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 CHAPTER 1

General introduction



1. DESCRIPTIVE EPIDEMIOLOGY OF COLORECTAL   
CANCER

1.1. Incidence
Colorectal cancer (CRC) is the third most commonly diagnosed form of cancer globally 
(Figure 1A)1. In 2020, 1.93 million new CRC (including anal cancers) cases were diagnosed 
worldwide, representing 10% of all new cancer cases (Figure 1A)1, 2. According to estimates 
from GLOBOCAN 20201, 1.15 million new cases of colon cancer and 0.73 million new cases 
of rectal cancer were diagnosed in 2020. By 2040, these numbers are predicted to increase 
to 1.92 million and 1.16 million, respectively3.

Figure 1 – Distribution of the estimated global numbers of (A) new cancer cases and (B) cancer-related deaths 
in 2020, both sexes combined, all ages (melanoma skin cancers excluded). Source: GLOBOCAN 2020, accessed 
September 20221.

With regard to the geographical distribution of CRC, most cases occur in more developed 
countries1, 4. At the country level, the highest age-standardized incidence rates (cases per 
100,000 persons per year) in 2020 were observed for Hungary (45.3), Slovakia (43.9), Norway 
(41.9), the Netherlands (41.0) and Denmark (40.9)1. The lowest age-standardized incidence 
rates in 2020 were found for Guinea (3.3), the Republic of the Gambia (3.7), Bangladesh 
(3.8), Burkina Faso (3.8), and Bhutan (3.8)1. In the Netherlands, CRC was the most commonly 
diagnosed cancer in 2020 when men and women were combined, accounting for 12.9% of all 
new cancer cases1. In males and females separately, CRC was the second most commonly 
diagnosed cancer, after prostate cancer and breast cancer, respectively1.

1.2. Mortality
CRC (including anal cancers) is the second leading cause of cancer-related mortality 
worldwide, accounting for more than 935,000 deaths in 2020 (Figure 1B)1. According 
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to estimates of GLOBOCAN 20201, this includes 576,858 deaths from colon cancer and 
339,022 deaths from rectal cancer1. Mortality rates for CRC have been decreasing in most 
parts of the world, and are predicted to continue to decrease in the coming years, most 
likely due to early detection through screening and the availability of new treatments5, 6.

As for incidence rates, mortality rates for CRC vary largely according to geographic 
location1. At country level, the highest age-standardized mortality rates (deaths per 
100,000 persons per year) in 2020 were observed for Slovakia (21.0), Hungary (20.2), 
Croatia (19.6), Republic of Moldova (17.6), and Serbia (16.7)1. The lowest age-standardized 
mortality rates were found for Bangladesh (2.3), Nepal (2.5), Bhutan (2.5), Botswana (2.6), 
and India (2.8)1. In the Netherlands, CRC was the second most frequent cause of cancer-
related death in 2020 when men and women were combined, accounting for 13.4% of all 
cancer-related deaths1. CRC was the second leading cause of cancer-related death in men, 
after lung cancer1. In women, CRC was ranked as the third leading cause of cancer-related 
death in 2020, after lung and breast cancer1.

1.3. Staging and survival 
CRC is staged according to the American Joint Committee on Cancer (AJCC) or Union 
for International Cancer Control (UICC) tumor-node-metastasis (TNM) classification and 
staging system7, 8. In this system, the stage is based on the characteristics of the primary 
tumor (T), the regional lymph node involvement (N) and distant metastasis (M)9. In CRC, 
T-values are used to describe the depth of invasion into the bowel wall and adjacent 
tissues, N-values are used to describe the number of regional lymph nodes with tumor, 
and M-values are used to describe the presence of distant metastases (Figure 2)8, 9. 
A combination of these values is used to define the overall stage of the tumor, with 
tumor stages ranging from I-IV9. The TNM stage may be defined clinically (c), based on 
preoperative clinical assessment, or pathologically (p), based on the histological evaluation 
of tissue specimens obtained during surgical resection10, 11. 

The first edition of the UICC staging system was published in 196812. Every few years, the 
version of this classification system is updated according to new evidence. In 1987, the 
UICC and AJCC TNM classifications were unified12. Currently, the 8th edition of the AJCC/
UICC TNM classification (2016) is used12. The main TNM stage groupings (I/II/III/IV) have 
remained essentially unchanged since the fourth edition (1987) 50, 57.

CRC survival rates are dependent on TNM stage at diagnosis13. In the Netherlands, the 5-year 
CRC-specific survival after diagnosis was 67% among all patients diagnosed with CRC 
between 2011-202014. For patients diagnosed with TNM stage I CRC between 2010-2016 (7th 
edition of the AJCC staging system), the 5-year CRC-specific survival was 95%14. For TNM 
stage II, III and IV, 5-year CRC-specific survival rates were 86%, 72%, and 12%, respectively14.
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Figure 2 – Colorectal cancer TNM stages according to the 8th edition of the AJCC/UICC classification system12. The 
TNM stage is based on the characteristics of the primary tumor (T), the regional lymph node involvement (N) and 
distant metastasis (M)12. Adapted from Shek et al.15 (CC-BY 4.0) Jauregui-Amezaga et al.16 (CC-BY 4.0). Image colon: 
Flaticon.com. Abbreviations: TMM, tumor-node-metastasis; Tis, intramucosal carcinoma; T, primary tumor; N, lymph 
node involvement; M, distant metastasis.

2. ETIOLOGY AND RISK FACTORS
The large majority (>90%) of CRCs are adenocarcinomas originating from epithelial cells 
of the colorectal mucosa17, 18. Other rare types of CRCs include neuroendocrine, squamous 
cell, adenosquamous, spindle cell and undifferentiated carcinomas17, 18. 

Approximately 70% of all CRCs arise sporadically, meaning that these occur in individuals 
without a family history of CRC or any inherited genetic mutations that increase the risk 
of developing CRC17, 19, 20. Sporadic CRCs may occur through acquired somatic genetic 
and epigenetic aberrations which may for a large part be attributable to modifiable risk 
factors17, 19. Next to sporadic CRCs, ~30% of CRCs have a hereditary component17, 19. More 
specifically, ~25% can be attributed to a family history of CRC without any obvious genetic 
cancer syndrome17, 19, 20, and ~5% can be attributed to hereditary cancer syndromes (e.g., 
Lynch syndrome or familial adenomatous polyposis (FAP)) caused by inherited germline 
mutations in rare, high-penetrance susceptibility genes (e.g., MutL Homolog 1 (MLH1) and 
adenomatous polyposis coli (APC), respectively)17, 19, 20. 

The lifetime risk of developing CRC is ~4.8% in the general Dutch population1. Modifiable 
risk factors that have been associated with an increased risk of developing CRC include 
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smoking, consuming red meat, consuming alcoholic drinks, and being overweight or 
obese21. On the contrary, being physically active, consuming wholegrains, dairy products, 
foods containing dietary fiber, and taking calcium supplements have been associated with 
a decreased risk of developing CRC21. Non-modifiable factors that have been associated 
with an increased risk of developing CRC include genetic factors, ethnicity, increased age, 
male sex, body height, and family history of CRC20, 22. 

3. MOLECULAR PATHOLOGY 
The risk factors described above may potentially result in genetic and epigenetic changes 
in colorectal epithelial cells that, together with the inherited genetic makeup, have been 
related to the development of CRC23. In general, three major molecular pathways that are 
involved in the development of CRC are distinguished: (i) the chromosomal instability 
(CIN) pathway, (ii) the microsatellite instability (MSI) pathway, and (iii) the CpG island 
methylator phenotype (CIMP) pathway (Figure 3)23-26. It has been described that these 
molecular pathways are not mutually exclusive, and that each tumor harbors its own 
unique combination of genetic alterations thereby contributing to the heterogeneity of 
CRC24, 26. The heterogeneity of CRCs may be further attributed to interactions between 
these molecular pathways and other less described or undescribed pathways24.

3.1. Chromosomal instability pathway
Aberrations in the CIN pathway are responsible for the majority (70-85%) of sporadic 
CRCs23, 24. The CIN pathway is characterized by alterations in the number and/or 
structure of chromosomes (aneuploidy)26-28. These chromosomal alterations are often 
accompanied by the accumulation of mutations in oncogenes and tumor suppressor 
genes26, 27. Inactivation of the APC gene is considered the earliest genetic event in the 
process of colorectal tumorigenesis, leading to activation of the Wnt-signaling pathway 
thereby stimulating growth and differentiation of epithelial cells, as well as resistance to 
apoptosis (Figure 3A) Activating mutations in Kirsten rat sarcoma virus (KRAS) often arise 
after mutations in APC (Figure 3A)24, 28, 29. Mutated KRAS is known to constitutively activate 
several growth factor signaling pathways, including the RAS/RAF/mitogen-activated 
protein kinase (MAPK)/ERK kinase (MEK)/extracellular signal-regulated kinase (ERK) and 
Phosphoinositide 3-kinase(PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling 
pathways24, 29. Loss of heterozygosity (LOH; i.e., a form of allelic imbalance, caused by the 
loss of one of two alleles, causing a somatic cell to become homozygous30) for the long 
arm of chromosome 18 (18q) and subsequent inactivation of tumor protein P53 (TP53) 
are often late events in the transition from adenoma to adenocarcinoma (Figure 3A)24, 28. 
These events provide additional growth advantages for these expanding cells, ultimately 
leading to cancer24.
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3.2. Microsatellite instability pathway
MSI is found in approximately 5-15% of all CRCs31-33. Microsatellites are stretches of 
deoxyribonucleic acid (DNA) in which a short motif of one to five nucleotides is repeated 
several times34, 35. These microsatellites are prone to DNA replication errors as a result of 
their repeated structure, leading to mismatched DNA strands36, 37. These errors are usually 
corrected through the mismatch repair (MMR) system, which consists of four main proteins: 
MLH1, MutS Homolog 2 (MSH2), MutS Homolog 6 (MSH6) and PKM1 Homolog 2 (PMS2)37.

The MSI pathway is characterized by inactivation of any of these MMR genes23, 38 (Figure 3B). 
The sporadic form of MSI CRC is almost always due to epigenetic inactivation of the MLH1 
gene, while the inherited form of MSI CRC (i.e. Lynch syndrome) is mainly due to inherited 
mutations in the MLH1 and MSH2 genes39, 40. Either way, loss of function of MMR results in 
the accumulation of mutations, including mutations in genes involved in proliferation, cellular 
differentiation (e.g. transforming growth factor β receptor II (TGFβRII)), and apoptosis (e.g. 
Bcl-2-associated X (BAX)), eventually leading to MSI cancers (Figure 3B)24, 38. 

Figure 3 – Simplified illustration of the three major molecular pathways that are involved in the development of 
colorectal cancer: (A) the chromosomal instability pathway (CIN), (B) the microsatellite instability (MSI) pathway, 
and (C) the CpG island methylator phenotype pathway (CIMP). Adapted from Mundade et al.24 (CC-BY 3.0). 
Abbreviations: APC, adenomatous polyposis coli; KRAS, Kirsten rat sarcoma viral oncogene homologue; LOH, loss of 
heterozygosity; TP53, tumor protein 53; DNA, deoxyribonucleic acid; TGFβRII, transforming growth factor β receptor 
II; BAX, Bcl-2-associated X protein. 
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3.3. CpG island methylator phenotype pathway
The CIMP pathway, also known as the serrated pathway in CRC, is responsible for 
approximately 15-20% of all CRCs24, 41. It is characterized by significant hypermethylation 
of CpG islands of tumor suppressor genes and DNA repair genes (Figure 3C)24, 42-44. An 
early event in CIMP tumors is a mutation in the BRAF oncogene, leading to enhanced RAS/
RAF/MAPK/MEK/ERK signaling and thereby inducing uncontrolled proliferation, immune 
evasion, angiogenesis, tissue invasion and metastasis, as well as resistance to apoptosis24, 44.  
Subsequent epigenetic silencing or mutation of other genes (e.g. TP53, p16) eventually 
accelerates the progression of sporadic CRCs24.

3.4. Molecular pathological classification of colorectal cancer
More recently, two molecular pathological classification systems for CRC have been 
proposed45. In 2012, The Cancer Genome Atlas (TCGA) research network conducted a 
genome-scale characterization of 276 CRC samples, analyzing exome sequences, DNA 
copy number, promotor methylation of messenger ribonucleic acid (mRNA) and micro RNA 
(miRNA) expression46. In addition, a subset of samples (n = 97) with matched normal tissue 
samples were subjected to whole-genome sequencing46. These results suggested that CRC 
could be split into three major subgroups: (i) hypermutated tumors (~13%; characterized by 
MSI/defective MMR, BRAF V600E (or similar) mutations, and CIMP), (ii) ultra-mutated tumors 
(~3%; characterized by mutations in DNA polymerase epsilon or delta 1 (POLE or POLD1) 
proofreading mutations), and (iii) CIN tumors (~84%; characterized by a high frequency of DNA 
somatic copy number alterations (SCNAs), low mutation rate, microsatellite stability (MSS), 
deregulation of the Wnt-pathway, and APC mutations)45, 46. 

In 2015, the Consensus Molecular Subtypes (CMS) Consortium compared and analyzed 
the data generated by six independent transcriptomics-based subtyping systems47-53. This 
resulted in a CMS classification consisting of four major subtypes that can be used to describe 
the heterogeneity of CRC at the gene-expression level: (i) CMS1-MSI immune subtype (~14%; 
characterized by hypermutation, MSI, CIMP, immune activation and BRAF mutation), (ii) CMS2-
canonical subtype (~37%; characterized by epithelial features, activated Wnt and Myc signaling 
pathways, CIN, and MSS), (iii) CMS3-metabolic subtype (~13%; characterized by deregulation 
of metabolic pathways, KRAS mutations, and mixed CIN-MSI status), and (iv) the CMS4-
mesenchymal subtype (~23%; characterized by upregulation of epithelial-to-mesenchymal 
transition (EMT), TGF-β activation, MSS, CIN, angiogenesis, and stromal invasion)47. 
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4. CANCER CELL METABOLISM: THE WARBURG-
EFFECT

In 2000, Hanahan and Weinberg54 first described six biological capabilities acquired 
during the multistep development of human cancer. These so-called “Hallmarks of 
Cancer” included uncontrolled proliferative signaling, resistance to apoptosis, initiating 
angiogenesis, acquiring replicative immortality, activating invasion and metastasis, and 
evading growth suppressors54. These hallmarks were updated in 201155 and 202256, 
extending the list of cancer hallmarks to include 14 (emerging) hallmarks and enabling 
characteristics, including the hallmark “reprogramming cellular metabolism”55, 56. 

Otto Warburg was the first to describe the metabolic distinction between normal and tumor 
cells in the 1920s57, 58. In a normal cell, glucose is converted into pyruvate through glycolysis 
in the cytoplasm (Figure 4A)58, 59. Pyruvate then enters the mitochondria where it oxidized 
to CO2 through the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) 
in the presence of oxygen58, 59. In normal conditions, pyruvate will only be metabolized into 
lactate when oxygen is limited58, 59. In a cancer cell, however, most glucose is converted 
into lactate, even in the presence of oxygen (Figure 4A)58, 59. This phenomenon of aerobic 
glycolysis, also known as the “Warburg-effect’, has since been observed in a variety of 
cancer types, including CRC58. 

Aerobic glycolysis is a very inefficient process compared to OXPHOS in terms of energy 
(i.e., adenosine triphosphate (ATP)) production, generating only 2 ATP/glucose instead 
of 38 ATP/glucose60-62. To compensate for this inefficiency, cancer cells increase their 
glycolytic flux by upregulating several glycolysis-related proteins (Figure 4B)60, 63-65. 
First, glucose uptake is stimulated by upregulation of glucose transporter 1 (GLUT1) 
expression63, 64. Second, glycolytic flux and subsequent lactate production are increased 
by upregulating the expression of hexokinase (HK), pyruvate kinase M2 (PKM2), pyruvate 
dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase A (LDHA)63, 65. Third, lactate 
secretion is enhanced by increasing the expression of monocarboxylate transporter 4 
(MCT4) to prevent cytoplasmic acidification63, 64.

One of the most frequently activated molecular pathways in cancer cells is the PI3K/AKT/ 
mTOR signaling pathway (Figure 4B)66-68. This pathway is known to be involved in a variety 
of cellular functions including proliferation, adhesion, migration, invasion, angiogenesis, 
and survival66. Most relevantly, however, the PI3K/AKT/mTOR signaling pathway is known 
to ‘rewire’ cancer metabolism from OXPHOS towards aerobic glycolysis through regulation 
of several transcription factors, including c-Myc and HIF-1α (Figure 4B)63, 65, 66, 69-72.

20 | Chapter 1

1 1



The PI3K/AKT/mTOR signaling pathway is activated by mutations in tumor suppressor 
genes (e.g. phosphatase and tensin homolog (PTEN), TP53), mutations in the components 
of the PI3K complex itself (e.g. phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha (PIK3CA)), or by aberrant receptor tyrosine kinase (RTK) signaling (e.g. 
epidermal growth factor receptor (EGFR))73, 74. In addition, mutations in RAS (KRAS, NRAS, 
HRAS) or BRAF, which signal mainly through the RAS/RAF/MAPK/MEK/ERK signaling 
pathway can also activate the PI3K/AKT/mTOR pathway75, 76.

Figure 4 – Simplified schematic overview of the Warburg-effect. (A) Schematic overview of the metabolic differences 
between normal cells (complete glucose oxidation; left) and cancer cells (Warburg-effect; right). Adapted from Marie 
et al.77 (CC-BY-NC 3.0) (B) More detailed overview of all proteins and drivers associated with the Warburg-effect 
(aerobic glycolysis), the PI3K/Akt/mTOR pathway, and RAS/RAF/MAPK pathway, and their relation. Sharp arrows 
(↑) indicate stimulation while blunt arrows (ᴛ) indicate inhibition. Note: a line does not always indicate a direct link 
as other factors may be left out for simplicity. Proteins and transcriptional regulators related to the Warburg-effect 
that were measured in this study (Chapter 3, 5, 6) are shown in yellow; mutations in drivers of the Warburg-effect 
that have been measured in this thesis (Chapter 4) are shown in blue. Figure based on Cairns et al. 74 and others75, 

78, 79. Abbreviations: GLUT1, glucose transporter 1; PKM2, pyruvate kinase M2; PDK, pyruvate dehydrogenase; LDHA, 
lactate dehydrogenase A; MCT4, monocarboxylate transporter 4; P53, tumor protein P53; PTEN, phosphatase and 
tensin homolog; PI3K, phosphoinositide 3-kinase; AKT1, AKT serine/threonine kinase 1; mTOR, mammalian target of 
rapamycin; HIF-1α, hypoxia inducible factor-1α; MAPK, mitogen-activated protein kinase.
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5. TREATMENT 
Since its discovery in the 1960s, 5-fluorouracil (5-FU) has been the cornerstone in 
chemotherapy for advanced CRC80. Treatment options for CRC have been increasing in 
recent years, aimed at improving the survival of CRC patients80. By 2001, the oral precursor 
of 5-FU (capecitabine) as well as two new chemotherapeutic agents had been introduced 
(oxaliplatin and irinotecan)81. This resulted in the introduction of chemotherapeutic 
combination therapies, such as FOLFIRI (intravenous 5-FU plus irinotecan), FOLFOX 
(intravenous 5-FU plus oxaliplatin), CAPOX (capecitabine plus oxaliplatin), and FOLFOXIRI 
(intravenous 5-FU plus oxaliplatin plus irinotecan)82. More recently, targeted agents (i.e., 
anti-angiogenic agents, anti- EGFR agents and immunotherapeutic agents) have been 
integrated into chemotherapeutic combination therapies to further improve survival 
outcomes80, 82. Although these regimens have achieved good clinical benefits, 5-FU is still 
the most basic drug and the most important component in all these regimens80.

5.1. Current treatment strategies
Treatment decisions in CRC patients are mainly guided by tumor location and TNM 
stage83, 84. Currently, patients with TNM stage I CRC and the majority of patients with 
TNM stage II CRC are treated with surgery alone and do not require adjuvant therapy85, 86.  
Patients diagnosed with high-risk TNM stage II (i.e., pT4 tumor, poor differentiation, bowel 
perforation or obstruction, lymphatic or venous or perineural invasion, or <12 lymph nodes 
found in the resection specimen87) or TNM stage III colon cancers are treated with surgery 
followed by adjuvant chemotherapy85, 88. Patients diagnosed with TNM stage II or III rectal 
cancers are treated with neoadjuvant chemoradiation therapy followed by surgery with 
or without adjuvant therapy85. Patients with metastatic (TNM stage IV) CRC are primarily 
treated with chemotherapy, although it has been described that a selected group of 
patients may be cured with metastasectomy85. In addition, anti-angiogenic agents (e.g., 
bevacizumab, ramucirumab), anti-EGFR agents (e.g., panitumumab, cetuximab), and 
immunotherapeutic agents (e.g., pembrolizumab, nivolumab) are sometimes used in 
combination with chemotherapy to treat patients with metastatic disease88-90. 

5.2. Changes in treatment strategies between 1986-2007
Treatment strategies for CRC in the Netherlands have changed over the years91. In this 
paragraph, we focus on the time period 1986-2007, as this is the time period during which 
the patients on which the results presented in this thesis were based were diagnosed with 
CRC. Between 1986-2007, the large majority (92-100%) of colon cancer patients in the 
Netherlands with TNM stage I-III disease were treated by resection of the primary tumor, 
regardless of the period of diagnosis and age91. Since the 1990s, the use of adjuvant 
chemotherapy for TNM stage III colon cancer increased drastically in all age groups, but 
to a lesser extent in the older age groups (from 1% in 1985-1989 to 79% in 2005-2007 in 
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patients aged 50-59; and from 0% in 1985-1989 to 49% in 2005-2007 in patients aged 70-
79)91. The use of adjuvant chemotherapy for stage II colon cancer also slightly increased 
over the years (from 0% in 1985-1989 to 12% in 2005-2007 in patients aged 50-59; and 
from 0% in 1985-1989 to 3% in 2005-2007 in patients aged 70-79)91. Furthermore, the 
administration of chemotherapy in TNM stage IV colon cancer patients increased over 
time for all age groups, but for a lesser extent in older patients (from 11% in 1985-1989 to 
75% in 2005-2007 in patients aged 50-59; and from 2% in 1985-1989 to 39% in 2005-2007 
in patients aged 70-79)91. 

