aim of this thesis was to examine whether Warburg-subtyping, based on the
estimated presence of the Warburg-effect in cancer cells, has prognostic value and can
be used to predict survival benefit from adjuvant therapy in CRC. Our research provides
evidence that Warburg-subtyping may have prognostic value in CRC, independent of known
prognostic factors such as TNM stage (Chapter 3)*°. Furthermore, our research indicates
that of all subgroups based on molecular characteristics that have been associated with
the presence of the Warburg-effect (mutations in RAS, BRAF, PIK3CA, and MET, as well as
MMR deficiency), especially BRAF-mutated proficient (p)MMR CRC, KRAS-mutated pMMR
CRC, and deficient (d)MMR CRCs were related to the Warburg-high subtype in our patient
series (Chapter 3-4). In addition, our results suggest that Warburg-subtyping may provide
additional prognostic information in patient subgroups with KRAS-mutated pMMR CRC or
BRAF-mutated pMMR or dMMR CRC (Chapter 4)*'. Furthermore, our research indicates
that associations between adult BMI, weight change since age 20 years, energy restriction
during childhood and adolescence, and potentially adult-attained height and survival in CRC
differ according to Warburg-subtype (Chapter 5). Lastly, our research provides evidence
that Warburg-subtyping may predict survival benefit from adjuvant (chemo)therapy in CRC
patients (Chapter 6).

As we were the first to investigate the potential prognostic and/or predictive value of
Warburg-subtyping in a large population-based series of CRC patients, validation of the
current findings in other cohort studies is required. Nevertheless, our results indicate
that Warburg-subtyping may have prognostic value and may be used to predict survival
benefit from adjuvant (chemo)therapy in CRC, independent of known clinical factors
such as TNM stage. Although caution is warranted in drawing conclusions based on the
results presented in this thesis alone, our results are promising and indicate that Warburg-
subtyping may in the future be used for risk stratification of CRC patients, and the design
and tailoring of Warburg-targeted therapies. This may, in the future, potentially improve the
survival of CRC patients.
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Next to the potential future clinical impact of our Warburg-subtyping, our research
also impacts academic endeavors. As mentioned before, many previous studies have
investigated the prognostic value of the Warburg-effect in CRC using one (or multiple)
immunohistochemistry (IHC) markers, showing conflicting results. In addition, the
predictive value of the Warburg-effect in tumor cells has, to the best of our knowledge,
mostly been investigated in in vitro cell culture studies®, with the exception of one
(retrospective) case-control study®. In this thesis, we have developed and described a
transparent and comprehensive methodology for Warburg-subtyping on formalin-fixed
paraffin-embedded (FFPE) tissue samples of CRC patients. Using a pathway-based sum
score, based on the IHC expression of six glycolytic proteins and transcriptional regulators
involved in different steps of the Warburg-effect pathway, we attempted to capture the
presence of the Warburg-effect in tumor cells in a large population-based series of CRC
patients (n = 2,347). Furthermore, we have attempted to increase the reproducibility of
the current results as well as to enhance the applicability of our methodology in future
research by (i) optimizing and describing all used IHC staining and scoring protocols
(Chapter 2-3), (ii) evaluating and describing the validity and reproducibility of IHC scoring
results (Chapter 2), (iii) describing how to combine the IHC scores on core-level to patient-
level scores (Chapter 3-6), and (iv) by developing and describing a comprehensive and
transparent way of Warburg-subtyping based on a pathway-based sum score and pre-
defined cut-off values. (Chapter 3).

Knowledge transfer

To ensure knowledge transfer, the scientific research summarized in this thesis has been,
or will be, shared with fellow researchers through publication in open access, international
peer-reviewed scientific journals. In addition, our results were presented at various national
and international conferences and symposia covering a broad audience consisting of both
pathologists and epidemiologists. Presentations were given at the virtual annual meeting
of the American Association of Cancer Research (2021), the online Dutch Epidemiological
Conference (WEON) (2021), the virtual conference of the Pathological Society of Great
Britain and Ireland (PathSoc, Manchester Pathology) (2021), the Science Day of the
Maastricht University Medical Centre+ (2021), and the online GROW Science Day of
Maastricht University (2021).

Conclusion

In this thesis, we aimed to investigate whether Warburg-subtyping, based on the estimated
presence of the Warburg-effect in cancer cells, has prognostic value and can be used to
predict survival benefit from adjuvant therapy in CRC. Altogether, the results presented
in this thesis suggest that Warburg-subtyping has prognostic value in CRC, independent
of known prognostic factors such as TNM stage, and may be used to predict survival
benefit from adjuvant (chemo)therapy. As we were the first to investigate this in a large
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population-based series of CRC patients, validation of the results presented in this thesis
is necessary. Nevertheless, our results are promising and may suggest that Warburg-
subtyping could in the future be used for risk stratification of CRC patients and the design
and tailoring of Warburg-targeted therapies, thereby potentially (eventually) improving the
survival of CRC patients.
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