The large majority of patients with rectal cancer underwent surgery (88-99%)91. The use of 
postoperative radiotherapy in patients with TNM stage II and III rectal cancer decreased 
over time (from 49% in 1989-1993 to 4% in 2004-2006 in patients <75 years), while the use 
of preoperative radiotherapy increased drastically after its introduction in the mid-1990s 
(from 1% in 1989-1993 to 68% in 2004-2006 in patients <75 years)91, 92. The proportion 
of patients with TNM stage III or IV rectal cancer who received adjuvant chemotherapy 
increased over the years (from 9% in 1989-1993 to 29% in 2004-2006 in TNM stage III 
patients <75 years; and from 21% in 1989-1993 to 66% in 2004-2006 in TNM stage IV 
patients <75 years)92. Furthermore, neoadjuvant chemoradiation was introduced around 
2004 for the treatment of stage II and III rectal cancer92.

6. PROGNOSTIC AND PREDICTIVE BIOMARKERS
Biomarkers may be prognostic, predictive, or both93. Prognostic biomarkers are biomarkers 
that are used to identify the likelihood of a specific outcome (e.g. tumor progression, 
death, disease recurrence), but cannot be used to guide treatment decisions93, 94. Predictive 
biomarkers, on the other hand, are markers that are used to identify individuals who are 
more likely to benefit from a particular therapy, and therefore could be used to guide 
treatment decisions93, 94. Despite our growing understanding of the molecular pathways 
underlying CRC and the advances in the treatment of CRC, our understanding why patients 
do or do not respond to therapy remains poor95. 

Currently, TNM stage at the time of diagnosis remains the most important clinically 
used prognostic and predictive factor83, 84, 94. Over the last few years, extramural vascular, 
lymphatic or perineural invasion, poor histological differentiation, bowel obstruction or 
perforation, advanced tumor stage (pT4) at the time of surgery, and lymph node sampling 
lower than 12 were added as additional diagnostic factors to identify high-risk patients 
among early-stage CRCs94, 96. More recently, new guidelines for the testing of molecular 
markers have been established in order to assist in disease prognosis, surveillance, and 
treatment for CRC94. In CRC, this molecular testing has improved treatment selection and 
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clinical outcome, although this is so far limited to patients with metastatic disease94. 

Molecular biomarkers that have been implemented in current clinical practice include 
the mutational status of genes involved in CRC carcinogenesis (KRAS, NRAS, BRAF) or 
defects in the DNA MMR system94. MSI/MMR deficiency (dMMR) is observed in 5-15% of 
all CRCs31-33. It has been shown that patients with dMMR CRC have a better stage-adjusted 
survival compared to patients with MMR proficient (pMMR) CRC94, 97. Furthermore, 
dMMR tumors have a decreased risk of metastasizing, and are therefore associated with 
earlier-stage CRC97. Next to prognostic value, MMR status may also predict response to 
therapy97. Several clinical trials have shown that 5-FU-based adjuvant therapy may not 
provide survival benefit in stage II dMMR CRC97. Treatment with adjuvant FOLFOX is 
recommended in patients with TNM stage III CRCs, regardless of MMR status97. In the 
metastatic setting, it has been shown that patients with dMMR CRCs often show a good 
response to immunotherapy97. Testing for MMR status has therefore been included in the 
Dutch national CRC guidelines for all newly diagnosed CRC patients under the age of 70 
years, and especially for patients who are eligible for adjuvant chemotherapy in stage II 
and III CRC or immunotherapy in stage IV CRC90.

Mutations in KRAS, NRAS, and BRAF are observed in approximately 30-40%, 5-9%, and 
4-20% of CRCs, respectively31, 98. Even though a poor prognosis has previously been 
reported in several studies, the prognostic significance of RAS (KRAS and NRAS) or BRAF 
mutations in CRC remains uncertain31, 99. Nevertheless, testing for RAS or BRAF mutations 
has predictive value in patients with metastatic CRCs, as only patients with wild-type RAS 
and BRAF genes were shown to benefit from anti-EGFR therapy94, 100. Testing for RAS and 
BRAF mutations has therefore been included in the Dutch national CRC guidelines for 
patients with metastatic CRCs who are eligible for systemic treatment90. 

Next to the markers described above, several promising biomarkers have been identified 
in recent years, including tumor budding101, immunoscore®102, tumor/stroma ratio103, 
neutrophil/lymphocyte ratio104, and CMS classification47. However, to date only tumor 
budding has been added to national and international guidelines105, 106. Hence, there remains 
an urgent clinical need to identify reliable prognostic and/or predictive biomarkers in CRC95. 

Potentially important markers that have been suggested to have prognostic and/or 
predictive potential in CRC include the expression of proteins related to the Warburg-
effect107-114, mutations related to the PI3K/AKT/mTOR pathway (e.g. RAS, BRAF, PIK3CA, 
MET)115-119, and (long-term) energy balance-related factors120 (i.e., pre-diagnostic BMI121-125,  
weight change125, non-occupational physical activity126-130, adult-attained height123, and 
energy-restriction131, 132). However, to date, the evidence is very limited and results are 
inconsistent.
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7. MOLECULAR PATHOLOGIC EPIDEMIOLOGY
Traditional epidemiological research has investigated whether an exposure (e.g. lifestyle, 
environmental or genetic factor) is associated with the risk of developing cancer, patient 
prognosis, or response to treatment (Figure 5A)133. On the other hand, molecular pathology 
has traditionally been used to explore molecular characteristics of tumors that are related 
to patient prognosis or can be used to predict response to treatment (Figure 5B)133. These 
two approaches, epidemiology and molecular pathology, have recently been combined into 
a new field of epidemiology: molecular pathological epidemiology (MPE) (Figure 5C)133. 

One of the main aims of MPE is to investigate potential etiologic or survival factors across 
strata of molecular characteristics for the disease of interest134. With regard to etiology, 
it is hypothesized that diseases that share certain molecular alterations (e.g. Warburg-
subtype) are more likely to share common risk factors (e.g. obesity) (Figure 5C)134. For 
prognostic studies, the underlying hypothesis is that some external or endogenous factors 
(e.g. energy balance-related factors) may influence the outcome of a certain disease (e.g. 
CRC) according to molecular alterations (e.g. Warburg-subtype), as those factors likely 
interact with the diseased cells in the tissue microenvironment (Figure 5C)134.

One of the limitations inherent to MPE research is misclassification in tumor molecular 
subtyping133. Immunohistochemistry (IHC) assays are often used for molecular 
subtyping in MPE studies, and should be validated and monitored for their precision and 
accuracy133. To decrease variability in IHC assays, the use of tissue microarrays (TMAs) is 
recommended133. As manual IHC scoring of TMA sections can take a considerable amount 
of time if individual scores need to be provided for hundreds or thousands of tissue cores, 
IHC scoring is often done by non-pathologists135-137. However, studies on the validity and 
reproducibility of these IHC scoring results are currently very limited.
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Figure 2 – Illustration showing (A) traditional epidemiology, (B) traditional molecular pathology, and (C) 
molecular pathological epidemiology. Molecular pathological epidemiology can be applied to investigate 
whether a certain exposure is associated with a specific molecular change in colorectal cancer (C, left side), 
as well as to investigate whether a specific molecular change can interact with a certain exposure factor to 
affect clinical outcome (C, right side). Reproduced from “Molecular pathological epidemiology of colorectal 
neoplasia: an emerging transdisciplinary and interdisciplinary field”, Ogino, Shuji, Andrew T. Chan, Charles S. 
Fuchs, and Edward Giovannucci, Gut 60.3 (2011): 397-411133 with permission from BMJ Publishing Group Ltd.  
Abbreviations: CRC, colorectal cancer

8. AIMS AND HYPOTHESES
In this thesis, we aimed to investigate whether Warburg-subtyping, based on the estimated 
presence of the Warburg-effect, has prognostic value and is able to predict survival benefit 
from adjuvant therapy in CRC patients, independent of known prognostic factors such 
as TNM stage. To this end, CRC patients were classified as having Warburg-low (i.e., low 
probability of the presence of the Warburg-effect), Warburg-moderate, or Warburg-high CRC 
using a pathway-based sum score based on the protein expression levels of six glycolytic 
proteins and transcriptional regulators indicative of the Warburg-effect (i.e., LDHA, GLUT1, 
MCT4, PKM2, p53, PTEN). First, we investigated whether non-pathologists can generate 
valid and reproducible IHC scoring results. Second, we studied the prognosis of CRC 
patients according to Warburg-subtype. Third, we investigated the prognosis of subgroups 
of patients based on mutations in oncogenes and/or tumor suppressor genes that have 
been related to the Warburg-effect (i.e., RAS, BRAF, PIK3CA and MET) and MMR status, 
as well as the additional prognostic value of Warburg-subtypes within these mutational 
subgroups. Fourth, we studied the prognostic value of long-term energy balance-related 
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factors (i.e., energy restriction during early-life, adult-attained height, weight change since 
age 20 years, adult BMI, and non-occupational physical activity) in the total series of CRC 
patients, as well as according to Warburg-subtype. Lastly, we explored whether Warburg-
subtypes can be used to predict survival benefit from adjuvant therapy in CRC patients.
We hypothesized that:

i. Non-pathologists can generate reproducible IHC scoring results, similar 
to those of an experienced pathologist;

ii. Patients with Warburg-high CRC have a poorer prognosis compared to 
patients with Warburg-low CRC;

iii. Mutational subgroups based on somatic mutations in RAS, BRAF, PIK3CA 
and MET, as well as patients’ MMR status hold prognostic value in CRC, 
and Warburg-subtypes provide additional prognostic information within 
these mutational subgroups;

iv. Increased adult BMI, weight gain since age 20 years and adult-attained 
height are associated with a worse CRC-specific and overall survival, 
whereas energy restriction during childhood or adolescence and non-
occupational physical activity are associated with a more favorable 
survival in CRC. The association between these long-term energy 
balance-related factors and CRC survival differs according to Warburg-
subtype;

v. Patients with Warburg-high CRC will not derive a survival benefit from 
adjuvant chemo- or radiotherapy, whereas patients with Warburg-low 
CRC will derive survival benefit from adjuvant therapy.

9. STUDY DESIGN: THE NETHERLANDS COHORT STUDY
The results presented in this thesis are based on observational data from the Netherlands 
Cohort Study (NLCS) on diet and cancer138. This large, population-based prospective 
cohort study was initiated in 1986, and included 120,852 men and women aged 55-69 
at baseline138. All participants completed a mailed, self-administered questionnaire on 
dietary habits, lifestyle, and other risk factors for cancer138. These factors included, but 
were not limited to, the following energy-balance related factors: adolescent (age 20 years) 
and adult (baseline) weight (kg), adult-attained height (cm), non-occupational physical 
activity (min/day), and energy-restriction proxy measures (place of residence during the 
Dutch Hunger Winter (1944-1945), place of residence during World War II (1940-1944), 
employment status of the father during the Dutch Economic Depression (1932-1940)) .
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Follow-up for cancer incidence was established by annual record linkage with the 
Netherlands Cancer Registry and PALGA, the nationwide Dutch Pathology Registry, 
covering 20.3 years of follow-up since study initiation (September 17, 1986 until January 
1, 2007)139, 140. After this follow-up period of 20.3 years, 4,597 incident CRC cases had 
occurred. Follow-up for vital status was carried out through linkage with the Central Bureau 
of Genealogy and the municipal population registries, until December 31, 2012. Cause of 
death was retrieved from Statistic Netherlands. 

In 2012, the Rainbow-TMA project was initiated, aiming to enrich cohorts with TMAs and 
DNA141. Tumor and normal formalin-fixed paraffin-embedded (FFPE) tissue blocks from 
CRC patients were retrieved from pathology laboratories throughout the Netherlands. 
Pathologists reviewed Hematoxylin & Eosin (H&E)-stained sections and marked areas with 
the highest tumor density. From these areas, three 0.6 mm diameter tumor cores and 
three normal tissue cores were sampled and assembled in TMA blocks. 

10. THESIS OUTLINE
The current chapter, Chapter 1, served as a general introduction to the topic of this thesis, 
the main concepts, aims and hypotheses, and the research design. Chapter 2 describes the 
validity and reproducibility of IHC scoring by trained non-pathologists on TMAs. In Chapter 3,  
the survival of CRC patients according to our defined Warburg-subtypes is described. 
The next chapter, Chapter 4, describes the association between mutational subgroups, 
Warburg-subtypes, and CRC survival. In Chapter 5, the association between long-term 
energy balance-related factors and survival in CRC overall, and according to Warburg-
subtype, is described. Chapter 6 describes the association between adjuvant therapy and 
survival in CRC patients according to Warburg-subtype. Lastly, a general discussion of the 
main findings of this thesis is provided in Chapter 7.
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ABSTRACT
Background
Scoring of immunohistochemistry (IHC) staining is often done by non-pathologists, 
especially in large-scale tissue microarray (TMA)-based studies. Studies on the validity and 
reproducibility of scoring results from non-pathologists are limited. Therefore, our main 
aim was to assess inter-observer agreement between trained non-pathologists and an 
experienced histopathologist for three IHC markers with different subcellular localization 
(nucleus/membrane/cytoplasm).

Methods
Three non-pathologists were trained in recognizing adenocarcinoma and IHC scoring by 
a senior histopathologist. Kappa statistics were used to analyze inter-observer and intra-
observer agreement for 6,249 TMA cores from a colorectal cancer series.

Results
Inter-observer agreement between non-pathologists (independently scored) and the 
histopathologist was “substantial” for nuclear and membranous IHC markers (ᴋrange = 
0.67–0.75 and ᴋrange = 0.61–0.69, respectively), and “moderate” for the cytoplasmic IHC 
marker (ᴋrange = 0.43–0.57). Scores of the three non-pathologists were also combined 
into a “combination score” (if at least two non-pathologists independently assigned the 
same score to a core, this was the combination score). This increased agreement with 
the pathologist (ᴋnuclear = 0.74; ᴋmembranous = 0.73; ᴋcytoplasmic = 0.57). Inter-observer agreement 
between non-pathologists was “substantial” (ᴋnuclear = 0.78; ᴋmembranous = 0.72; ᴋcytoplasmic = 
0.61). Intra-observer agreement of non-pathologists was “substantial” to “almost perfect” 
(ᴋnuclear,range = 0.83–0.87; ᴋmembranous,range = 0.75–0.82; ᴋcytoplasmic = 0.69). Overall, agreement was 
lowest for the cytoplasmic IHC marker.

Conclusions
This study shows that adequately trained non-pathologists are able to generate reproducible 
IHC scoring results, that are similar to those of an experienced histopathologist. A 
combination score of at least two non-pathologists yielded optimal results.

Impact
Non-pathologists can generate reproducible IHC results after appropriate training, making 
analyses of large-scale molecular pathological epidemiology studies feasible within an 
acceptable time frame.
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INTRODUCTION
The introduction of the tissue microarray (TMA) technology by Kononen and colleagues1 
in 1998 has enabled large-scale studies using archival formalin-fixed paraffin-embedded 
(FFPE) tissue blocks2, 3. The TMA technology has the advantage that sampling of cores 
leaves the donor block relatively intact, allowing it to be sampled multiple times3,4. 
Furthermore, immunohistochemistry (IHC) on TMAs is cost effective and less time 
consuming than performing IHC on full tissue sections2-6. In addition, a higher level of 
assay standardization can be achieved, improving reproducibility of results3, 4, 6–8. 

Several studies have shown a high degree of concordance between IHC results obtained 
from TMA sections and full sections when three 0.6 mm cores per case were used9–13. 
Interestingly, a study by Gavrielides and colleagues14 found slightly higher inter-observer 
agreement for human epidermal growth factor receptor 2 (HER2) scoring on TMAs 
compared with full sections, suggesting a potential benefit of the restricted field of view. 
Manual scoring of TMA sections can take a considerable amount of time if individual 
scores need to be provided for hundreds or thousands of cores7, 15. Although scoring 
by automated image analysis has been proposed as a potential alternative to manual 
scoring, IHC markers present in tumor cells and other cell populations at the same time 
are challenging to assess automatically16. 

Scoring of IHC stained sections is often done by non-pathologists17, 18. However, studies 
on the validity of results from non-pathologists are limited. Jaraj and colleagues19 
suggested that after adequate training, non-pathologists are able to produce valid and 
reproducible IHC results for a cytoplasmic marker. However, it has been suggested that 
apart from the expert histopathologist knowledge, the agreement of IHC results between 
observers might also be affected by the subcellular localization of the marker of interest 
(nucleus/membrane/cytoplasm)20. There is a limited number of studies investigating 
scoring agreement of markers with different subcellular localizations. One of these 
studies reported similar overall kappa values for scoring of staining in different subcellular 
compartments21, 22, whereas another study reported considerably lower agreement for 
scoring of cytoplasmic immunostaining23. 

We hypothesized that there is good inter-observer agreement between trained non-
pathologists and pathologists for IHC scoring on TMAs, and that the inter-observer 
agreement does not depend on the subcellular localization of the staining. Therefore, the 
aims of the current study were to (i) assess inter-observer agreement between trained 
non-pathologists and an experienced pathologist, and (ii) assess agreement of three IHC 
markers with different subcellular localization (nucleus, membrane, cytoplasm)
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METHODS
Study population, tissue collection, and tissue microarray construction 
For TMA construction, tissue blocks from colorectal cancer resections of cases from the 
Netherlands Cohort Study (NLCS) were collected retrospectively from Dutch hospitals24–26. 
Hematoxylin & eosin (H&E)-stained sections were reviewed and the area with the highest 
tumor density was identified. From this area, three 0.6-mm-diameter cores with tumor and 
three cores with normal epithelium were sampled per case for TMA construction (TMA-
Grandmaster, 3DHISTEC). In total, 78 TMA blocks were constructed containing 7,963 
tumor cores. Ethical approval was obtained from Medical Ethical Committee MUMC, 
number METC 2019-1085. 

Immunohistochemistry
Five mm thick serial sections were cut from all 78 TMA blocks and subjected to IHC using 
an automated immunostainer (DAKO Autostainer Link 48, Glostrup). p53, GLUT1, and 
PTEN were chosen as markers to assess inter-observer and intra-observer agreement in 
scoring nuclear, membranous, and cytoplasmic immunoreactivity, respectively, as these 
are established IHC markers routinely used in clinical setting. Details of primary antibodies 
and staining protocols are shown in Table 1. Staining protocols for all markers were 
optimized to eliminate background and nonspecific staining. Sections were counterstained 
with Mayer’s Hematoxylin (VWR International B.V.), dehydrated, and mounted with a glass 
coverslip and xylene-based mounting medium (DPX, Sigma-Aldrich). All TMA sections 
were scanned using the Aperio scanner (Leica Microsystems) at 40x magnification at the 
University of Leeds (Leeds, UK) Scanning Facility.

Quality control
Presence of adenocarcinoma was confirmed for every individual core by reviewing the 
H&E-stained TMA sections. In case of tumor identification difficulties because of poor 
tumor differentiation or a large number of inflammatory cells, pan-cytokeratin staining was 
used to identify tumor cells.

Table 1 - Overview staining protocols, all performed using the DAKO Autostainer Link 48.

Antibody Clone Supplier (catalogue number) Antigen retrieval Dilution Incubation time
Pan-CK AE1/AE3 DAKO (GA05361-2) PT higha RTUb 10 min
p53 DO-7 DAKO (M700101-2) PT higha RTUb 20 min
GLUT1 - Thermo Scientific (RB-9052-P) PT lowc 1:200 20 min
PTEN 6H2.1 DAKO (M362729-2) PT higha 1:100 20 min

Note: visualization system, Envision FLEX Visualization Kit (K8008, DAKO); chromogen, 3,30-diaminobenzidine 
(DAB). 
aHigh pH retrieval (K8004) for 20 minutes on the Dako PT link (Agilent Technologies) 
bRTU: ready-to-use 
cLow pH retrieval (K8005) for 20 minutes on the Dako PT link (Agilent Technologies)
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Immunohistochemical scoring 
Three non-pathologists (G.E. Fazzi: histology technician; K. Offermans: PhD student; 
J.C.A. Jenniskens: PhD student) were trained by a senior histopathologist (H.I. Grabsch) 
in (i) recognizing adenocarcinoma on H&E-stained TMA sections; (ii) recognizing 
immunoreactivity and distinguishing between immunoreactivity in the nucleus, membrane, 
and cytoplasm; and (iii) scoring of two TMA sections (200 cores) for every immunostaining 
to ensure that the same criteria were used by all assessors. 

After training, the three non-pathologists scored all tumor cores for p53, GLUT1, and 
PTEN immunostainings. The scores from the three non-pathologists were combined 
into a “combination score”. If at least two non-pathologists independently assigned the 
same score to a core, this score became the combination score. If all non-pathologists 
assigned different scores, the core was categorized as “no agreement”. Because not all 
cores were scored by three non-pathologists for GLUT1 (Table 2), the remaining scores of 
the combination score were based on two non-pathologists. When comparing scores from 
pairs of trained non-pathologists to the score of the pathologist, non-pathologists’ scores 
were combined as described for the combination score of three non-pathologists. 

For evaluation of intra-observer agreement, two non-pathologists (assessor 2 and 3) 
evaluated 10% randomly selected TMA sections (range: 538–681 cores) per marker for a 
second time after a period of at least 5 months. These scores were only used to assess 
intra-observer agreement. To assess inter-observer agreement between pathologist and 
non-pathologists, an experienced pathologist (I. Samarska) evaluated the same 10% 
randomly selected TMA sections for every marker. The contribution of each assessor to 
the IHC scoring of the different markers is shown in Table 2.

p53 positivity was defined as unequivocal strong nuclear staining and scored semi-
quantitatively as published previously13, 27, with minor adaptations, as: (i) no positive tumor 
nuclei; (ii) ≤10% positive tumor nuclei; (iii) 11% to 50% positive tumor nuclei; (iv) 51% to 90% 
positive tumor nuclei; and (v) 91% to 100% positive tumor nuclei (Figure 1A). 

Table 2 - Percentage of slides evaluated per assessor for all immunohistochemical markers.

Assessor Experience Nuclear (p53) Membranous (GLUT1) Cytoplasmic (PTEN) Intra-observerb

1 NP 100% 25%a 100% X
2 NP 100% 100% 100% 10%
3 NP 100% 100% 100% 10%
4 P 10% 10% 10% X

NP: Non-pathologist; P: Pathologist.
aAssessor 1 left the project early because of an unforeseen work relocation.
bPercentage of slides re-scored per protein. 
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GLUT1 positivity was defined as any membranous (complete or incomplete) immunostaining 
of tumor cells, and scored as published previously28, 29: (i) no tumor cells with membranous 
immunostaining; (ii) ≤10% tumor cells with membranous immunostaining; (iii) 11% to 50% 
tumor cells with membranous immunostaining; (iv) >50% tumor cells with membranous 
immunostaining (Figure 1B).

PTEN scoring was performed as described previously30, comparing cytoplasmic 
immunostaining intensity of the tumor cells with that of adjacent stromal cells. PTEN 
immunostaining was classified as: (i) negative (no PTEN staining in the tumor cells); (ii) 
weak (staining intensity in the tumor cells weaker than in the stromal cells); (iii) moderate 
(similar staining intensity in tumor and stromal cells); or (iv) strong (staining intensity in 
the tumor cells stronger than in the stromal cells), see Figure 1C. In case of heterogeneous 
immunostaining, the region with the highest staining intensity prevailed.

Uninterpretable (e.g., folded cores) or missing cores were categorized as “uninterpretable” 
and excluded from analyses for all markers.

Statistical analysis 
Inter-observer and intra-observer agreement was assessed using all cores that passed 
quality control. Cohen’s kappa was used for assessing inter-observer agreement between 
assessor pairs and for assessing intra-observer agreement within one assessor31. 
Fleiss’ kappa was used for assessing inter-observer agreement between more than two 
assessors32. All kappa values were weighted33, taking into account the magnitude of 
the disagreement (e.g., ≤10% vs. >50% is worse than ≤10% vs. 11%–50%). A weight of 
0.5 was chosen for scoring an adjacent category and a weight of zero for non-adjacent 
categories. Non-weighted Fleiss’ kappa was used for assessing the variation in inter-
observer agreement between scoring categories. To calculate kappa confidence intervals, 
the bootstrap method was used with 1,000 repetitions34–36. The interpretation of kappa 
values is shown in Supplementary Table S1. Agreement between each pair of assessors 
was determined, as well as agreement between the combination score of two or three 
non-pathologists and the pathologist’s score (for the latter, cores for which no agreement 
was reached were excluded from analyses). Data were analyzed using Stata (version 15.1, 
Statacorp).
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RESULTS
In total, 78 TMA blocks containing 7,963 tumor cores were available. After quality control, 
1,714 (21.5%) cores were excluded (464 missing cores; 1,135 cores lacking tumor tissue; 
115 uninterpretable tissue cores), leaving 6,249 tumor cores for analyses. All cores were 
evaluated by at least two assessors (Table 2). Frequency distributions of scores assigned 
by all assessors for nuclear (p53), membranous (GLUT1), and cytoplasmic (PTEN) 
immunoreactivity are shown in Supplementary Tables S2–S4.

Inter-observer agreement
Non-pathologist versus pathologist
Weighted kappa values of inter-observer agreement between non-pathologists and 
pathologist are shown in Table 3 (non-weighted kappa values in Supplementary Table S5). 
Kappa values of each individual non-pathologist with the pathologist showed “substantial” 
agreement for nuclear (ᴋrange = 0.67–0.75) and membranous immunostainings (ᴋrange = 0.61–
0.69), and “moderate” for cytoplasmic immunostaining (ᴋrange = 0.43–0.57). The combination 
score of the three non-pathologists showed “substantial” agreement with the pathologist’s 
score for nuclear (ᴋ = 0.74) and membranous immunoreactivity (ᴋ = 0.73), and “moderate” 
agreement for cytoplasmic immunoreactivity (ᴋ = 0.57). The combination score of two non-
pathologists showed similar agreement with the pathologist’s score as the combination 
score of three non-pathologists (ᴋnuclear,range = 0.75–0.81; ᴋmembranous,range = 0.75–0.79; ᴋcytoplasmic,range 
= 0.54–0.65). For the majority of scores (range, 90.3%–98.6%), equal or adjacent scoring 
categories were assigned (Table 4) by pathologist and non-pathologists.

In Supplementary Table S6, the agreement per scoring category is shown by non-weighted 
kappa values. The lowest and highest scoring categories show higher agreement among non-
pathologist assessors (ᴋnuclear 0.83 and 0.79; ᴋmembranous 0.68 and 0.82; ᴋcytoplasmic 0.61 and 0.51, 
respectively) than the scoring categories in between (ᴋnuclear,range = 0.35–0.56; ᴋmembranous,range 
= 0.45–0.53; ᴋcytoplasmic,range = 0.49–0.53). Adding the pathologist assessor, this again led to 
highest agreement in the most extreme categories for nuclear and membranous stainings 
(ᴋnuclear 0.86 and 0.67; ᴋmembranous 0.74 and 0.76, respectively). For cytoplasmic stainings the 
agreement was highest for the lowest scoring category, and decreased with increasing 
scoring categories (ᴋcategory0 = 0.60; ᴋcategory1 = 0.53; ᴋcategory2 = 0.37; ᴋcategory3 = 0.32).

Non-pathologist versus non-pathologist
Inter-observer agreement among non-pathologists is shown in Table 3 (non-weighted 
kappa values in Supplementary Table S5). Overall kappa values between all three non-
pathologists were similar to those comparing the combination score and the pathologist’s 
score (ᴋnuclear 0.78 vs. 0.74; ᴋmembranous 0.72 vs. 0.73; ᴋcytoplasmic 0.61 vs. 0.56, respectively). 
Scores for nuclear and membranous immunoreactivity showed the highest kappa 
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values among non-pathologists, with an overall weighted kappa of 0.78 (ᴋrange = 0.74–
0.80) and 0.72 (ᴋrange = 0.66–0.81), respectively. Agreement was lowest for cytoplasmic 
immunoreactivity, with an overall kappa of 0.61 (ᴋrange = 0.55– 0.65). In the majority of non-
pathologists’ scores (range, 96.2%– 99.8%), equal or adjacent scoring categories were 
assigned (Supplementary Table S6).

Intra-observer agreement of non-pathologists
Weighted intra-observer kappa values of two non-pathologists are shown in Table 5 (non-
weighted kappa values in Supplementary Table S7). The intra-observer agreement was 
highest for scoring nuclear and membranous immunoreactivity, showing “almost perfect” 
agreement (ᴋobserver2 = 0.83; ᴋobserver3 = 0.87), and “substantial” to “almost perfect” agreement 
(ᴋobserver2 = 0.82; ᴋobserver3 = 0.75), respectively. Scoring of cytoplasmic immunoreactivity 
showed “substantial” agreement (ᴋobserver2 = 0.69; ᴋobserver3 = 0.69). In the majority of scores 
(range, 98.9%–100%), equal or adjacent categories were assigned at the first and second 
timepoint (Supplementary Table S6). 

Table 3 – Inter-observer agreement (weighted) between non-pathologists and pathologist. 

Nuclear
κ (95%-CI)

Membranous
κ (95%-CI)

Cytoplasmic
κ (95%-CI)

NP vs Pa

1 vs 4 0.75 (0.72-0.79) 0.61 (0.55-0.67)f 0.57 (0.53-0.61)
2 vs 4 0.67 (0.63-0.71) 0.69 (0.65-0.73) 0.43 (0.38-0.48)
3 vs 4 0.70 (0.67-0.74) 0.69 (0.66-0.73) 0.56 (0.52-0.60)

1+2 vs 4b,c 0.80 (0.77-0.84) 0.77 (0.70-0.83)f 0.57 (0.51-0.62)
1+3 vs 4b,c 0.81 (0.77-0.84) 0.79 (0.73-0.85)f 0.65 (0.60-0.70)
2+3 vs 4b,c 0.75 (0.72-0.79) 0.75 (0.72-0.79) 0.54 (0.50-0.60)

Combination scorec,d vs 4 0.74 (0.71-0.78) 0.73 (0.69-0.77) 0.56 (0.52-0.61)

NP vs NPe

1 vs 2 0.74 (0.73-0.75) 0.69 (0.67-0.72)f 0.55 (0.54-0.57)
1 vs 3 0.79 (0.79-0.80) 0.66 (0.64-0.69)f 0.64 (0.62-0.65)
2 vs 3 0.80 (0.79-0.81) 0.81 (0.80-0.82) 0.65 (0.64-0.67)
1 vs 2 vs 3g 0.78 0.72f 0.61

NP: non-pathologist; P: pathologist. Nuclear: p53; membranous: GLUT1; cytoplasmic: PTEN.
aBased on a random 10% of TMA sections (range 538-681 cores).
bComparison of a combination of two non-pathologists with the pathologist: if the two non-pathologists 
independently assigned the same score to a core, this was the combined score. If the non-pathologists assigned a 
different score, the core was categorized as no agreement. 
cCores where no agreement was reached between non-pathologists (combination score = no agreement) were 
excluded for analyses. 
dThe combination score is based on all three non-pathologist’s scores: if at least two assessors independently 
assigned the same score to a core, this was the combination score. If none of the assessors assigned the same 
score, the core was categorized as no agreement.
eBased on all cores (Ncores = 6249).
fAssessor 1 left the project early because of an unforeseen work relocation, 1457 cores were evaluated.
gConfidence interval for weighted kappa of multiple assessors (>2) could not be calculated using Stata.
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Table 4 – Percentages of discrepancies between assessors.

Nuclear
Difference in categoriesb

Membranousa

Difference in categoriesb
Cytoplasmic
Difference in categoriesb

0 1 2 3/4 0 1 2 3 0 1 2 3
Inter-observer
NP vs Pc

1 vs 4 57.9 32.4 8.0 1.8 62.5 29.4 6.0 2.2 54.1 42.1 3.9 0.0
2 vs 4 51.4 41.0 6.7 0.9 70.5 24.5 4.0 1.0 63.0 33.9 2.7 0.5
3 vs 4 61.7 32.0 5.1 1.2 70.6 25.2 3.1 1.0 62.1 36.5 1.4 0.0
Combination vs 4 69.8 27.1 2.9 0.2 73.7 22.7 3.0 0.7 64.6 34.8 0.7 0.0
NP vs NPd

1 vs 2 72.0 24.2 3.5 0.3 68.3 29.2 2.1 0.4 65.4 34.0 0.6 0.0
1 vs 3 76.3 22.2 1.4 0.1 65.5 30.9 3.2 0.4 73.2 26.5 0.3 0.0
2 vs 3 76.3 22.4 1.2 0.1 81.4 17.2 1.3 0.1 76.0 23.8 0.2 0.0
Intra-observer
NP vs NPc

2 vs 2 82.6 16.3 1.0 0.0 82.4 16.6 1.0 0.0 78.8 21.2 0.0 0.0
3 vs 3 84.1 15.3 0.6 0.0 74.2 24.8 0.8 0.3 80.0 20.0 0.0 0.0

NP: non-pathologist; P: pathologist. Nuclear: p53; membranous: GLUT1; cytoplasmic: PTEN. 
Uninterpretable cores were excluded.
aAssessor 1 left the project early because of an unforeseen work relocation.
bDifference in categories assigned by the two assessors: 0=same category assigned (no discrepancy); 1=adjacent 
categories were assigned (e.g., <10% positive and 11-50% positive); 2=difference between assigned categories was 
2 (e.g., <10% positive and >50% positive); 3(/4)=difference between assigned categories was 3 or 4 (e.g., negative 
and >50%).
cBased on a random 10% of TMA sections.
dBased on all TMA sections.

Intra-observer agreement of non-pathologists
Weighted intra-observer kappa values of two non-pathologists are shown in Table 5 (non-
weighted kappa values in Supplementary Table S7). The intra-observer agreement was 
highest for scoring nuclear and membranous immunoreactivity, showing “almost perfect” 
agreement (ᴋobserver2 = 0.83; ᴋobserver3 = 0.87), and “substantial” to “almost perfect” agreement 
(ᴋobserver2 = 0.82; ᴋobserver3 = 0.75), respectively. Scoring of cytoplasmic immunoreactivity 
showed “substantial” agreement (ᴋobserver2 = 0.69; ᴋobserver3 = 0.69). In the majority of scores 
(range, 98.9%–100%), equal or adjacent categories were assigned at the first and second 
timepoint (Supplementary Table S6).

Table 5 – Intra-observer agreement (weighted) of two non-pathologists, based on 10% randomly selected TMA 
sections.

Assessor 2
κ (95%-CI)

Assessor 3
κ (95%-CI)

Nuclear 0.83 (0.80-0.86) 0.87 (0.84-0.90)

Membranous 0.82 (0.79-0.85) 0.75 (0.72-0.78)

Cytoplasmic 0.69 (0.64-0.74) 0.69 (0.64-0.74)

Nuclear: p53; membranous: GLUT1; cytoplasmic: PTEN.
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DISCUSSION
TMAs are increasingly used to analyze protein expression by IHC in large-scale studies2, 3, 5, 37.  
Scoring is often done by non-pathologists17, 18; however, only few studies reported validity 
and reproducibility of scoring results38, 39. To the best of our knowledge, our study is one of 
the first to investigate agreement of TMA-based scoring of immunoreactivity in different 
subcellular localizations by non-pathologists. Our study showed that inter-observer 
agreement between an experienced histopathologist and trained non-pathologists was 
“moderate” to “substantial.” Agreement with the pathologist’s score did not further increase 
when a combination score from three instead of two trained non-pathologists was used. 

Inter-observer agreement non-pathologists versus pathologist 
Our study demonstrates that non-pathologists can generate reproducible results. These 
results are in line with a previous study by Jaraj and colleagues19, reporting comparable 
kappa values for inter-observer agreement between pathologists and non-pathologists. 
Even though it was not their main objective, two other studies reported comparable inter-
observer agreement between pathologists and non-pathologists22, 40. However, some 
of the studies reported weighted kappa values19, 22, but did not state what weights were 
assigned to adjacent scoring categories, making a direct comparison of kappa values with 
our study impossible. 

Considering the subjectivity of immunoreactivity scoring, several studies recommended that 
scoring should be done by multiple assessors to improve inter-observer agreement39, 41, 42.  
Our study confirmed that combining scores from multiple non-pathologists into a 
combination score increased inter-observer agreement with the pathologist’s score. 
Combining scores of three non-pathologists instead of two did not change inter-observer 
agreement with the pathologist, indicating that IHC scoring by two non-pathologists 
seems to be sufficient to yield reliable IHC results.

Immunoreactivity scoring in different subcellular localizations 
A limited number of studies investigated scoring agreement of immunoreactivity in 
different subcellular localizations, showing inconsistent results21–23. We showed that 
scoring of nuclear and membranous immunoreactivity generally leads to higher inter-
observer agreement compared with cytoplasmic immunoreactivity, consistent with results 
of Bolton and colleagues23. However, this is in contrast to two other studies which did not 
find a difference in the intra-observer and inter-observer agreement when scoring nuclear, 
membranous and cytoplasmic immunoreactivity21, 22. These discrepant results might be 
explained by the use of different IHC scoring methods between studies. 
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The IHC markers selected for the current study were chosen to provide a range of 
subcellular localizations (nucleus/membrane/cytoplasm) for scoring purposes. These 
markers are generalizable to other IHC stainings considering the subcellular localization.

Inter-observer agreement among non-pathologists 
Hitherto, few studies reported inter-observer agreement of IHC results among non-
pathologists. In the current study, we found “substantial” to “almost perfect” agreement 
among trained non-pathologists, which is in line with previously published results on TMAs 
and whole tissue sections17–19.

Intra-observer agreement of non-pathologists 
IHC studies often report intra-observer kappa values as a measure of reproducibility. Our 
study shows that non-pathologists are able to generate reproducible IHC scores after 
appropriate training, which is in line with previous studies17–19, 40. Interestingly, intra-observer 
kappa values of non-pathologists in the current study were similar to those previously 
reported for pathologists23, 43. In general, across all three markers, disagreements were 
limited to one-category discordances (e.g., <10% vs. 11%–50%) for all comparisons.

Limitations 
Our study has some limitations. We have no information on intra-observer and inter-observer 
agreement of pathologists, as this was beyond the scope of this article. Furthermore, the 
current study used TMA cores to assess inter-observer and intra-observer agreement. It 
has been described in the literature that inter-observer agreement increases when using 
TMA cores compared with whole tissue sections14. Thus, it remains to be clarified whether 
the agreement among non-pathologists and between non-pathologists and pathologists is 
similar in full tissue sections. However, the aim of this study was specifically to investigate 
IHC scoring on TMAs, because non-pathologists will mainly be involved in IHC scoring in 
large-scale studies using TMAs. Also, we did not directly compare the scoring performance 
between trained non-pathologists and untrained non-pathologists; thus, we are not able 
to draw direct conclusions on the necessity of training, and in particular whether similar 
results would have been obtained without training.

Recommendations 
We propose some recommendations which could improve comparability of IHC studies. 
First, it is important to report what weights were used for analyses of weighted kappa 
values. In addition, we think it would be of value to report both weighted and non-weighted 
kappa values. Second, it should be mentioned clearly in the methods what the IHC scoring 
experience of assessors was. If done by non-pathologists, it is important to report their 
training. Third, our results showed that disagreements were mostly limited to one-category 
discordances, suggesting that less refined scoring protocols may potentially improve 
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agreement. This is in line with previous studies44, 45, in which the authors showed that 
agreement improved when using scoring protocols with less categories. However, we 
acknowledge that the number of categories of the scoring protocol depends on the novelty 
and clinical relevance of the biomarker being studied. Scoring protocols for potential new 
biomarkers might comprise more categories compared with well-known biomarkers. 
Finally, we suggest that IHC scoring should be performed by at least two non-pathologists 
to be able to assess inter-observer agreement among assessors. Ideally, these non-
pathologists are trained by an expert pathologist and a certain percentage of samples 
(e.g., 10%) are double-scored by the pathologist to ensure quality of scoring. 

CONCLUSION
In this large study investigating inter-observer and intra-observer agreement of TMA-based 
immunoreactivity scores between pathologists and non-pathologists, we have shown 
that non- pathologists can generate reproducible IHC scoring results that are similar to 
those of an experienced pathologist. A combination score of at least two non-pathologists 
yielded optimal results. Future studies are required to validate our findings and to examine 
the practical implications and impact of potential misclassification, by comparing effect 
estimates for established stain-outcome associations when using the pathologist’s score 
versus the non-pathologists’ combination score.
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SUPPLEMENTARY MATERIAL
Supplementary Table S1 - Interpretation of Kappa values

Kappa coefficient Agreement
0-0.20 Slight
0.21-0.40 Fair
0.41-0.60 Moderate 
0.61-0.80 Substantial
0.81-1.00 Almost perfect

Supplementary Table S2 - Scoring percentages of nuclear (p53) immunoreactivity in tumor cells between non-
pathologists, the combination score, and the pathologist score. In total, 6,249 tumor cores that passed quality 
control were evaluated.

Scoring 
categories

All cores
N cores = 6,249

Random 10% of cores 
Ncores = 538

NP1 NP2 NP3 Combination NPc Combination NPc P4
Negative 39.5 31.6 30.7 32.7 29.6 31.0
1-10% 12.1 14.0 18.7 15.4 15.2 11.5
11-50% 10.8 10.6 10.8 9.7 11.9 19.1
51-90% 9.9 7.9 14.4 10.1 10.4 22.1
91-100% 26.0 34.3 23.8 27.2 27.9 15.4
Uninterpretablea 1.7 1.6 1.6 1.3 1.3 0.7
No agreementb - - - 3.5 3.7 -

NP: non-pathologist; P: pathologist
aExcluded from IHC analyses because of missing core, no tumor tissue in core, no immunostaining, or folded core.
bIf none of the assessors assigned the same score, the core was categorized as no agreement for the combination 
score.
cThe combination score is based on the non-pathologist’s scores: if at least two assessors independently assigned 
the same score to a core, this was the combination score.

Immunohistochemical scoring by non-pathologists | 53

2 2



Supplementary Table S3 - Scoring percentages of membranous (GLUT1) immunoreactivity in tumor cells between 
non-pathologists, the combination score, and the pathologist score. In total, 6249 tumor cores that passed quality 
control were evaluated.

Scoring categories
All cores

N  cores = 6,249
Random 10% of cores 

N cores = 681
NP1c NP2 NP3 Combination NPd Combination NPd P4

Negative 36.2 24.3 23.8 21.6 24.1 25.4
1-10% 23.5 17.6 15.9 12.4 12.8 18.2
11-50% 17.8 31.2 33.8 27.1 26.0 25.8
51-100% 20.3 25.0 24.0 22.0 26.6 30.1
Uninterpretablea 2.1 2.0 2.5 1.7 0.9 0.4
No agreementb - - - 15.2 9.7 -

NP: non-pathologist; P: pathologist
aExcluded from IHC analyses because of missing core, no tumor tissue in core, no immunostaining, or folded core.
bIf none of the assessors assigned the same score, the core was categorized as no agreement for the combination 
score.
cAssessor 1 left the project early because of an unforeseen work relocation, 1457 cores were evaluated. 
dThe combination score is based on the non-pathologist’s scores: if at least two assessors independently assigned 
the same score to a core, this was the combination score.

Supplementary Table S4 - Scoring percentages of cytoplasmic (PTEN) immunoreactivity in tumor cells between 
non-pathologists, the combination score, and the pathologist score. In total, 6,249 tumor cores that passed quality 
control were evaluated.

Scoring 
categories

All cores
N cores = 6,249

Random 10% of cores 
Ncores = 645

NP1 NP2 NP3 Combination NPc Combination NPc P4
Negative 14.5 7.0 7.5 7.8 8.5 12.9
Weak positive 49.7 51.8 52.3 53.0 51.6 45.7
Moderate positive 22.5 32.6 31.2 28.7 30.2 20.2
Strong positive 8.6 5.6 5.4 5.8 4.7 17.8
Uninterpretablea 4.8 3.1 3.5 3.3 3.3 3.4
No agreementb - - - 1.4 1.7 -

NP: non-pathologist; P: pathologist
aExcluded from IHC analyses because of missing core, no tumor tissue in core, no immunostaining, or folded core.
bIf none of the assessors assigned the same score, the core was categorized as no agreement for the combination 
score.
cThe combination score is based on the non-pathologist’s scores: if at least two assessors independently assigned 
the same score to a core, this was the combination score.
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Supplementary Table S5 – Inter-observer agreement (non-weighted) between the non-pathologists and the 
pathologist.

Nuclear
κ (95%-CI)

Membranous
κ (95%-CI)

Cytoplasmic
κ (95%-CI)

NP vs Pa

1 vs 4 0.63 (0.59-0.68) 0.50 (0.43-0.57)f 0.47 (0.42-0.52)
2 vs 4 0.51 (0.47-0.56) 0.60 (0.56-0.64) 0.31 (0.26-0.37)
3 vs 4 0.57 (0.52-0.62) 0.60 (0.56-0.64) 0.45 (0.39-0.50)

1+2 vs 4b,c 0.69 (0.64-0.74) 0.69 (0.61-0.77)f 0.47 (0.41-0.53)
1+3 vs 4b,c 0.70 (0.65-0.75) 0.72 (0.64-0.80)f 0.55 (0.49-0.61)
2+3 vs 4b,c 0.62 (0.57-0.67) 0.67 (0.62-0.72) 0.43 (0.37-0.49)

Combination scorec,d vs 4 0.61 (0.57-0.66) 0.64 (0.59-0.69) 0.45 (0.40-0.50)
NP vs NPe

1 vs 2 0.62 (0.60–0.63) 0.58 (0.55-0.61)f 0.45 (0.44-0.47)
1 vs 3 0.68 (0.67-0.70) 0.54 (0.51-0.58)f 0.56 (0.55-0.58)
2 vs 3 0.69 (0.67-0.70) 0.74 (0.73-0.76) 0.59 (0.58-0.61)
1 vs 2 vs 3 0.66 (0.65-0.67) 0.62 (0.59-0.64)f 0.54 (0.52-0.55)

NP: non-pathologist; P: pathologist. Nuclear: p53; membranous: GLUT1; cytoplasmic: PTEN.
aBased on a random 10% of TMA sections (range 538-681 cores).
bComparison of a combination of two non-pathologists with the pathologist: if the two non-pathologists 
independently assigned the same score to a core, this was the combined score. If the non-pathologists assigned a 
different score, the core was categorized as no agreement. 
cCores where no agreement was reached between non-pathologists (combination score = no agreement) were 
excluded for analyses. 
dThe combination score is based on all three non-pathologist’s scores: if at least two assessors independently 
assigned the same score to a core, this was the combination score. If none of the assessors assigned the same 
score, the core was categorized as no agreement.
eBased on all cores (Ncores = 6249).
fAssessor 1 left the project early because of an unforeseen work relocation, 1457 cores were evaluated.
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Supplementary Table S6 – Inter-observer agreement (non-weighted) per scoring category of non-pathologist 
assessors (NP1-3) and all (NP1-3 & P4) assessors.

Agreement non-pathologist assessors 
(NP1-3)

Ncores = 6,249

Agreement all assessors (NP1-3 & P4)
Ncores = 538 - 681

Scoring categories
 

Nucleara 

κ
Membranousb,c 

κ
Cytoplasmicd 

κ
Nucleara 

κ
Membranousb,c 

κ
Cytoplasmicd 

κ
0 0.83 0.68 0.61 0.86 0.74 0.60
1 0.56 0.45 0.53 0.57 0.44 0.53
2 0.45 0.53 0.49 0.46 0.56 0.37
3 0.35 0.82 0.51 0.32 0.76 0.32
4 0.79 - - 0.67 - -
Not interpretable 0.65 0.71 0.62 0.64 0.59 0.54
Combined 0.66 0.62 0.53 0.62 0.64 0.47

Confidence intervals for kappa values per category could not be calculated using Stata. 
aNuclear (p53): 0 = negative; 1 = <10% positive nuclei; 2 = 11-50% positive nuclei; 3 = 51-90% positive nuclei; 4 = 
91-100% positive nuclei. 
bMembranous (GLUT1): 0 = negative; 1 = <10% positive membranes; 2 = 11-50% positive membranes; 3 = 51-100% 
positive membranes.  
cAssessor 1 left the project early because of an unforeseen work relocation. 
dCytoplasmic (PTEN): 0 = negative; 1 = weak positive cytoplasm; 2 = moderate positive cytoplasm; 3 = strong 
positive.

Supplementary Table S7 – Intra-observer agreement (non-weighted) of two non-pathologists, based on 10% 
randomly selected TMA sections (Ncores = 538-681).

Assessor 2
κ (95%-CI)

Assessor 3
κ (95%-CI)

Nuclear 0.73 (0.69-0.77) 0.80 (0.76-0.84)
Membranous 0.75 (0.72-0.79) 0.65 (0.60-0.69)
Cytoplasmic 0.63 (0.58-0.69) 0.65 (0.60-0.70)

Nuclear: p53; membranous: GLUT1; cytoplasmic: PTEN.
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ABSTRACT
Previous research has suggested that the expression of proteins related to the Warburg-
effect may have prognostic value in colorectal cancer (CRC), but results remain 
inconsistent. Our objective was to investigate the relationship between Warburg-subtypes 
and patient survival in a large population-based series of CRC patients. In the present study, 
we investigated the expression of six proteins related to the Warburg-effect (LDHA, GLUT1, 
MCT4, PKM2, p53, PTEN) by immunohistochemistry on tissue microarrays (TMAs) from 
2,399 incident CRC patients from the prospective Netherlands Cohort Study. Expression 
levels of the six proteins were combined into a pathway-based sum-score and patients were 
categorized into three Warburg-subtypes (low/moderate/high). The associations between 
Warburg-subtypes and CRC-specific and overall survival were investigated using Kaplan–
Meier curves and Cox regression models. CRC patients were classified as Warburg-low 
(n  = 695, 29.0%), Warburg-moderate (n  = 858, 35.8%) or Warburg-high (n  = 841, 35.1%). 
Patients with Warburg-high CRC had the poorest CRC-specific (hazard ratio (HR) 1.17; 
95% CI 1.00–1.38) and overall survival (HR 1.19; 95% CI 1.05–1.35), independent of 
known prognostic factors. In stratified analyses, this was particularly true for patients 
with tumor-node-metastasis (TNM) stage III CRC (HRCRC-specific 1.45; 95% CI 1.10–1.92 and 
HRoverall 1.47; 95% CI 1.15–1.87), and cancers located in the rectum (HRoverall 1.56; 95% CI 
1.15–2.13). To our knowledge, this is the first study to identify the prognostic value of 
immunohistochemistry-based Warburg-subtypes in CRC. Our data suggest that Warburg-
subtypes are related to potentially important differences in CRC survival. Further research 
is required to validate our findings and to investigate the potential clinical utility of these 
Warburg-subtypes in CRC.
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INTRODUCTION 
Colorectal cancer (CRC) is the third most common cancer worldwide1, 2. Despite advances 
in early detection and treatment of CRC patients, it remains the second most deadly cancer 
worldwide, accounting for more than 900,000 deaths every year1, 2. Currently, the tumor-
node-metastasis (TNM) staging system remains the most important clinically used factor 
to predict patient prognosis3, 4. However, even within the same TNM stage, the prognosis 
of patients may differ significantly, most likely due to heterogeneity in patient and CRC 
characteristics3-6. It has been suggested that CRCs represent a heterogeneous group of 
tumors that develop via several distinct molecular pathways involving different genetic 
and epigenetic alterations7-10. One of the most frequently activated molecular pathways 
is the PI3K/AKT/mTOR signaling pathway, which is regulated by the tumor suppressor 
PTEN11, 12. It has been proposed that the PI3K/AKT/mTOR signaling pathway is involved in 
‘rewiring’ cancer metabolism from oxidative phosphorylation towards aerobic glycolysis 
through the regulation of three transcription factors: HIF-1α, MYC, and p5313-18.

Aerobic glycolysis, also known as the ‘Warburg-effect’, is characterized by increased 
glucose uptake and lactate secretion, even in the presence of oxygen16, 17, 19. First, glucose 
uptake by tumor cells is stimulated by upregulation of the expression of glucose transporter 
1 (GLUT1)17, 20. Then, glycolytic flux and lactate production are increased by upregulation of 
the expression of pyruvate kinase M2 (PKM2), pyruvate dehydrogenase kinase 1 (PDK1) 
and lactate dehydrogenase A (LDHA)16, 17. Finally, the expression of monocarboxylate 
transporter 4 (MCT4) is increased to promote lactate secretion and prevent cytoplasmic 
acidification17, 20.

The Warburg-effect is thought to increase the malignant potential of tumor cells17 and may 
contribute to therapy resistance21. Glycolysis-related proteins are therefore considered to 
have potential prognostic value22. Numerous studies have investigated the prognostic 
potential of key glycolytic enzymes and transcriptional regulators in various types of 
cancer, including CRC, but results remain inconsistent (see Yu et al.22 for meta-analysis). 
However, most previous studies focused on investigating a single protein involved in the 
Warburg-effect, while this pathway is much more complicated. Therefore, there may not 
be one single protein driving the Warburg effect, but rather a combination of proteins.

In the present study, we therefore attempted to capture the Warburg-effect by ensuring 
that the different steps of the pathway were represented by at least one protein. These 
steps include: (1) upstream regulation of the Warburg effect (PTEN, p53), (2) more glucose 
entering the pathway (GLUT1), (3) enhanced glycolysis (PKM2), (4) increased lactate 
production (LDHA), and (4) enhanced lactate secretion (MCT4). The expression levels of 
these six proteins (PTEN, p53, GLUT1, PKM2, LDHA, MCT4) were combined into a sum 

Warburg-subtypes of colorectal cancer and survival | 61

3 3



score. Based on the sum score, patients were divided into three subgroups representing 
low, moderate or high likelihood of the presence of the Warburg-effect, hereafter referred 
to as the “Warburg-subtypes” (Warburg-low, -moderate, and -high, respectively). We 
then investigated the relationship between these Warburg-subtypes and patient survival 
in a large population-based series of CRC patients. We hypothesized that patients with 
Warburg-high CRC have a worse prognosis compared to patients with Warburg-low CRC.

METHODS
Design and study population
The population-based series of CRC patients was derived from the prospective Netherlands 
Cohort Study (NLCS), which has been described in detail previously23. In short, the NLCS 
was initiated in September 1986 (baseline) when 120,852 men and women, aged 55–
69 years, completed a mailed, self-administered questionnaire on diet and other cancer risk 
factors23. The NLCS was approved by the institutional review boards of the TNO Quality of 
Life Research Institute (Zeist, the Netherlands) and Maastricht University (Maastricht, the 
Netherlands) (METC number 85-012). All cohort members consented to participation by 
completing the questionnaire. Follow-up for cancer incidence was established by annual 
record linkage with the Netherlands Cancer Registry and PALGA, the nationwide Dutch 
Pathology Registry24, 25, covering 20.3 years of follow-up since study initiation (17 September 
1986 until 1 January 2007). The estimated completeness of cancer incidence follow-up was 
>96%26. After excluding patients who reported a history of cancer (excluding non-melanoma 
skin cancer) at baseline, 4,597 incident CRC patients were available (Figure 1).

Tissue collection and TMA construction
Formalin-fixed paraffin-embedded (FFPE) tissue blocks from CRC patients were collected as 
part of the Rainbow-Tissue MicroArray (TMA) project during 2012–201727 (Supplementary 
Table S1). Tumor and normal tissue FFPE blocks were requested for 3,872 incident CRC 
patients, selected based on available linkage to PALGA record (which provides access to 
pathology laboratories) and surgical or endoscopic resection specimen with pathology 
report, excluding those who received neoadjuvant therapy. FFPE blocks from 3,021 CRC 
patients were retrieved from 43 pathology laboratories throughout the Netherlands (78% 
retrieval rate), after excluding patients without approval of donor pathology labs, without 
pathology report or FFPE blocks. For TMA construction, H&E-stained sections were 
reviewed by pathologists and areas with the highest tumor density were marked. Three 
0.6 mm diameter cores with tumor and three cores with normal epithelium were sampled 
per patient (TMA-Grandmaster, 3D-Histech, Hungary). After excluding patients with 
unusable FFPE blocks, tumor cores from 2,694 CRC patients were successfully assembled 
in 78 TMA blocks (Figure 1).
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Immunohistochemistry
Five micrometer thick serial sections were cut from all 78 TMA blocks and subjected to 
immunohistochemistry (IHC). Details of the primary antibodies and staining protocols are 
shown in Supplementary Table S2. After IHC, TMA sections were scanned using the Aperio 
scanner (Leica Microsystems, Milton Keynes, UK) at 40× magnification at the University of 
Leeds (UK) Scanning Facility.

Three non-pathologist observers (GEF: histology technician; KO: PhD student; JCAJ: PhD 
student) were trained by a senior histopathologist (HIG) in recognizing adenocarcinoma 
and IHC scoring. Presence of adenocarcinoma was confirmed for every individual core by 
reviewing the H&E-stained TMA sections in combination with the pan-cytokeratin-stained 
sections if necessary. Requiring at least one tumor core per patient, tumor cores of 2,497 
CRC patients passed quality control (Figure 1).

After quality control, all tumor cores were scored by at least two observers, independently 
and blinded for patient characteristics (see Supplementary Table S3 for percentage of 
slides evaluated per observer). Scoring protocols for all proteins and kappa values for 
inter- and intra-observer agreement are shown in Supplementary Table S4. In brief, the 
expression of p53 in the tumor cells was scored as negative; 1–10% positive nuclei; 
11–50% positive nuclei; 51–90% positive nuclei; and 91–100% positive nuclei. PTEN 
expression was scored as negative (no staining in tumor cytoplasm); weak (staining of 
tumor cytoplasm weaker than adjacent stroma); moderate (similar staining intensity in 
tumor cytoplasm and adjacent stroma); or strong (staining of tumor cytoplasm stronger 
than adjacent stroma), according to the protocol of Richman et al.28. GLUT1 and MCT4 
expression were scored as negative; 1–10% tumor cells with membranous staining; 11–
50% positive tumor cells; and >50% positive tumor cells. LDHA was evaluated according to 
the protocol of Koukourakis et al.29, with minor adaptations. LDHA expression was scored 
in the tumor cells as negative/weak cytoplasmic staining; 1–50% tumor cells strong 
cytoplasmic staining; >50% tumor cells strong cytoplasmic staining. PKM2 expression was 
scored in the tumor cells as negative/weak cytoplasmic staining; moderate cytoplasmic 
staining; 1–50% tumor cells strong cytoplasmic staining; and >50% tumor cells strong 
cytoplasmic staining.

Supplementary Figure S1 shows a flow diagram of the process of combining multiple 
core-level scores into patient-level Warburg-subtypes. Scores from individual observers 
were combined into a ‘combination score’ if the same score was given by at least two 
observers. If the score was discrepant between observers, cores were either reviewed 
jointly by the two initial observers to agree on a final score, or an experienced pathologist 
(IS) with special interest in gastrointestinal pathology determined the final score. To 
obtain patient-level data for every protein, the scores of all available tumor cores (1–3 
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tumor cores per patient) were averaged and the value was rounded to the nearest scoring 
category. The average score was categorized to achieve three approximately equal-sized 
groups, representing low, moderate, and high protein expression. Cut-offs for PTEN and 
p53 were based on published literature28, 30, cut-offs for other proteins were determined 
based on the distribution of patients (Supplementary Table S4 shows cut-offs per protein).

Establishing Warburg-subtypes
Warburg-subtypes were created using a sum score, where high protein expression for p53, 
GLUT1, LDHA, MCT4 or PKM2 added a score of 2 per protein, moderate expression a 
score of 1 per protein, and low expression a score of 0 per protein. Since PTEN is inversely 
associated with the Warburg-effect31, its score was reversed, i.e., 2 = low expression, 1 = 
moderate expression, 0 = high expression. The resulting sum score ranged from 0 to 12, 
where a higher sum score indicated a higher probability of the presence of the Warburg 
effect. Patients with missing data for one or more of the proteins were excluded from 
further analyses, resulting in 2,399 CRC patients for which a Warburg-subtype could be 
determined (Figure 1). Based on the sum score, CRC patients were categorized into the 
‘Warburg-low’ subtype (sum score 0–3, n = 698), ‘Warburg-moderate’ subtype (sum score 
4–5, n = 859) or ‘Warburg-high’ subtype (sum score 6–12, n = 842) (Supplementary Figure 
S1).

DNA mismatch repair status
DNA mismatch repair (MMR) status was assessed by IHC for MLH1 and MSH2 proteins 
(see Supplementary Table S2 for primary antibodies and staining protocols), and 
immunostaining was evaluated according to the protocol of Richman et al.28. Nuclear 
immunostaining of stromal cells or lymphocytes adjacent to the tumor served as internal 
positive controls. Tumors with loss of either MLH1 or MSH2 expression, in the presence of 
internal positive controls, were considered MMR deficient (dMMR). Tumors that expressed 
both MLH1 and MSH2 were considered MMR proficient (pMMR).

Clinical characteristics and follow-up
Information on patient and tumor characteristics, such as incidence date, TNM stage, tumor 
location, tumor differentiation grade, and initial treatment information was retrieved from the 
cancer registry or PALGA histopathology reports. Patients who were diagnosed at autopsy 
were excluded (n = 5), leaving 2,394 CRC patients for analyses (Figure 1). Follow-up for 
vital status of the CRC patients was carried out through linkage with the Central Bureau 
of Genealogy and the municipal population registries until 31 December 2012. Cause of 
death was retrieved from Statistics Netherlands. CRC-specific deaths included those with 
an underlying cause attributed to malignant neoplasms of the colon, rectosigmoid junction, 
and rectum (ICD-10 codes C18–C20). Vital status was available for 2,393 patients, and 
information regarding CRC-specific death was available for 2,356 patients.
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Figure 1 – Flow diagram of the number of CRC patients available for analyses in the Netherlands Cohort Study 
(NLCS), 1986-2006. CRC, colorectal cancer; PALGA, Netherlands pathology database; TMA, tissue microarray.
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Statistical analyses
Descriptive statistics and frequency distributions were calculated for clinical characteristics. 
Differences between Warburg-subtypes were evaluated using Chi-square for categorical 
variables and Kruskal–Wallis tests for continuous variables. The primary endpoints of 
the current study were CRC-specific survival, defined as the time from CRC diagnosis to 
CRC-related death or end of follow-up, and overall survival, defined as the time from CRC 
diagnosis to death from any cause or end of follow-up. Because of the limited number 
of events in the later period with follow-up of more than 10 years (CRC-specific deaths: 
n = 33, 3.2%; overall deaths: n = 275, 15.1%), survival analyses were restricted to 10 years 
of follow-up. Analyses were stratified for TNM stage and tumor location. The relationship 
between Warburg-subtypes and CRC-specific or overall survival was estimated using 
Kaplan–Meier curves and Wilcoxon tests. Hazard ratios (HRs) and 95% CIs were estimated 
using Cox proportional hazards regression.

The proportional hazards assumption was tested using the scaled Schoenfeld residuals32, 
by evaluating −log–log transformed survival curves and by introducing time-covariate 
interactions into the models. HRs were adjusted for a set of a priori selected prognostic 
factors: age at diagnosis, sex, tumor location, TNM stage, differentiation grade, MMR 
status and adjuvant therapy. A separate category (‘unknown’) was used for patients with 
unknown clinical information regarding TNM stage, differentiation grade, adjuvant therapy, 
or MMR status to enable inclusion of these patients in the Cox proportional hazards 
models.

Cancer stage was based on the pathological TNM classification, according to the edition that 
was valid at the time of cancer diagnosis (Supplementary Table S5). Hence, five different 
TNM versions have been used during the follow-up period (TNM versions 3–6). However, 
the main TNM stage groupings (I/II/III/IV) have remained essentially unchanged33. Year 
of diagnosis (1986–2006) and TNM version were considered as potential confounders to 
account for potential differences in clinical practice over the years. Both variables were not 
included in our final models because they did not introduce a ≥10% change in HRs.

In sensitivity analyses, we repeated analyses after excluding CRC patients who died within 
30 days after diagnosis (n = 93). Furthermore, analyses were repeated after excluding CRC 
patients with unknown clinical information regarding TNM stage, differentiation grade, 
adjuvant therapy or MMR status (n = 265).

All analyses were conducted in Stata Statistical Software: Release 16 (StataCorp., College 
Station, TX, USA). P values <0.05 were considered significant.
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RESULTS
In total, 2,394 CRC patients were available for analyses and classified as Warburg-low 
(n = 695, 29.0%), Warburg-moderate (n = 858, 35.8%) or Warburg-high (n = 841, 35.1%), 
based on the combined protein expression levels of LDHA, GLUT1, MCT4, PKM2, p53, and 
PTEN (Supplementary Table S6).

Clinical characteristics 
Clinical characteristics of the 2,394 included CRC patients are shown in Table 1. Warburg-
subtypes differed significantly with respect to tumor location, TNM stage, tumor extension 
(pT), lymph node involvement (pN), differentiation grade, and MMR status, but did not 
differ with respect to age at diagnosis, sex, and adjuvant therapy status. The Warburg-high 
subtype was more often observed in tumors located in the colon, whereas the Warburg-
low and -moderate subtypes were more often observed in tumors located in the rectum or 
rectosigmoid (p = 0.027). Furthermore, the Warburg-high subtype was more common in 
TNM stage IV tumors, whereas Warburg-low and -moderate subtypes were more common 
in TNM stage I tumors (p = 0.001). The Warburg-high subtype was more frequently 
observed in tumors with a higher primary tumor extension (pT, p = 0.007) and tumors with 
lymph node involvement (pN, p = 0.006). Lastly, Warburg-high tumors were more often 
poorly differentiated (p < 0.001) and MMR deficient (p < 0.001) compared to Warburg-low 
and -moderate tumors.

Survival
The median (range) follow-up time since diagnosis was 4.86 years (0.0027–25.99 years). 
Survival analyses were restricted to 10 years of follow-up. During these first 10 years of 
follow-up, 1,551 (64.8%) deaths were observed, of which 986 (63.6%) were CRC-related 
deaths.

Univariable Kaplan–Meier curves showed differences between Warburg-subtypes for 
CRC-specific survival (p = 0.0037) and overall survival (p = 0.0004) (Figure 2). Patients 
with Warburg-high tumors had a significantly worse CRC-specific survival (HR 1.30; 95% 
CI 1.11–1.52) and overall survival (HR 1.26; 95% CI 1.12–1.43) compared to patients with 
Warburg-low tumors in univariable analyses (Table 2). The Warburg-high subtype remained 
a significant predictor of prognosis in multivariable-adjusted analyses (HR 1.17; 95% CI 
1.00–1.38, and HR 1.19; 95% 1.05–1.35 respectively) (Table 2). No significant difference 
in survival was observed for CRC patients with Warburg-moderate compared to Warburg-
low tumors.
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Table 1 – Clinical characteristics of the colorectal cancer patients within the Netherlands Cohort Study (NLCS, 1986-
2006, total n = 2,394) according to Warburg-subtypes.

Clinical characteristics Total CRC 
(n = 2,394)

Warburg-subtypes
Warburg-low 
(n = 695)

Warburg-moderate 
(n = 858)

Warburg-high 
(n = 841) P-valuea

Year of diagnosis, n (%)
1986-1988 109 (4.6) 38 (5.5) 35 (4.1) 36 (4.3)

0.211

1989-1991 206 (8.6) 60 (8.6) 81 (9.4) 65 (7.7)
1992-1994 306 (12.8) 80 (11.5) 107 (12.5) 119 (14.2)
1995-1997 426 (17.8) 128 (18.4) 161 (18.8) 137 (16.3)
1998-2000 444 (18.6) 146 (21.0) 152 (17.7) 146 (17.4)
2001-2003 442 (18.5) 109 (15.7) 159 (18.5) 174 (20.7)
2004-2006 461 (19.3) 134 (19.3) 163 (19.0) 164 (19.5)

Age at diagnosis
in years, median (range)

74.0 
(55.0-89.0)

74.0 
(55.0-89.0)

74.0 
(56.0-88.0)

74.0 
(56.0-89.0) 0.645b

Sex, n (%)
Men 1333 (55.7) 406 (58.4) 485 (56.5) 442 (52.6)

0.058
Women 1061 (44.3) 289 (41.6) 373 (43.5) 399 (47.4)

Tumor location, n (%)
Colon 1703 (71.1) 467 (67.2) 608 (70.9) 628 (74.7)

0.027Rectosigmoid 234 (9.8) 81 (11.7) 81 (9.4) 72 (8.6)
Rectum 457 (19.1) 147 (21.2) 169 (19.7) 141 (16.8)

pTNM stage, n (%)
I 468 (19.6) 170 (24.5) 172 (20.1) 126 (15.0)

0.001
II 909 (38.0) 260 (37.4) 309 (36.0) 340 (40.4)
III 625 (26.1) 163 (23.5) 233 (27.2) 229 (27.2)
IV 335 (14.0) 82 (11.8) 123 (14.3) 130 (15.5)
Unknown 57 (2.4) 20 (2.9) 21 (2.5) 16 (1.9)

Tumor extension (pT), n (%)
T1 101 (4.2) 39 (5.6) 35 (4.1) 27 (3.2)

0.007
T2 454 (19.0) 152 (21.9) 174 (20.3) 128 (15.2)
T3 1535 (64.1) 421 (60.6) 542 (63.2) 572 (68.0)
T4 239 (10.0) 62 (8.9) 84 (9.8) 93 (11.1)
Unknown 65 (2.7) 21 (3.0) 23 (2.7) 21 (2.5)

Lymph node metastasis (pN), n (%)
N0 1247 (52.1) 377 (54.2) 450 (52.5) 420 (49.9)

0.006N+ 870 (36.3) 220 (31.7) 314 (36.6) 336 (40.0)
Unknown 277 (11.6) 98 (14.1) 94 (11.0) 85 (10.1)

Differentiation grade, n (%)
Well 205 (8.6) 80 (11.5) 76 (8.9) 49 (5.8)

<0.001
Moderate 1571 (65.6) 463 (66.6) 565 (65.9) 543 (64.6)
Poor/undifferentiated 415 (17.3) 89 (12.8) 139 (16.2) 187 (22.2)
Unknown 203 (8.5) 63 (9.1) 78 (9.1) 62 (7.4)

Adjuvant therapy, n (%)
No 1874 (78.3) 547 (78.7) 668 (77.9) 659 (78.4)

0.181Yes 499 (20.8) 137 (19.7) 185 (21.6) 177 (21.1)
Unknown 21 (0.9) 11 (1.6) 5 (0.6) 5 (0.6)

dMMR, n (%)
No 2116 (88.4) 628 (90.4) 775 (90.3) 713 (84.8)

0.001Yes 254 (10.6) 58 (8.4) 79 (9.2) 117 (13.9)
Unknown 24 (1.0) 9 (1.3) 4 (0.5) 11 (1.3)

aP-value for the χ2 test, unless otherwise specified
bP-value for the Kruskall-Wallis test 

CRC, colorectal cancer; TNM, tumor node metastasis; dMMR, mismatch repair deficient. 
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Univariable and multivariable-adjusted HRs for other relevant prognostic factors included 
in the model are shown in Supplementary Table S7. In multivariable-adjusted analyses, 
age at diagnosis (per year), TNM stage, and tumor differentiation grade were associated 
with a significantly worse CRC-specific and overall survival, while adjuvant therapy and 
MMR deficiency were associated with better survival. Moreover, women had improved 
overall survival, but not CRC-specific survival. No significant associations were found 
between tumor location and CRC-specific or overall survival.

Next, we stratified CRC patients by TNM stage to assess the disease stage-dependent 
prognostic value of Warburg-subtypes. Univariable Kaplan–Meier curves showed that 
CRC-specific survival differed between Warburg-subtypes in TNM stage III (p = 0.0011), 
but not in the other TNM stages (Supplementary Figure S2). Univariable Cox regression 
analyses revealed that patients with Warburg-high tumors had a significantly poorer 
CRC-specific (HR 1.40; 95% CI 1.06–1.85) and overall survival (HR 1.42; 95% CI 1.12–
1.80) compared to patients with Warburg-low tumors in TNM stage III (Table 3). After 
multivariable adjustment, the Warburg-high subtype remained a significant predictor of 
CRC-specific (HR 1.45; 95% CI 1.10–1.92) and overall mortality (HR 1.47; 95% CI 1.15–
1.87) in TNM stage III (Table 3).

Figure 2 – Kaplan-Meier curves according to metabolic subtypes (i.e., “Warburg-low”, “Warburg-moderate”, “Warburg-
high”) in colorectal cancer patients within the Netherlands Cohort Study (NLCS, 1986-2006, total n = 2,394), showing 
(A) CRC-specific survival and (B) overall survival.
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In addition, CRC-specific survival differed between Warburg-subtypes in patients with 
tumors located in the rectosigmoid (p = 0.0003) (Supplementary Figure S3). Patients with 
Warburg-high tumors located in the rectosigmoid or rectum had a significantly worse CRC-
specific and overall survival compared to patients with Warburg-low tumors (rectosigmoid: 
HR 2.37; 95% CI 1.40–4.01 and HR 1.73; 95% CI 1.17–2.54; rectum: HR 1.55; 95% CI 1.07–
2.24 and HR 1.77; 95% CI 1.31–2.39) in univariable analyses (Table 4). In multivariable-
adjusted analyses, the Warburg-high subtype remained a significant predictor of overall 
survival in patients with tumors in the rectum (HR 1.56; 95% CI 1.15–2.13) (Table 4).

In sensitivity analyses, excluding CRC patients who died within 30 days after diagnosis 
(n = 93) did not lead to essential changes (data not shown). Furthermore, excluding 
CRC patients with unknown clinical information (n = 265) (i.e., unknown TNM stage, 
differentiation grade, adjuvant therapy, or MMR status) yielded similar results, except for a 
statistically significant positive association between the Warburg-high subtype and CRC-
specific survival (HR 1.51; 95% CI 1.01–2.26 versus HR 1.29; 95% CI 0.88–1.88) in patients 
with tumors in the rectum after multivariable-adjustment (data not shown).
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DISCUSSION
To the best of our knowledge, this is the first study to investigate the prognostic value 
of immunohistochemistry (IHC)-based Warburg-subtypes in a large population-based 
series of in colorectal cancer (CRC) patients. Warburg-subtypes were characterized using 
a pathway-based sum score of the IHC expression levels of six glycolytic proteins and 
transcriptional regulators indicative of the Warburg-effect (LDHA, GLUT1, MCT4, PKM2, 
p53, PTEN). Based on this sum score, CRC patients were classified as Warburg-low (low 
probability of the presence of the Warburg effect), Warburg-moderate or Warburg-high (high 
probability of the presence of the Warburg effect). Our results indicate that CRC patients 
with Warburg-high tumors had a worse CRC-specific and overall survival, independent 
of known prognostic factors such as TNM stage. Stratified analyses indicated that the 
Warburg-high subtype was particularly associated with a poor prognosis in patients with 
TNM stage III CRC, and tumors located in the rectum.

There have been some studies investigating the existence and prognostic value of metabolic 
subtypes in other cancer types. Karasinska et al.34 identified four metabolic subtypes 
(quiescent, glycolytic, cholesterogenic and mixed) in pancreatic ductal adenocarcinoma 
(PDAC), based on RNA-sequencing data of glycolytic and cholesterogenic genes. Their 
results indicated that patients with glycolytic PDACs had a poorer overall survival34. Choi et 
al.35 stratified breast cancer patients into four metabolic subtypes, based on IHC data on 
the expression of GLUT1 and CAIX: (1) the Warburg type (glycolytic tumor, non-glycolytic 
stroma); (2) the null type (non-glycolytic tumor, non-glycolytic stroma); (3) the mixed type; 
and (4) the reverse Warburg type (non-glycolytic tumor, glycolytic stroma). The Warburg-
subtype was associated with a poor survival in breast cancer. Although these studies were 
performed in different cancer types using different subtyping methodology, our results are 
consistent with those previously reported, supporting the potential prognostic value of 
Warburg/glycolytic-subtypes in CRC.

Furthermore, our results support the findings reported in the meta-analysis by Yu et al.22, 
in which the results of 86 observational studies, including four studies in CRC (n = 648), 
were pooled to investigate the association between glycolysis-related markers and cancer 
prognosis. The authors reported that glycolysis-related proteins were associated with a 
poor overall survival in various cancers, including CRC22. Moreover, Zhu et al.36 constructed 
a glycolysis-related risk score model for CRC patients based on mRNA sequencing data 
from TCGA and GEO databases and showed that a glycolysis-related risk score was 
associated with a poor prognosis in CRC and could be used to predict CRC patient’s 
outcomes36. However, their study was based on a limited number of CRC patients (n 
= 379) because of incomplete follow-up data. In addition, Zhu et al.36 reported that the five 
genes used to establish the risk score were not reported to be key genes in the glycolysis 
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pathway. Nevertheless, the findings in the current study are consistent with their findings 
and suggest that the Warburg-effect is associated with a poor prognosis in CRC.

The biological explanation for the differences in survival we observed for the Warburg-
subtypes, and especially within the different TNM stages and tumor locations, remains 
to be investigated in future studies. A potential mechanism through which the Warburg-
effect is thought to contribute to a poor prognosis in cancer patients is the acidification 
of the tumor environment37, which is caused by the increased secretion of lactate by 
cancer cells38. It has previously been suggested that extracellular acidification contributes 
to tumor aggressiveness by allowing cancer cells to invade normal surrounding tissues 
and by causing cancer cells to detach from the extracellular matrix and metastasize37. 
In addition, acidification of the tumor environment has been associated with therapy 
resistance and immunosuppression21, 39.

Targeting the Warburg-effect is a major area of focus in the development of novel anti-
cancer drugs40. Inhibition of the Warburg effect may reduce tumor cell proliferation and 
metastasis41. Several inhibitors of glycolytic enzymes and transporters (e.g., GLUT, PKM2, 
LDHA, MCT1) are currently in (pre)clinical development; however, to date there has been 
little clinical success42, 43. Vanhove et al.43 described that a major pitfall in the trials to 
test drugs targeting metabolism is the limited knowledge about the metabolic pathways 
involved, as no metabolic profiling is performed before initiation of therapy. Indeed, 
although research has shown that the Warburg effect is frequently observed in cancer, it is 
not a universal trait of all tumor cells43, 44. Therefore, Warburg-subtyping may aid the design 
of Warburg-targeted therapies and improve therapeutic outcomes.

Strengths of this study include its use of a large population-based series of CRC patients, 
the nearly complete follow-up, and the fact that patients were mainly treated with surgery. 
Our study has some potential limitations. First, we decided to categorize CRC patients into 
Warburg-subtypes by using a pathway-based sum score of six proteins involved in the 
Warburg effect. With such an approach, the Warburg-low group includes CRC patients with 
moderate or high protein expression for some of the proteins, whereas the Warburg-high 
group includes CRC patients with low or moderate expression for some of the proteins. 
Second, the six proteins used to identify Warburg-subtypes represent a selection of proteins 
involved in the pathway. However, we believe that using a multi-marker approach which 
incorporated six proteins involved in different levels of the pathway (i.e., transcriptional 
regulation, glucose transport, glycolysis, lactate secretion), provided a relatively 
comprehensive insight into the Warburg-effect. A third potential limitation is related to the 
use of TMAs, which may not fully represent the whole of the tumour45. However, it has been 
shown previously that triplicate 0.6-mm cores are a reliable alternative for high-throughput 
molecular profiling using IHC compared to whole-tissue sections46. Lastly, our study did 
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not have a validation cohort available to confirm the observed associations.

In conclusion, in the present study, we have investigated the prognostic value of 
immunohistochemistry (IHC)-based Warburg-subtypes in colorectal cancer (CRC). 
The Warburg-high subtype was associated with the poorest prognosis in CRC patients, 
especially in TNM stage III CRC, and cancers located in the rectum. Metabolic subtyping, 
based on the presence of the Warburg effect, resulted in potentially important differences 
in CRC survival and may be used in the future for risk stratification, the design of Warburg-
targeted therapies, and to improve therapeutic outcomes. However, further research is 
required to validate our findings and to investigate the potential clinical utility of these 
Warburg-subtypes in CRC.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1 – Flow diagram of the process of combining core-level scores into patient-level Warburg-
subtypes. Nlow, number of CRC patients with low protein expression; nmod, number of CRC patients with moderate 
protein expression; nhigh, number of CRC patients with high protein expression.
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Supplementary Figure S2 – Kaplan-Meier curves showing CRC-specific survival of Warburg subtypes (i.e., Warburg-
low, Warburg-moderate and Warburg-high), within (A) TNM stage I (n = 468); (B) TNM stage II (n = 909); (C) TNM 
stage III (n = 625); (D) TNM stage IV (n = 335). Netherlands Cohort Study (NLCS), 1986-2006.
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Supplementary Figure S3 – Kaplan-Meier curves showing CRC-specific survival of Warburg subtypes (i.e., Warburg-
low, Warburg-moderate and Warburg-high), within (A) colon (n = 1703); (B) rectosigmoid (n = 234); and (C) rectum 
(n = 457). Netherlands Cohort Study (NLCS), 1986-2006.
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Supplementary Table S1 – Acknowledgements for the Rainbow-TMA project.
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Netherlands.
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Supplementary Table S3 – Percentage of slides evaluated per observer for the six immunohistochemical markers 
of proteins incorporated in the Warburg-subtypes.

Observer 1
Non-pathologist

Observer 2
Non-pathologist

Observer 3
Non-pathologist

Observer 4
Pathologistb

Time point 1 Time point 2a Time point 1 Time point 2a

p53 100% 100% 10% 100% 10% 10%
PTEN 100% 100% 10% 100% 10% 10%
GLUT1 25%c 100% 10% 100% 10% 10%
LDHA - 100% 10% 100% 10% 10%
MCT4 - 100% 10% 100% 10% 10%
PKM2 - 100% 10% 100% 10% 10%

a10% randomly selected TMA sections per marker were scored for a second time after a period of at least five 
months to assess intra-observer reproducibility.
b10% randomly selected TMA sections per marker were scored by an experienced pathologist to assess inter-
observer agreement between pathologist and non-pathologists
cObserver 1 left the project early because of an unforeseen work relocation.
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Supplementary Table S5 – TNM classification of colorectal cancer, according to incidence year.

Topography 153.0-154.1 or C18-C20
Histology Epithelial cancers (M8010-8580)
Incidence years 1988-2002
TNM version(s) 4.1-5

Stage T N M
I 1-2 0/X 0/X
II 3-4 0/X 0/X
III Any T 1-3 0/X
IV Any T Any N 1
X X 0/X 0/X
Incidence years 2003-2009
TNM version(s) 6

Stage T N M
I 1-2 0/X 0/X
IIA 3 0/X 0/X
IIB 4 0/X 0/X
III X 1 0/X
IIIA 1-2 1 0/X
IIIB 3-4 1 0/X
IIIC Any T 2 0/X
IV Any T Any N 1
X X 0/X 0/X
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ABSTRACT
Background
Previous research suggests that Warburg-subtypes are related to potentially important 
survival differences in colorectal cancer (CRC) patients. In the present study, we investigated 
whether mutational subgroups based on somatic mutations in  RAS,  BRAF,  PIK3CA, 
and  MET, which are known to promote the Warburg-effect, as well as mismatch repair 
(MMR) status, hold prognostic value in CRC. In addition, we investigated whether Warburg-
subtypes provide additional prognostic information, independent of known prognostic 
factors like TNM stage.

Methods
CRC patients (n  = 2,344) from the prospective Netherlands Cohort Study (NLCS) were 
classified into eight mutually exclusive mutational subgroups, based on observed 
mutations in RAS, BRAF, PIK3CA, and MET, and MMR status: all-wild-type + MMRproficient, 
KRASmut + MMRproficient, KRASmut + PIK3CAmut + MMRproficient, PIK3CAmut + MMRproficient, BRAFmut 
+ MMRproficient, BRAFmut + MMRdeficient, other + MMRproficient, and other + MMRdeficient. Kaplan–
Meier curves and Cox regression models were used to investigate associations between 
mutational subgroups and survival, as well as associations between our previously defined 
Warburg-subtypes and survival within these mutational subgroups.

Results
Compared to patients with all-wild-type + MMRproficient  CRC, patients with KRASmut + 
MMRproficient, KRASmut + PIK3CAmut + MMRproficient, BRAFmut + MMRproficient, or other + MMRproficient 
CRC had a statistically significant worse survival (HRCRC-specific  ranged from 1.29 to 1.88). 
In contrast, patients with other + MMRdeficient CRC had the most favorable survival (HRCRC-

specific 0.48). No statistically significant survival differences were observed for the Warburg-
subtypes within mutational subgroups.

Conclusion
Our results highlight the prognostic potential of mutational subgroups in CRC. Warburg-
subtypes did not provide additional significant prognostic information within these 
mutational subgroups. Future larger-scale prospective studies are necessary to validate 
our findings and to examine the potential clinical utility of CRC subtyping based on 
mutational subgroups.
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INTRODUCTION
Colorectal cancer (CRC) is the third most prevalent cancer and the second leading cause 
of cancer-related mortality worldwide, accounting for more than 900,000 deaths every 
year.1 Despite all efforts to identify molecular prognostic biomarkers in CRC, the tumor-
node-metastasis (TNM) staging system remains the only clinically used prognostic 
factor.2 However, patients with the same TNM stage can have large differences in survival.2

Cancer cells are known to reprogram their metabolism from oxidative phosphorylation 
towards aerobic glycolysis, a phenomenon commonly referred to as the “Warburg-
effect”.3,  4  The Warburg-effect is characterized by increased glucose uptake and lactate 
secretion in the presence of oxygen.3,  4  Since its discovery by Otto Warburg in the 
1920s,5  the presence of the Warburg-effect has been described in a number of different 
cancer types, including CRC,6  and has recently been proposed as one of the emerging 
hallmarks of cancer.7

Metabolic reprogramming towards the Warburg-effect is influenced by two major oncogenic 
pathways: the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways.8-11 Key genes involved 
in these pathways including RAS (KRAS, NRAS, HRAS), BRAF, PIK3CA, and MET  are often 
mutated in human cancers,12-14  and these mutations have been suggested to promote 
the Warburg-effect.12-15 In CRC, it has previously been shown that especially KRAS, BRAF, 
and PIK3CA are frequently mutated.10, 16, 17 In addition, mutations in more than one of the 
genes (e.g., presence of PI3KCA mutations in combination with RAS or BRAF mutations) 
have been described previously.18, 19

Recently, it has become clear that BRAF mutations can be present in microsatellite instable 
(MSI) as well as in microsatellite stable (MSS) CRC.20  Several studies have shown that 
MSS  BRAF-mutated CRC have an aggressive phenotype (i.e., occurring at younger age, 
diagnosed at more advanced TNM stage, often poorly differentiated) and are associated 
with a poorer prognosis compared to MSI BRAF-mutated CRC.20, 21 It has been described 
that presence of MSI ‘overrides’ the negative prognostic potential of BRAF mutations.22

Previously, we identified Warburg-subtypes using a pathway-based sum score after 
measuring the expression levels of six glycolytic proteins and transcriptional regulators 
indicative of the Warburg-effect (LDHA, GLUT1, MCT4, PKM2, p53, PTEN) using 
immunohistochemistry (IHC).23 Based on this sum score, we classified CRC patients as 
having Warburg-low (i.e., low probability of the presence of the Warburg-effect), Warburg-
moderate, or Warburg-high cancers. Our previous study suggested that Warburg-subtypes 
are related to differences in survival in CRC patients, independent of known prognostic 
factors like TNM stage.23 We hypothesized that (1) mutational subgroups based on somatic 
mutations in RAS, BRAF, PIK3CA, and MET, which are known to promote the Warburg-
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effect,12-15 as well as patients’ mismatch repair (MMR) status, may hold prognostic value 
in CRC, and (2) Warburg-subtypes may provide additional prognostic information within 
these mutational subgroups, independent of known prognostic factors like TNM stage.

In this large population-based series of CRC patients, we therefore aimed to (1) study the 
association between mutational subgroups based on the presence of somatic mutations 
in RAS (KRAS, NRAS, HRAS), BRAF, PIK3CA, and MET, as well as MMR status, and survival, 
and (2) to study the relationship between previously identified Warburg-subtypes and 
survival within these mutational subgroups to examine whether Warburg-subtypes provide 
additional prognostic information.

MATERIALS AND METHODS
Design and study population
This population-based series of colorectal cancer (CRC) patients was derived from 
the prospective Netherlands Cohort Study (NLCS), which has been described in detail 
previously.24  Briefly, the NLCS was initiated in September 1986 (baseline) and included 
120,852 men and women, aged 55–69 years. At baseline, all participants completed 
a mailed, self-administered questionnaire on diet and other cancer risk factors.24  By 
completing and returning the questionnaire, participants agreed to participate in the study.
The NLCS was approved by the institutional review boards of the TNO Quality of Life 
Research Institute (Zeist, the Netherlands) and Maastricht University (Maastricht, the 
Netherlands). Ethical approval was obtained from the Medical Ethical Committee (METC) 
of Maastricht University Medical Center+.

Follow-up for cancer incidence was established by annual record linkage with the Netherlands 
Cancer Registry and PALGA, the nationwide Dutch Pathology Registry,25,  26  covering 
20.3 years of follow-up (September 17, 1986 until January 1, 2007). The completeness 
of cancer incidence follow-up was estimated to be >96%.27 After excluding patients who 
reported a history of cancer (excluding non-melanoma skin cancer) at baseline, 4597 
incident CRC patients were available (Figure 1).

Tissue collection and TMA construction
Formalin-fixed paraffin-embedded (FFPE) tissue blocks from CRC patients were collected 
as part of the Rainbow-Tissue MicroArray (TMA) project during 2012–2017.28 Details of 
TMA construction have been described previously.23  In short, FFPE blocks with primary 
tumor and matched normal tissue of 3021 CRC patients were retrieved (78% retrieval rate) 
from 43 pathology laboratories throughout the Netherlands. Hematoxylin&Eosin (H&E)-
stained sections were reviewed by pathologists and areas with the highest tumor density 

94 | Chapter 3

4 4



were marked for TMA construction (TMA-Grandmaster, 3D-Histech, Hungary). In total, 78 
TMA blocks were constructed containing three 0.6 mm cores from tumor and three from 
normal epithelium of 2,694 CRC patients (Figure 1). In addition, two 20 μm tissue sections 
were cut from the tumor FFPE blocks for DNA extraction.

Immunohistochemistry
Five μm thick serial sections were cut from all 78 TMA blocks and subjected to either 
H&E staining according to a standard protocol, or subjected to immunohistochemistry 
(IHC) for LDHA, GLUT1, MCT4, PKM2, p53, and PTEN using an automated immunostainer 
(DAKO Autostainer Link 48, Glostrup, Denmark) or manual scoring protocol. Details of 
the primary antibodies and staining protocols have been described previously,23 see also 
Supplementary Table S1. After IHC, TMA sections were scanned using the Aperio scanner 
(Leica Microsystems, Milton Keynes, UK) at 40x magnification at the University of Leeds 
(UK) Scanning Facility.

First, the presence of adenocarcinoma was confirmed for every individual core by reviewing 
the H&E-stained TMA sections in combination with pan-cytokeratin-stained sections if 
necessary. Requiring at least one tumor core per patient, 2,497 CRC patients passed quality 
control (Figure  1). Then, scoring of IHC was performed by three non-pathologists (G.E. 
Fazzi: histology technician; K. Offermans: PhD-student; J.C.A. Jenniskens: PhD-student), 
after appropriate training.23, 29 IHC scoring protocols for all proteins, including kappa values 
for inter- and intra-observer agreement, are shown in Supplementary Table S2 and have 
been described in detail previously.23

DNA mismatch repair status
DNA mismatch repair (MMR) status, as a proxy for MSI status,30 was assessed by IHC 
for MLH1 and MSH2 as described previously.23 Briefly, cancers with loss of either MLH1 
or MSH2 expression, in the presence of internal positive controls, were considered MMR 
deficient (dMMR). Cancers that expressed both MLH1 and MSH2 were considered MMR 
proficient (pMMR). Information regarding MMR status was available for 2,455 CRC 
patients (Figure 1).

DNA isolation and mutational status
Two 20 μm thick FFPE tissue sections were deparaffinized manually using the Buffer 
ATL (Cat. No. 939011, Qiagen, Hilden, Germany), Proteinase K (Cat. No. 19131, Qiagen), 
and the Deparaffinization Solution (Cat. No. 19093, Qiagen), using an adapted version 
of the manufacturer’s protocol. DNA isolation was performed using the DSP DNA Mini 
Kit (Cat. No. 937236, Qiagen) and the QIAsymphony® (Qiagen) instrument, following 
the manufacturer’s protocol (Tissue_HC_200 protocol). Double-stranded DNA (dsDNA) 
concentrations were quantified using the Quantus™ Fluorometer (Promega, Madison, WI, 
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USA) with a QuantiFluor® dsDNA system (Promega).

Mutations were analyzed at the Institute for Immunology and Genetics (Kaiserslautern, 
Germany) using Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) 
mass spectrometry and the ColoCarta Panel (Agena Bioscience, Hamburg), which screens 
for 32 mutations in six genes known to be commonly mutated in CRC (KRAS, NRAS, 
HRAS, BRAF, PIK3CA, MET; Supplementary Table S3). Data analysis was performed at the 
Institute for Immunology and Genetics (Kaiserslautern, Germany) using MassArray Typer 
Analyzer software 4.0.4.20 (Sequenom) and the following cut-offs: mutation frequency 
cut-off ≥0.075; Z-score ≥4.00; spectrum quality ≥0.750; typer peak probability ≥0.850; 
primer extension rate cut-off ≥0.200.

Patients testing positive for any mutation-specific assay were classified as mutant for the 
respective gene; patients with no detectable mutations were classified as wild-type; and 
patients for whom testing failed or for whom equivocal results were obtained (i.e., one or 
more assay(s) failed and for other assays no detectable mutations were identified) were 
classified as having an unknown mutation status. After excluding patients with unknown 
mutation status for KRAS, BRAF, PIK3CA, NRAS, or MET, 2,344 CRC patients were available 
for mutational subgrouping (Figure 1).

Mutational subgroups
In total, 2,344 CRC patients were classified into eight mutually exclusive mutational 
subgroups based on observed frequencies of tumor markers or combinations of tumor 
markers, requiring at least 100 patients per subgroup: (1) all-wild-type + pMMR (n = 851, 
36.3%), (2) KRASmut + pMMR (n = 580, 24.7%), (3) KRASmut + PIK3CAmut + pMMR (n = 173, 
7.4%), (4) PIK3CAmut + pMMR (n = 124, 5.3%), (5) BRAFmut + pMMR (n = 147, 6.3%), (6) 
BRAFmut + dMMR (n = 134, 5.7%), (7) other + pMMR (n = 218, 9.3%), and (8) other + dMMR 
(n = 117, 5.0%) (see Supplementary Table S4 for details on mutational subgroups).

Note, the other + pMMR group comprises all CRC patients with other (combinations of) 
markers and proficient MMR status (see Supplementary Table S4 and Figure 2 for details). 
The other + dMMR subgroup includes patients with all-wild-type + dMMR tumors, as well 
as other (combinations of) markers and deficient MMR status.
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Figure 1 – Flow diagram of the number of CRC patients available for analyses in the Netherlands Cohort Study 
(NLCS), 1986–2006. CRC, colorectal cancer; PALGA, Netherlands pathology database; TMA, tissue microarray.
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Clinical characteristics and follow-up
Information on patient and tumor characteristics, such as age at diagnosis, pathological (p)
TNM stage, tumor location, and tumor differentiation grade was retrieved from the cancer 
registry or PALGA histopathology reports. Follow-up for vital status of the CRC patients 
was carried out through linkage to the Central Bureau of Genealogy and the municipal 
population registries until December 31, 2012. Patients who were found to have CRC at 
autopsy were excluded (n = 5) (Figure 1). The cause of death was retrieved from Statistics 
Netherlands. CRC-specific deaths included those with an underlying cause attributed to 
malignant neoplasms of the colon, rectosigmoid junction, or rectum. Vital status was 
available for 2,343 patients, and information regarding CRC-specific death was available 
for 2,305 patients.

Warburg-subtypes
The process of combining multiple core-level scores of proteins involved in the Warburg-
effect (LDHA, GLUT1, MCT4, PKM2, p53, or PTEN) into patient-level Warburg-subtypes has 
been described previously.23 Briefly: (1) scores from individual observers were combined 
into a “combination score” if the same score was given by at least two observers; (2) 
remaining discrepancies were either resolved by consensus agreement or an experienced 
pathologist determined the final score; (3) the final scores of all available tumor cores 
were averaged and the value was rounded to the nearest scoring category to obtain a 
patient-level score; (4) the average scores per patient were categorized as low, moderate, 
or high protein expression; (5) the expression levels of all six proteins were combined 
into a pathway-based sum score (range 0–12); (6) based on the sum score, 2,268 CRC 
patients were categorized into the “Warburg-low” (sum score 0–3,  n  =  646, 28.5%), 
“Warburg-moderate” (sum score 4–5,  n  =  820, 36.2%) or “Warburg-high” subtype (sum 
score 6–12, n = 802, 35.4%) (Figure 1).

Statistical analyses
Descriptive statistics and frequency distributions were calculated for clinical 
characteristics. Differences between mutational subgroups were evaluated using Chi-
square for categorical variables and Kruskal–Wallis tests for continuous variables. The 
primary endpoints of the current study were CRC-specific survival, defined as the time 
from CRC diagnosis to CRC-related death or end of follow-up, and overall survival, defined 
as the time from CRC diagnosis to death from any cause or end of follow-up. Because 
of the limited number of events in the later period with follow-up of more than 10 years 
(CRC-specific deaths: n = 33, 3.3%; overall deaths: n = 266, 14.9%), survival analyses were 
restricted to 10 years of follow-up. The relationship between mutational subgroups and 
CRC-specific or overall survival was estimated using Kaplan–Meier curves and Wilcoxon 
tests. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using Cox 
proportional hazards regression. In addition, analyses were performed stratifying CRC 
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patients by pTNM stage or tumor location. Furthermore, the relationship between Warburg-
subtypes and CRC-specific or overall survival within mutational subgroups was examined.
The proportional hazards assumption was tested using the scaled Schoenfeld 
residuals,31 by evaluating-log transformed survival curves or by introducing time-covariate 
interactions into the models. HRs were adjusted for a set of a priori selected prognostic 
factors: age at diagnosis, sex, tumor location, pTNM stage, differentiation grade, and 
adjuvant therapy. A separate category (‘unknown’) was used for patients with unknown 
clinical information regarding pTNM stage, differentiation grade, or adjuvant therapy to 
enable inclusion of these patients in the Cox proportional hazards models.

Disease stage was based on the pTNM classification according to the edition valid at the 
time of cancer diagnosis (Supplementary Table S5) resulting in the use of five different 
TNM editions (UICC TNM edition 3–6). However, the main TNM stage groupings (I/II/III/
IV) have remained essentially unchanged.32  Year of diagnosis and pTNM version were 
considered as potential confounders. Both variables were not included in the final models 
because they did not introduce a ≥ 10% change in HRs.

In sensitivity analyses, we repeated analyses after excluding CRC patients with unknown 
clinical information regarding pTNM stage, differentiation grade or adjuvant therapy 
(n = 247).

All analyses were conducted in Stata Statistical Software: Release 16 (StataCorp., College 
Station, TX). p-values <0.05 were considered significant.
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Figure 2 – Mutation frequencies and defined mutational subgroups of 2,344 CRC patients within the Netherlands 
Cohort Study (NLCS, 1986–2006). (A) Multi-layered pie chart showing the distribution and frequencies of genetic 
alterations in KRAS, PIK3CA, BRAF, NRAS, and MET, as well as single-, double-, and triple-mutations in combination 
with MMR status. The inner circle shows the total mutation frequencies of KRAS, PIK3CA, BRAF, NRAS, and MET. The 
outer circle shows single- double- and triple- mutations which together contribute to the total mutation frequency, in 
combination with MMR status. Mutations with a frequency ≤1.2% are not shown. Note: Percentages do not add up to 
100% because there is some degree of overlap between mutational groups (e.g., KRAS mut + PIK3CAmut). Image colon: 
Flaticon.com. (B) Pie chart showing the distribution and frequencies of the eight defined mutational subgroups: 
All-wild-type + pMMR, KRASmut + pMMR, KRASmut + PIK3CAmut + pMMR, PIK3CAmut + pMMR, BRAFmut + pMMR, 
BRAFmut + dMMR, other + pMMR, and other + dMMR. (C) Histogram showing the distributions and frequencies of 
combinations of markers (mutational status and MMR status) that together make up the other + dMMR subgroup. 
(D) Histogram showing the distribution and frequencies of combinations of markers (i.e., mutational status and 
MMR status) that together make up the other + pMMR subgroup.
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RESULTS
After quality control and excluding patients with missing information on KRAS, PIK3CA, 
BRAF, NRAS, or MET mutational status (n = 117) or MMR status (n = 279), 2,344 CRC 
patients were available for analyses in the current study.

Mutation frequencies
All-wild-type cancers were identified in 903 (38.5%) CRC patients (Figure 2A). The majority 
of CRC patients (n = 1,441, 61.5%) had at least one mutation in one of the investigated 
genes. KRAS,  BRAF,  PIK3CA,  NRAS  or  MET were mutated in 35.1%, 15.4%, 17.5%, 4.4%, 
and 4.3% of CRC, respectively (Figure 2A). Mutations in HRAS were not observed. KRAS, 
BRAF, PIK3CA, NRAS, and MET were exclusively mutated in 24.8%, 12.0%, 5.8%, 2.8%, and 
1.7% of CRC, respectively (Figure 2A). Two or more genes were mutated in 336 (14.3%) 
CRC patients. Co-existing mutations in KRAS and BRAF were rare (n = 14, 0.6%). The most 
frequently observed double mutation included KRAS and PIK3CA (n = 181, 7.7%), whereas 
other double mutations were observed in less than 2% of CRC. Triple mutations were rare 
(n = 18, 0.8%). MMR deficiency (dMMR) was observed in 251 (10.7%) CRC patients. The 
majority of patients with dMMR CRC had a BRAF mutation (n = 134, 53.4%) or were all-
wild-type (n = 52, 20.7%).

Mutational subgroups
Based on the observed single-, double-, or triple-mutation frequencies and MMR status, 
CRC patients were classified into eight mutually exclusive mutational subgroups, requiring 
at least 100 patients per subgroup, as: (1) All-wild-type + pMMR (n = 851, 36.3%), (2) KRASmut 
+ pMMR (n = 580, 24.7%), (3) KRASmut + PIK3CAmut + pMMR (n = 173, 7.4%), (4) PIK3CAmut 

+ pMMR (n = 124, 5.3%), (5) BRAFmut + pMMR (n = 147, 6.3%), (6) BRAFmut + dMMR (n = 134, 
5.7%), (7) other + pMMR (n = 218, 9.3%), and (8) other + dMMR (n = 117, 5.0%) (Figure 2B). 
The other + dMMR subgroup mostly consisted of patients with all-wild-type CRC or patients 
with mutations in BRAF and/or PIK3CA (Figure 2C), whereas the other + pMMR subgroup 
mainly consisted of patients with mutations in RAS (NRAS, KRAS) and/or MET (Figure 2D).
Clinical characteristics of each mutational subgroup are shown in Table  1. Mutational 
subgroups differed significantly with respect to age at diagnosis, sex, tumor location, 
pTNM stage, tumor extension (pT), lymph node involvement (pN), differentiation grade, 
and adjuvant therapy.
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Patients with BRAFmut CRC had the highest median age at diagnosis (p < 0.001) and were 
more often women (p < 0.001), particularly those with BRAFmut + dMMR CRC. BRAFmut 

cancers were almost exclusively located in the colon (BRAFmut + pMMR: 89.8%, BRAFmut 
+ dMMR: 98.5%, p < 0.001). In contrast, all-wild-type + pMMR cancers were more frequently 
located in the rectum compared to other mutational subgroups (p < 0.001).

Patients with BRAFmut + pMMR, KRASmut + pMMR, KRASmut + PIK3CAmut + pMMR, or 
other + dMMR CRC were more likely to be diagnosed with advanced pTNM stage (p 
< 0.001). Patients with BRAFmut + pMMR CRC more frequently had a higher depth of invasion 
(pT, p < 0.001) and lymph node involvement (pN+, p < 0.001). Patients with BRAFmut or other 
+ dMMR CRC were more often diagnosed with poorly differentiated cancers (p < 0.001). 
Lastly, patients with BRAFmut + dMMR and other + dMMR CRC least often received adjuvant 
therapy (p < 0.001).

Figure 3 – Kaplan–Meier curves according to mutational subgroups (i.e., all-wild-type + pMMR, KRASmut + pMMR, 
KRASmut + PIK3CAmut + pMMR, PIK3CAmut + pMMR, BRAFmut + pMMR, BRAFmut + dMMR, other + pMMR, and other + 
dMMR) in colorectal cancer patients within the Netherlands Cohort Study (NLCS, 1986–2006), showing (A) CRC-
specific survival (median survival times: KRASmut + pMMR, 7.16 years and BRAFmut + pMMR, 2.48 years) and (B) 
overall survival (median survival times: All-wild-type + pMMR, 5.73 years; KRASmut + pMMR, 3.49 years; KRASmut 
+ PIK3CAmut + pMMR, 4.79 years; PIK3CAmut + pMMR, 5.91 years; BRAFmut + pMMR, 1.83 years; BRAFmut + dMMR, 
5.46 years; other + pMMR, 4.25 years; other + dMMR, 8.04 years).
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Survival of CRC patients within mutational subgroups
The median (range) follow-up time since diagnosis was 4.86 years (0.0027–25.99 years). 
Survival analyses were restricted to 10 years of follow-up. During these first 10 years of 
follow-up, 1,522 (64.9%) deaths were observed, of which 961 (63.1%) were CRC-related 
deaths.

Univariable Kaplan–Meier curves showed statistically significant survival differences 
between patients for the different mutational subgroups (Figure 3). The poorest CRC-
specific and overall-survival was observed for patients with BRAFmut + pMMR CRC, followed 
by KRASmut + pMMR CRC, KRASmut + PIK3CAmut + pMMR, or other + pMMR CRC (Figure 3). 
Multivariable-adjusted Cox-regression models showed that patients with KRASmut + pMMR, 
KRASmut + PIK3CAmut + pMMR, BRAFmut + pMMR, or other + pMMR CRC had a statistically 
significant worse CRC-specific and/or overall survival compared to patients with all-wild-
type + pMMR CRC (Table 2). Patients with BRAFmut + pMMR CRC had the poorest survival 
(HRCRC-specific 1.88; 95% CI 1.48–2.40 and HRoverall 1.46; 95% CI 1.18–1.81), followed by 
patients with KRASmut + pMMR CRC (HRCRC-specific 1.34; 95% CI 1.14–1.58 and HRoverall 1.19; 
95% CI 1.05–1.36), other + pMMR CRC (HRCRC-specific 1.32; 95% CI 1.05–1.67 and HRoverall 
1.26; 95% CI 1.05–1.52), and KRASmut + PIK3CAmut + pMMR CRC (HRCRC-specific 1.29; 95% CI 
1.00–1.66 and HRoverall 1.11; 95% CI 0.91–1.37) (Table 2). Patients with other + dMMR CRC 
had the most favorable CRC-specific and overall survival (HRCRC-specific 0.48; 95% CI 0.31–
0.74 and HRoverall 0.73; 95% CI 0.56–0.96).

When stratifying patients by tumor location, a statistically significant worse CRC-specific 
and overall-survival was observed for patients with KRASmut + pMMR cancers and BRAFmut 

+ pMMR cancers located in the colon or rectum compared to patients with all-wild-type 
+ pMMR cancers in the colon or rectum (Table 2). Moreover, patients with other + pMMR 
cancers located in the colon had a statistically significant worse survival compared to 
patients with all-wild-type + pMMR cancers located in the colon. Patients with PIK3CAmut 
+ pMMR cancer in the rectum showed a borderline statistically significant (possibly 
because of low power) worse overall survival (HRoverall 1.62; 95% CI 0.97–2.73) compared 
to patients with all-wild-type + pMMR rectal cancer. No statistically significant survival 
differences were observed for any of the mutational subgroups in patients with cancers 
located in the rectosigmoid (Table 2).
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Next, we stratified CRC patients by pTNM stage to assess the disease stage-dependent 
prognostic value of the mutational subgroups (Supplementary Table S6). In pTNM stage I, 
similar associations were observed for CRC-specific survival of the mutational subgroups, 
whereas no statistically significant associations were observed for overall survival. 
Compared to patients with all-wild-type + pMMR CRC, only patients with KRASmut + pMMR 
CRC (HR 1.52; 95% CI 1.07–2.15) had a significantly worse CRC-specific survival in pTNM 
Stage II. For pTNM stages III and IV, patients with BRAFmut + pMMR CRC had a significantly 
worse CRC-specific and overall survival compared to patients with all-wild-type + pMMR 
CRC. Moreover, patients with other + pMMR CRC had a significantly worse overall survival 
(HR 1.49; 95% CI 1.05–2.12) in pTNM stage III. Patients with KRASmut + pMMR CRC had a 
significantly worse CRC-specific (HR 1.37; 95% CI 1.02–1.85) and overall survival (HR 1.30; 
95% CI 0.98–1.73) compared to patients with all-wild-type + pMMR CRC in pTNM stage 
IV. Lastly, patients with other + pMMR CRC had a (borderline) significantly worse overall 
survival in pTNM Stage IV, whereas patients with other + dMMR CRC had a significantly 
better CRC-specific and overall survival in pTNM stage IV (Supplementary Table S6).

Relationship between mutational subgroups and Warburg-subtypes
After excluding patients with missing protein expression data on LDHA, GLUT1, MCT4, 
PKM2, p53, or PTEN (n = 76), 2,268 CRC patients with information on Warburg-subtype 
and mutational status were available for analyses (Warburg-low: n = 646, 28.5%; Warburg-
moderate: n = 820, 36.2%; Warburg-high: n = 802, 35.4%).

A cross-tabulation of the mutational subgroups by Warburg-subtypes for all CRC as well 
as for colon, rectosigmoid and rectal cancers separately is shown in Table 3. All-wild-
type + pMMR, PIK3CAmut + pMMR, and other + pMMR CRC were more frequently classified 
as Warburg-low. BRAFmut and other + dMMR CRC were more frequently classified as 
Warburg-high. KRASmut + pMMR CRC were more frequently classified as Warburg-moderate 
or Warburg-high. Stratifying on tumor location showed similar results, except for cancers 
located in the rectum, where PIK3CAmut + pMMR cancers were more frequently classified 
as Warburg-high. When stratifying on pTNM stage (Supplementary Table S7) similar 
results were observed.
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Table 3 – Frequencies of the mutational subgroups, stratified on tumor location (colon, rectosigmoid, rectum) and 
Warburg-subtype (Warburg-low, −moderate, −high).

Total Warburg-low Warburg-moderate Warburg-high
Colorectal

All-wild-type + pMMR 827 (36.5) 285 (44.1) 300 (36.6) 242 (30.2)
KRASmut + pMMR 554 (24.4) 128 (19.8) 226 (27.6) 200 (24.9)
KRASmut + PIK3CAmut + pMMR 168 (7.4) 48 (7.4) 69 (8.4) 51 (6.4)
PIK3CAmut + pMMR 118 (5.2) 43 (6.7) 36 (4.4) 39 (4.9)
BRAFmut + pMMR 144 (6.4) 24 (3.7) 38 (4.6) 82 (10.2)
BRAFmut + dMMR 132 (5.8) 32 (5.0) 39 (4.8) 61 (7.6)
Other + pMMR 211 (9.3) 63 (9.8) 75 (9.2) 73 (9.1)
Other + dMMR 114 (5.0) 23 (3.6) 37 (4.5) 54 (6.7)

Colon
All-wild-type + pMMR 501 (31.2) 159 (37.1) 187 (32.2) 155 (25.9)
KRASmut + pMMR 374 (23.3) 81 (18.9) 154 (26.5) 139 (23.2)
KRASmut + PIK3CAmut + pMMR 129 (8.0) 36 (8.4) 53 (9.1) 40 (6.7)
PIK3CAmut + pMMR 88 (5.5) 34 (7.9) 29 (5.0) 25 (4.2)
BRAFmut + pMMR 129 (8.0) 23 (5.4) 33 (5.7) 73 (12.2)
BRAFmut + dMMR 130 (8.1) 31 (7.2) 38 (6.5) 61 (10.2)
Other + pMMR 146 (9.1) 43 (10.0) 51 (8.8) 52 (8.7)
Other + dMMR 111 (6.9) 22 (5.1) 36 (6.2) 53 (8.9)

Rectosigmoid
All-wild-type + pMMR 112 (50.2) 51 (66.2) 35 (45.5) 26 (37.7)
KRASmut + pMMR 69 (30.9) 13 (16.9) 27 (35.1) 29 (42.0)
KRASmut + PIK3CAmut + pMMR 12 (5.4) 3 (3.9) 5 (6.5) 4 (5.8)
PIK3CAmut + pMMR 8 (3.6) 4 (5.2) 1 (1.3) 3 (4.4)
BRAFmut + pMMR 3 (1.4) 1 (1.3) - 2 (2.9)
BRAFmut + dMMR 1 (0.5) 1 (1.3) - -
Other + pMMR 18 (8.1) 4 (5.2) 9 (11.7) 5 (7.3)
Other + dMMR - - - -

Rectum
All-wild-type + pMMR 214 (49.0) 75 (53.6) 78 (48.2) 61 (45.2)
KRASmut + pMMR 111 (25.4) 34 (24.3) 45 (27.8) 32 (23.7)
KRASmut + PIK3CAmut + pMMR 27 (6.2) 9 (6.4) 11 (6.8) 7 (5.2)
PIK3CAmut + pMMR 22 (5.0) 5 (3.6) 6 (3.7) 11 (8.2)
BRAFmut + pMMR 12 (2.8) - 5 (3.1) 7 (5.2)
BRAFmut + dMMR 1 (0.2) - 1 (0.6) -
Other + pMMR 47 (10.8) 16 (11.4) 15 (9.3) 16 (11.9)
Other + dMMR 3 (0.7) 1 (0.7) 1 (0.6) 1 (0.7)
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Survival of Warburg-subtypes within mutational subgroups
Univariable Kaplan–Meier curves showed no statistically significant survival differences 
between Warburg-subtypes within any of the mutational subgroups (Supplementary 
Figure S1).

Multivariable-adjusted analyses showed that, compared to patients with Warburg-low 
CRC, patients with Warburg-high CRC had a (borderline) statistically significant worse 
CRC-specific (HR 1.16; 95% CI 0.98–1.37) and overall survival (HR 1.20; 95% CI 1.05–1.36) 
(Table 4). Further analyses according to mutational subgroups showed no statistically 
significant associations with survival across Warburg-subtypes within any of the mutational 
subgroups. A worse, though not statistically significant, CRC-specific and overall survival 
was observed for the Warburg-high subtype as compared to the Warburg-low subtype in 
patients with KRASmut + pMMR CRC (HRCRC-specific 1.31; 95% CI 0.94–1.84 and HRoverall 1.27; 
95% CI 0.96–1.68), BRAFmut + pMMR CRC (HRCRC-specific 1.42; 95% CI 0.74–2.71 and HRoverall 
1.13; 95% CI 0.65–1.95), and BRAFmut + dMMR CRC (HRCRC-specific 1.41; 95% CI 0.60–3.31 
and HRoverall 1.54; 95% CI 0.83–2.87) (Table 4). In contrast, the Warburg-high subtype was 
not associated with CRC-specific or overall survival in patients with all-wild-type + pMMR 
CRC, KRASmut + PIK3CAmut + pMMR CRC, and PIK3CAmut + pMMR CRC (Table 4).

Sensitivity analyses
In sensitivity analyses, excluding CRC patients with unknown pTNM stage, differentiation 
grade, or missing information with respect to adjuvant therapy yielded similar results, 
except for a statistically significant worse overall survival for patients with KRASmut + pMMR 
CRC in pTNM stage III (HR 1.32; 95% CI 1.02–1.71) and a borderline statistically significant 
difference in CRC-specific survival for patients with KRASmut + pMMR CRC in pTNM stage 
IV (HR 1.30; 95% CI 0.96–1.78) (data not shown). Furthermore, a statistically significant 
positive association was found between the Warburg-high subtype and overall- and CRC-
specific survival (HR 1.49; 95% CI 1.04–2.13 and HR 1.44; 95% CI 1.07–1.94, respectively) 
in patients with KRASmut + pMMR CRC (data not shown).

DISCUSSION
In this large population-based series of colorectal cancer (CRC) patients, we have 
investigated the association between mutational subgroups and patient survival. Moreover, 
we investigated the relationship between previously identified Warburg-subtypes23 and 
survival within these mutational subgroups to examine whether Warburg-subtypes provide 
additional prognostic value.

112 | Chapter 3

4 4



CRC patients were classified into eight mutually exclusive mutational subgroups, based 
on the presence of somatic mutations in RAS (KRAS, NRAS, HRAS), BRAF, PIK3CA, MET, 
as well as, patients’ mismatch repair (MMR) status: (1) all-wild-type + pMMR, (2) KRASmut 

+ pMMR, (3) KRASmut + PIK3CAmut + pMMR, (4) PIK3CAmut + pMMR, (5) BRAFmut + pMMR, (6) 
BRAFmut + dMMR, (7) other + pMMR, and (8) other + dMMR. The other + dMMR subgroup 
largely consisted of patients with all-wild-type CRC or patients with mutations in BRAF 
and/or PIK3CA, whereas, the other + pMMR subgroup mainly consisted of patients with 
mutations in RAS (NRAS, KRAS) and/or MET.

We found important survival differences across mutational subgroups, independent 
of known prognostic factors like pTNM stage. Compared to patients with all-wild-
type + pMMR CRC, patients with KRASmut + pMMR, KRASmut + PIK3CAmut + pMMR, BRAFmut 
+ pMMR or other + pMMR CRC had a worse survival. Patients with BRAFmut + pMMR 
CRC had the poorest survival, whereas patients with other + dMMR CRC had the most 
favorable survival. Furthermore, our results indicate that BRAFmut, KRASmut + pMMR, and 
other + dMMR CRC may be related to the Warburg-high subtype. Lastly, we did not observe 
statistically significant survival differences for the Warburg-subtypes within mutational 
subgroups.

Mutation frequencies of RAS (KRAS, NRAS, HRAS), BRAF, PIK3CA, and MET, as well as the 
frequency of dMMR in this study are similar to those reported previously33-35 and those 
described in the COSMIC database.17, 36 Moreover, our results confirm previous reports that 
BRAF mutations occur frequently in dMMR CRC, whereas co-existence of KRAS mutations 
and BRAF mutations or dMMR are rare.37, 38 In addition, our study confirms that PIK3CA 
mutations often co-exist with other mutations, and especially with KRAS mutations, as 
reported previously.34

In the present study, we found that compared to patients with all-wild-type + pMMR CRC, 
patients with KRASmut + pMMR CRC had a poor survival. No significant association with 
survival was observed for patients with PIK3CAmut + pMMR CRC whereas patients with 
KRASmut + PIK3CAmut + pMMR had a worse CRC-specific survival, suggesting that KRAS 
mutations may drive the worse survival observed for this subgroup. The survival of patients 
with BRAF-mutated CRC was highly dependent on MMR status. Patients with BRAFmut 

+ pMMR CRC had the poorest survival, whereas no difference in survival was found for 
patients with BRAFmut + dMMR CRC. These results suggest that dMMR may ‘override’ the 
negative prognostic potential of BRAF mutations. In addition, our results indicate that 
patients with other + pMMR CRC have a poor survival. The most favorable survival was 
observed for patients with other + dMMR CRC, again highlighting the favorable prognostic 
value of dMMR.
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Many studies have investigated the prognostic value of MMR status, KRAS-, BRAF-, or 
PIK3CA-mutations in CRC in the past. However, most studies did not evaluate these 
mutations exclusively (e.g., patients with a KRAS-mutant or KRAS wild-type cancer may 
have had another mutation in a different gene),39 which could have potentially diluted their 
results. Studies assessing the prognostic value of CRC subgroups based on combinations 
of frequently occurring mutations (RAS, BRAF, PIK3CA) and/or MMR status are very limited 
and rarely evaluate all markers at the same time.40-43

MSI status is most consistently associated with CRC survival.40 It has been shown that 
patients with MSI high (MSI-H) CRC have a better overall survival compared to patients 
with microsatellite stable (MSS) CRC.40 Mutations in BRAF have also consistently been 
associated with poor survival in CRC.44, 45 In contrast, the prognostic significance of mutations 
in KRAS and/or PIK3CA is unclear, as results of previous studies are inconsistent.42, 46, 47 
More recently, several studies have investigated the association between combinations 
of markers and CRC survival. Various studies have reported on the association between 
MMR status in combination with BRAF or KRAS mutations and CRC survival. In line with 
our results, it has been shown that the adverse effect of mutant BRAF on survival is limited 
to MSS CRC.20, 22, 43, 48 In addition, a poorer survival was reported for patients with MSS and 
a KRAS mutation, compared to the reference group (i.e., MSS, BRAFwild-type, and KRASwild-

type).
40, 43, 49 These and our results suggest a complex interplay between these markers and 

highlight the importance of evaluating multiple markers at the same time.

Even though future studies – with higher numbers of CRC patients within each of the 
subgroups – are necessary to validate our findings and to investigate the biological basis 
for the observed differences in subgroup-specific survival, a potential mechanism may be 
the involvement of the Warburg-effect.

It has been suggested that mutations in RAS (KRAS, NRAS, HRAS), BRAF, and PIK3CA 
promote the Warburg-effect through activation of the PI3K/AKT/mTOR and RAS/RAF/MEK/
ERK oncogenic pathways.12-14 We have previously shown that patients with Warburg-high 
CRC (i.e., a high probability of the presence of the Warburg-effect) had a worse survival 
compared to patients with Warburg-low CRC, especially in patients with rectal cancers or 
pTNM stage III CRC.23 To our knowledge, this is the first study to investigate the relationship 
between mutational subgroups and these previously defined Warburg-subtypes, and to 
examine whether Warburg-subtypes provide additional prognostic value within mutational 
subgroups in CRC. The results of the present study suggest that BRAFmut, KRASmut + pMMR, 
and other + dMMR subgroups may be related to the Warburg-high subtype in cancers 
located in the colon and rectum. In addition, the PIK3CAmut + pMMR subgroup seems to 
be related to the Warburg-high subtype in cancers located in the rectum. We did not find 
statistically significant survival differences across Warburg-subtypes within mutational 
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subgroups. This might be due to limited statistical power when subclassifying based on 
mutational subgroups and Warburg-subtypes despite investigating a very large cohort of 
CRC. Similarly, associations may be concealed overall as we did not have enough power to 
stratify our analyses on tumor location or pTNM stage.

The main strengths of this study include the use of a large population-based series of 
incident CRC patients, the nearly complete follow-up, the fact that patients were mainly 
treated with surgery, and the availability of DNA and tumor material for a large number of 
CRC patients. Our study has some limitations. First, the ColoCarta panel that was used 
includes assays for most known KRAS (99%) and BRAF (98%) mutations, but only 78% 
of known PIK3CA mutations.35 Second, we determined MMR status as a proxy for MSI 
status, which might have led to misclassification of some CRC patients. However, it has 
been described that IHC analysis of MLH1 and MSH2 expression is a reliable method for 
the detection of the vast majority of patients with MSI CRC.50 Third, our study did not have 
a validation cohort available to confirm the observed associations. Fourth, we made no 
adjustments for multiple testing which may have potentially resulted in chance findings. 
Therefore, our results should be interpreted with caution, and validation of the current 
findings is required. Fifth, we did not have detailed clinical information available regarding 
the exact type, duration or dosage of treatment. Lastly, other limitations with regard to 
Warburg-subtyping have been described previously.23

CONCLUSION
In this large, population-based series of CRC patients, we have shown that mutational 
subgroups, based on the observed mutation frequencies of RAS (KRAS, NRAS, 
HRAS), BRAF, PIK3CA, and MET, as well as patients’ MMR status, are associated with 
important differences in survival. Our results suggest that BRAFmut, KRASmut + pMMR, 
and other + dMMR subgroups may be related to the Warburg-high subtype in cancers 
located in the colon or rectum. However, no statistically significant survival differences 
were observed for the Warburg-subtypes within mutational subgroups. All in all, our 
results highlight the prognostic value of mutational subgroups in CRC. In the future, CRC-
subtyping based on mutational subgroups may be used for risk stratification, the design 
of (combined) targeted therapies, and to improve therapeutic outcomes of CRC patients. 
Future, larger-scale prospective studies or pooled studies are necessary to validate our 
findings, to further explore the potential prognostic value of Warburg-subtypes, and to 
examine the potential clinical utility of CRC subtyping based on mutational subgroups.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1 – Kaplan-Meier curves showing CRC-specific survival of Warburg-subtypes, according to 
mutational subgroup: (A) all-wild-type + pMMR, (B) KRASmut + pMMR, (C) KRASmut + PIK3CAmut + pMMR, (D) PIK3CAmut 

+ pMMR, (E) BRAFmut + pMMR, (F) BRAFmut + dMMR, (G) other + pMMR, (H) other + dMMR.
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Supplementary Table S3 – ColoCarta panel genes and mutations

Gene Assay Mutation
BRAF 15/16 V600E/K/L/M/R

9 D594G/V

KRAS 1 G12A/D/V
2 G12C/R/S

4 G13D/V

5 A59T

7 Q61L/P/R

8 Q61H_A/H_G

PIK3CA 1 R88Q
3 C420R

5 E542K

6 E545K

7 Q546K

8 H701P

9 H1047L/R

NRAS 1 G12A/D/V
2 G12C/R/S

3 G13A/D/V

4 G13C/R/S

7 Q61H

8 Q61E/K

HRAS 6 Q61L/P/R

MET 1 R970C
2 T992I
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Supplementary Table S5 – TNM classification of colorectal cancer, according to incidence year.

Topography 153.0-154.1 or C18-C20
Histology Epithelial cancers (M8010-8580)

Incidence years 1988-2002
TNM versions 4.1-5

Stage T N M
I 1-2 0/X 0/X
II 3-4 0/X 0/X
III Any T 1-3 0/X
IV Any T Any N 1
X X 0/X 0/X

Incidence years 2003-2009
TNM versions 6
Stage T N M
I 1-2 0/X 0/X
IIA 3 0/X 0/X
IIB 4 0/X 0/X
III X 1 0/X
IIIA 1-2 1 0/X
IIIB 3-4 1 0/X
IIIC Any T 2 0/X
IV Any T Any N 1
X X 0/X 0/X
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Supplementary Table S7 – Frequencies of the mutational subgroups, stratified on pTNM stage and Warburg-
subtype (Warburg-low, -moderate, -high).

Colorectal cancer
Total Warburg-low Warburg-moderate Warburg-high

Colorectal
All-wild-type + pMMR 827 (36.5) 285 (44.1) 300 (36.6) 242 (30.2)
KRASmut + pMMR 554 (24.4) 128 (19.8) 226 (27.6) 200 (24.9)
KRASmut + PIK3CAmut + pMMR 168 (7.4) 48 (7.4) 69 (8.4) 51 (6.4)
PIK3CAmut + pMMR 118 (5.2) 43 (6.7) 36 (4.4) 39 (4.9)
BRAFmut + pMMR 144 (6.4) 24 (3.7) 38 (4.6) 82 (10.2)
BRAFmut + dMMR 132 (5.8) 32 (5.0) 39 (4.8) 61 (7.6)
Other + pMMR 211 (9.3) 63 (9.8) 75 (9.2) 73 (9.1)
Other + dMMR 114 (5.0) 23 (3.6) 37 (4.5) 54 (6.7)

pTNM stage I
All-wild-type + pMMR 192 (43.2) 75 (46.9) 66 (39.8) 51 (43.2)
KRASmut + pMMR 111 (25.0) 38 (23.8) 46 (27.7) 27 (22.9)
KRASmut + PIK3CAmut + pMMR 26 (5.9) 9 (5.6) 11 (6.6) 6 (5.1)
PIK3CAmut + pMMR 17 (3.8) 8 (5.0) 3 (1.8) 6 (5.1)
BRAFmut + pMMR 10 (2.3) 3 (1.9) 2 (1.2) 5 (4.2)
BRAFmut + dMMR 19 (4.3) 4 (2.5) 9 (5.4) 6 (5.1)
Other + pMMR 51 (11.5) 15 (9.4) 22 (13.3) 14 (11.9)
Other + dMMR 18 (4.1) 8 (5.0) 7 (4.2) 3 (2.5)

pTNM stage II
All-wild-type + pMMR 298 (34.9) 99 (42.5) 109 (37.1) 90 (27.6)
KRASmut + pMMR 179 (21.0) 40 (17.2) 72 (24.5) 67 (20.6)
KRASmut + PIK3CAmut + pMMR 73 (8.6) 18 (7.7) 32 (10.9) 23 (7.1)
PIK3CAmut + pMMR 50 (5.9) 18 (7.7) 12 (4.1) 20 (6.1)
BRAFmut + pMMR 45 (5.3) 7 (3.0) 9 (3.1) 29 (8.9)
BRAFmut + dMMR 65 (7.6) 16 (6.9) 16 (5.4) 33 (10.1)
Other + pMMR 72 (8.4) 23 (9.9) 24 (8.2) 25 (7.7)
Other + dMMR 71 (8.3) 12 (5.2) 20 (6.8) 39 (12.0)

pTNM stage III
All-wild-type + pMMR 214 (36.0) 71 (45.5) 88 (39.5) 55 (25.5)
KRASmut + pMMR 150 (25.2) 29 (18.6) 63 (28.3) 58 (26.9)
KRASmut + PIK3CAmut + pMMR 39 (6.6) 13 (8.3) 11 (4.9) 15 (6.9)
PIK3CAmut + pMMR 30 (5.0) 11 (7.1) 10 (4.5) 9 (4.2)
BRAFmut + pMMR 58 (9.8) 8 (5.1) 16 (7.2) 34 (15.7)
BRAFmut + dMMR 35 (5.9) 9 (5.8) 11 (4.9) 15 (6.9)
Other + pMMR 50 (8.4) 13 (8.3) 17 (7.6) 20 (9.3)
Other+dMMR 19 (3.2) 2 (1.3) 7 (3.1) 10 (4.6)

pTNM stage IV
All-wild-type + pMMR 96 (30.0) 27 (34.2) 28 (24.4) 41 (32.5)
KRASmut + pMMR 104 (32.5) 19 (24.1) 40 (34.8) 45 (35.7)
KRASmut + PIK3CAmut + pMMR 27 (8.4) 7 (8.9) 14 (12.2) 6 (4.8)
PIK3CAmut + pMMR 17 (5.3) 5 (6.3) 9 (7.8) 3 (2.4)
BRAFmut + pMMR 27 (8.4) 6 (7.6) 8 (7.0) 13 (10.3)
BRAFmut + dMMR 10 (3.1) 3 (3.8) 2 (1.7) 5 (4.0)
Other + pMMR 33 (10.3) 11 (13.9) 11 (9.6) 11 (8.7)
Other + dMMR 6 (1.9) 1 (1.3) 3 (2.6) 2 (1.6)
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ABSTRACT
Purpose
Tumor location and tumor-node-metastasis (TNM) stage guide treatment decisions in 
colorectal cancer (CRC) patients. However, patients with the same disease stage do not 
benefit equally from adjuvant therapy. Hence, there remains an urgent clinical need to 
identify prognostic and/or predictive biomarker(s) to personalize treatment decisions. In 
this exploratory study, we investigated whether our previously defined metabolic Warburg-
subtypes can predict which CRC patients might derive survival benefit from adjuvant 
therapy. 

Methods
Information regarding treatment (surgery only: n = 1,451; adjuvant radiotherapy: n = 82; or 
adjuvant chemotherapy: n = 260) and Warburg-subtype (Warburg-low: n = 485, -moderate:  
n = 641, or –high: n = 667) was available for 1,793 CRC patients from the Netherlands 
Cohort Study (NLCS). Kaplan-Meier curves and Cox regression models were used to 
investigate survival benefit from adjuvant therapy compared to surgery only for the 
different Warburg-subtypes. 

Results
Patients with Warburg-moderate CRC (HRCRC-specific 0.64; 95% CI 0.47-0.86, HRoverall 0.61; 95% 
CI 0.47-0.80), and possibly Warburg-high CRC (HRCRC-specific 0.86; 95% CI 0.65-1.14, HRoverall 
0.82; 95% CI 0.64-1.05), had survival benefit from adjuvant therapy. No survival benefit was 
observed for patients with Warburg-low CRC (HRCRC-specific 1.07; 95% CI 0.76-1.52, HRoverall 

0.95; 95% CI 0.70-1.30). There was a significant interaction between Warburg-subtype and 
adjuvant therapy for CRC-specific survival (p = 0.049) and overall survival (p = 0.035). 

Conclusion
Our results suggest that Warburg-subtypes may predict survival benefit from adjuvant 
therapy in CRC patients. A survival benefit from adjuvant therapy was observed for 
patients with Warburg-moderate and possibly Warburg-high CRC, but not for patients with 
Warburg-low CRC. Future prospective studies are necessary to validate our findings.
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INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second 
leading cause of cancer-related death worldwide, accounting for more than 900,000 
deaths in 20201,2. Currently, tumor location and tumor-node-metastasis (TNM) stage 
guide treatment decisions in CRC patients3, 4. However, patients with the same disease 
stage can have different survival and response to adjuvant therapy3-7. This may be due to 
heterogeneity in patient or tumor characteristics3-7. 

Currently, there is only a limited number of biomarkers to identify patients who are most 
likely to benefit from adjuvant therapy5. Molecular classification of CRC may identify 
patient subgroups at high risk for recurrence and death, thereby facilitating the selection of 
patients for (personalized) therapy4, 7. However, to date, only assessment of DNA mismatch 
repair (MMR) status and RAS and BRAF mutation status have been integrated into routine 
clinical practice to select patients for specific therapies8, 9. Hence, there remains an urgent 
clinical need to identify novel prognostic and/or predictive biomarker(s) to improve survival 
and quality of life in CRC patients5, 8.

Metabolic reprogramming is one of the recognized hallmarks of cancer10. Otto Warburg first 
described, in the 1920s, that cancer cells increase their glucose uptake and lactate secretion, 
even in the presence of oxygen11-14. This phenomenon of aerobic glycolysis, also known as the 
“Warburg-effect”, has since been observed in a variety of cancer types, including CRC15, 16. In a 
previous study, we classified CRC as Warburg-low (i.e., low probability of the presence of the 
Warburg-effect), Warburg-moderate, or Warburg-high using a pathway-based sum score based 
on the expression levels of six glycolytic proteins and transcriptional regulators indicative of 
the Warburg-effect (LDHA, GLUT1, MCT4, PKM2, p53, PTEN)17-19. Our previous results, based 
on the total series of CRC patients, indicated that the Warburg-high subtype was associated 
with a poor survival in CRC, independent of known prognostic factors like TNM stage17. 

Many studies have investigated the relationship between cellular metabolism and therapy 
resistance in CRC20. The majority of studies suggest that the Warburg-effect promotes 
tumor characteristics that contribute to adjuvant therapy resistance20-26. However, most 
current evidence is based on in vitro cell culture studies, whereas – to the best of our 
knowledge – evidence from prospective cohort studies is lacking.

We hypothesized that patients with Warburg-high CRC will not derive a survival benefit 
from adjuvant chemo- or radiotherapy, whereas patients with Warburg-low CRC will derive 
survival benefit from adjuvant therapy. In this exploratory study, we therefore aimed to 
investigate whether our previously defined Warburg-subtypes can be used to predict 
survival benefit from adjuvant therapy in CRC patients.
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METHODS
Design and study population
The population-based series of colorectal cancer (CRC) patients in this study was derived 
from the prospective Netherlands Cohort Study (NLCS), which has been described in 
detail previously27. Briefly, the NLCS was initiated in September 1986 and included 120,852 
men and women, aged 55-69 years old, who completed a mailed, self-administered 
questionnaire on diet and other cancer risk factors at baseline27. Participants agreed to 
participate in the study by completing and returning the questionnaire.

The entire prospective cohort was followed-up for cancer incidence by annual record 
linkage with the Netherlands Cancer Registry and PALGA, the nationwide Dutch Pathology 
Registry28, 29, covering 20.3 years of follow-up (September 17, 1986 until January 1, 
2007). The completeness of cancer incidence follow-up was estimated to be >96%30. 
After excluding patients who reported a history of cancer (excluding non-melanoma skin 
cancer) at baseline, 4,597 incident CRC patients were available (Figure 1). 

The NLCS was approved by the institutional review boards of the TNO Quality of Life 
Research Institute (Zeist, the Netherlands) and Maastricht University (Maastricht, the 
Netherlands). Ethical approval for this study was obtained from the Medical Ethical 
Committee (METC) of Maastricht University Medical Center+.

Defining Warburg-subtypes based on Immunohistochemistry
Formalin-fixed paraffin-embedded (FFPE) tissue blocks from CRC resection specimens, 
excluding CRC patients who received neo-adjuvant chemotherapy (n = 10), were collected 
as part of the Rainbow-Tissue MicroArray (TMA) project31. Details regarding TMA 
construction have been described previously17. 

In total, 78 TMA blocks were constructed containing three 0.6mm cores from tumor and 
three from normal epithelium of 2,694 CRC patients (Figure 1). Serial sections (5 µm) were 
subjected to immunohistochemistry (IHC) for Warburg-related proteins (LDHA, GLUT1, 
MCT4, PKM2, p53, PTEN) and mismatch-repair (MMR)-related proteins (MLH1, MSH2), as 
described previously17-19, 32. 

Requiring at least one tumor core per patient, 2,497 CRC patients passed quality control 
(Figure 1). Multiple core-level IHC scores were combined into patient-level Warburg-
subtypes as described previously17-19. After excluding patients with missing IHC data, 2,394 
CRC patients were categorized as “Warburg-low” (n = 695, 29.0%), “Warburg-moderate”  
(n = 858, 35.8%) or “Warburg-high” (n = 841, 35.1%).
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Clinical characteristics and follow-up 
Follow-up for vital status of the CRC patients was carried out through linkage to the Central 
Bureau of Genealogy and the municipal population registries until December 31, 2012. 
Patients who were found to have CRC at autopsy (n = 5), patients with incomplete data 
regarding initial treatment (n = 21), patients who did not receive any treatment (no surgery, 
chemo- or radiotherapy; n = 8), patients who received another type of therapy (n = 7), or 
patients who received neoadjuvant radiotherapy (n = 143) were excluded. Furthermore, 
patients with TNM stage I CRC (n = 422), who were mostly treated with surgery only  
(n = 412, 97.6%), were excluded from analyses to ensure that patients in the surgery only 
subgroup had similar clinical characteristics as patients in the adjuvant therapy subgroup. 
Hence, 1,793 CRC patients were available for analyses (Figure 1).

Causes of death were retrieved from Statistics Netherlands. CRC-specific deaths included 
patients with an underlying cause attributed to malignant neoplasms of the colon, 
rectosigmoid junction, or rectum. Overall vital status was available for 1,792 (99.9%) 
patients and CRC-specific vital status for 1,765 (98.4%) patients. 

Information about age at diagnosis, pTNM stage, tumor location, tumor differentiation 
grade, and primary adjuvant therapy (i.e., treatments included in the initial treatment plan 
drawn up after diagnosis) was retrieved from the cancer registry or PALGA histopathology 
reports. The cancer registry only registers information regarding the primary treatment 
that was performed.

Statistical Analyses
Descriptive statistics were calculated for clinical characteristics, using mean (standard 
deviation) or median (range) for continuous data and frequencies (percentage) for 
categorical data. For categorical variables, differences across treatment subgroups (i.e., 
surgery only, surgery and adjuvant radiotherapy, surgery and adjuvant chemotherapy) were 
evaluated using Chi-squared (χ2) tests. For continuous variables, the distributions across 
groups were evaluated using Kruskal-Wallis tests. 

The primary outcomes were CRC-specific survival (time from CRC diagnosis to CRC-
related death or end of follow-up) and overall survival (time from CRC diagnosis to death 
from any cause or end of follow-up). Survival analyses were restricted to 10 years of 
follow-up because of the limited number of events in the later period (CRC-specific deaths: 
n = 22; overall deaths: n = 175). Kaplan-Meier curves were estimated to examine survival 
benefit from adjuvant therapy for the different Warburg-subtypes (Warburg-low, Warburg-
moderate, and Warburg-high). Differences between survival curves were investigated 
using Wilcoxon tests. 
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Figure 1 – Flow diagram of the number of CRC patients available for analyses in the Netherlands Cohort Study 
(NLCS), 1986-2006. Abbreviations: CRC, colorectal cancer; PALGA, Netherlands pathology database; TMA, Tissue 
MicroArray.
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Cox proportional hazards regression was used to estimate Hazard ratios (HRs) and 
95% confidence intervals (CIs) for associations between adjuvant therapy and survival 
by Warburg-subtype. The proportional hazards assumption was tested using the scaled 
Schoenfeld residuals33, by evaluating -log-log transformed survival curves or by introducing 
time-covariate interactions into the models. HRs were adjusted for a set of a priori selected 
prognostic factors: age at diagnosis (years); sex (men, women); tumor location (colon, 
rectosigmoid, rectum); pTNM stage (I, II, III, IV); differentiation grade (well, moderate, poor/
undifferentiated); and MMR deficiency (no, yes). Year of diagnosis and pTNM version 
were considered as potential confounders, and were retained in the models if they altered 
HRs by more than 10%34, 35. A separate category (‘unknown’) was used for patients with 
unknown clinical information regarding pTNM stage, differentiation grade or MMR status, 
to enable inclusion of these patients in the Cox proportional hazards models.

Disease stage was based on the pTNM classification according to the edition valid at the 
time of cancer diagnosis, resulting in the use of five different TNM editions (UICC TNM 
editions 3-6), as described previously17. However, the main TNM stage groupings (I/II/III/
IV) have remained essentially unchanged36.

In sensitivity analyses, excluding CRC patients with unknown clinical information regarding 
TNM stage and differentiation grade (n = 143) yielded similar results (data not shown).

All analyses were conducted in Stata Statistical Software: Release 16 (StataCorp., College 
Station, TX). Two-sided p-values < 0.05 were considered significant.

RESULTS
Clinical characteristics
Clinical characteristics of the 1,793 included colorectal cancer (CRC) patients according 
to adjuvant therapy are presented in Table 1. The large majority (n = 1,451, 80.9%) of 
CRC patients from the prospective Netherlands Cohort Study (NLCS) were treated with 
surgery only, while 82 (4.6%) and 260 (14.5%) patients were treated with adjuvant radio- 
or chemotherapy, respectively. The use of adjuvant chemotherapy increased over time 
(from 1.3% in 1986-1988 to 13.4% in 2004-2006), whereas the administration of adjuvant 
radiotherapy decreased (from 10.5% in 1986-1988 to 0.0% in 2004-2006; p < 0.001).

CRC patients treated with adjuvant radio- or chemotherapy were younger compared to patients 
treated with surgery only (median age at diagnosis 69.0 and 72.0 versus 75.0, respectively;  
p < 0.001). Men were more frequently treated with adjuvant radio- or chemotherapy 
compared to women (5.4% and 16.4% of men versus 3.6% and 12.2% of women, respectively;  
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p = 0.004). Patients with colon cancers were more often treated with surgery only compared 
to patients with rectosigmoid or rectal cancers (84.4% versus 75.8% and 61.0%, respectively; 
p < 0.001). Furthermore, patients with rectal cancers were more often treated with adjuvant 
radiotherapy compared to patients with rectosigmoid or colon cancers (28.8% versus 7.9% 
and 0.7%, respectively). Patients with pTNM stage III or IV CRC more often received adjuvant 
chemotherapy compared to patients with pTNM stage II CRC (27.3% and 25.8% versus 2.2%, 
respectively; p < 0.001). Patients who were treated with adjuvant radio- or chemotherapy 
were, in retrospect, more likely to have MMR proficient CRC (MMRproficient 5.1% and 15.3% 
versus MMRdeficient 0.9% and 9.4%, respectively; p = 0.002).

Table 1 – Clinical characteristics of colorectal cancer patients (n = 1,793) within the Netherlands Cohort Study 
(NLCS, 1986-2006), according to adjuvant therapy (surgery, surgery and radiotherapy, surgery and chemotherapy).

Clinical characteristics Total CRC 
(n = 1,793)

Surgery only 
(n = 1,451)

Adjuvant therapy
Surgery + RT 
(n = 82)

Surgery + CHT 
(n = 260) P-valuea

Year of diagnosis, n (%) 
1986-1988 76 (4.2) 67 (88.2) 8 (10.5) 1 (1.3)

<0.001

1989-1991 149 (8.3) 118 (79.2) 18 (12.1) 13 (8.7)
1992-1994 243 (13.6) 190 (78.2) 19 (7.8) 34 (14.0)
1995-1997 336 (18.7) 262 (78.0) 20 (6.0) 54 (16.1)
1998-2000 330 (18.4) 256 (77.6) 16 (4.9) 58 (17.6)
2001-2003 323 (18.0) 267 (82.7) 1 (0.3) 55 (17.0)
2004-2006 336 (18.7) 291 (86.6) - 45 (13.4)

Age at diagnosis
in years, median (range)

74.0 
(55.0-89.0)

75.0 
(55.0-89.0)

69.0 
(56.0-79.0)

72.0 
(60.0-86.0) <0.001b

Sex, n (%)
Men 980 (54.7) 766 (78.2) 53 (5.4) 161 (16.4)

0.004
Women 813 (45.3) 685 (84.3) 29 (3.6) 99 (12.2)

Tumor location, n (%)
Colon 1423 (79.4) 1201 (84.4) 10 (0.7) 212 (14.9)

<0.001Rectosigmoid 165 (9.2) 125 (75.8) 13 (7.9) 27 (16.4)
Rectum 205 (11.4) 125 (61.0) 59 (28.8) 21 (10.2)

pTNM stage, n (%)
II 860 (48.0) 806 (93.7) 35 (4.1) 19 (2.2)

<0.001
III 578 (32.2) 379 (65.6) 41 (7.1) 158 (27.3)
IV 322 (18.0) 236 (73.3) 3 (0.9) 83 (25.8)
Unknown 33 (1.8) 30 (90.9) 3 (9.1) -

Tumor extension (pT), n (%)
T1 8 (0.5) 5 (62.5) 1 (12.5) 2 (25.0)

<0.001
T2 69 (3.9) 41 (59.4) 7 (10.1) 21 (30.4)
T3 1448 (80.6) 1188 (82.0) 62 (4.3) 198 (13.7)
T4 229 (12.8) 182 (79.5) 9 (3.9) 38 (16.6)
Unknown 39 (2.2) 35 (89.7) 3 (7.7) 1 (2.6)

Lymph node involvement (pN), n (%)
N0 817 (45.6) 752 (92.0) 32 (3.9) 33 (4.0)

<0.001N+ 813 (45.3) 546 (67.2) 44 (5.4) 223 (27.4)
Unknown 163 (9.1) 153 (93.9) 6 (3.7) 4 (2.5)
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Table 1 – Continued

Clinical characteristics Total CRC 
(n = 1,793)

Surgery only 
(n = 1,451)

Adjuvant therapy
Surgery + RT 
(n = 82)

Surgery + CHT 
(n = 260) P-valuea

Differentiation grade, n (%)
Well 133 (7.4) 112 (84.2) 3 (2.3) 18 (13.5)

0.100
Moderate 1165 (65.0) 943 (80.9) 62 (5.3) 160 (13.7)
Poor/undifferentiated 267 (20.5) 286 (77.9) 14 (3.8) 67 (18.3)
Unknown 128 (7.2) 110 (85.9) 3 (2.3) 15 (11.7)

dMMR, n (%)
No 1560 (87.0) 1241 (79.6) 80 (5.1) 239 (15.3)

0.002Yes 214 (11.9) 192 (89.7) 2 (0.9) 20 (9.4)
Unknown 19 (1.1) 18 (94.7) - 1 (5.3)

Warburg-subtype, n (%)
Warburg-low 485 (27.1) 395 (81.4) 23 (4.7) 67 (13.8)

0.950Warburg-moderate 641 (35.8) 518 (80.8) 31 (4.8) 92 (14.4)
Warburg-high 667 (37.2) 538 (80.7) 28 (4.2) 101 (15.1)

aP-value for the χ2 test, unless otherwise specified 
bP-value for the Kruskall-Wallis test  
Abbreviations: CRC, colorectal cancer; RT, radiotherapy; CHT, chemotherapy; TNM, tumor node metastasis; dMMR, 
mismatch repair deficient.

Warburg-subtypes and survival after adjuvant therapy
The median follow-up time since diagnosis was 3.72 years (range: 0.0027 to 25.49 years). 
Survival analyses were restricted to 10 years of follow-up, because of the limited number 
of events in the later period. During these first 10 years of follow up, 1,243 (69.3%) deaths 
were observed of which 848 (68.2%) were CRC-related deaths.

Association between adjuvant therapy and survival within Warburg-subtype
In patients with Warburg-low CRC, univariable Kaplan-Meier curves showed significant 
differences in CRC-specific survival (pCRC-specific = 0.047), but not overall survival (poverall 

= 0.394), between treatment groups (Figure 2A, Figure 3A). Patients with Warburg-
low CRC treated with adjuvant (chemo)therapy had a significantly worse CRC-specific 
survival compared to patients with Warburg-low CRC treated with surgery only (HRadjuvant 

therapy 1.63; 95% CI 1.20-2.20 and HRadjuvant chemotherapy 1.75; 95% CI 1.25-2.45; Table 2). These 
associations with survival disappeared after adjustment for confounders in multivariable-
adjusted analyses (HRadjuvant therapy 1.07; 95% CI 0.76-1.52 and HRadjuvant chemotherapy 1.03; 95% CI 
0.70-1.51; Table 2). 

In patients with Warburg-moderate CRC, univariable Kaplan-Meier curves showed 
significant differences in overall survival (poverall = 0.041), but not CRC-specific survival (pCRC-

specific = 0.397), between treatment groups (Figure 2B, Figure 3B). Patients with Warburg-
moderate CRC treated with adjuvant (chemo)therapy had a better overall survival compared 
to patients with Warburg-moderate CRC treated with surgery only (HRadjuvant therapy 0.81; 
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95% CI 0.64-1.03 and HRadjuvant chemotherapy 0.77; 95% CI 0.58-1.02; Table 2). In multivariable-
adjusted analyses, these inverse associations with survival became even stronger and 
reached statistical significance for both CRC-specific (HRadjuvant therapy 0.64; 95% CI 0.47-0.86 
and HRadjuvant chemotherapy 0.53; 95% CI 0.38-0.75; Table 2) and overall survival (HRadjuvant therapy 
0.61; 95% CI 0.47-0.80 and HRadjuvant chemotherapy 0.50; 95% CI 0.37-0.67; Table 2).
In patients with Warburg-high CRC, univariable Kaplan-Meier curves showed significant 
differences in CRC-specific survival (pCRC-specific = 0.019), but not overall survival (poverall = 
0.288), between treatment groups (Figure 2B, Figure 3B). Patients with Warburg-high CRC 
treated with adjuvant (chemo)therapy had a significantly worse CRC-specific (HRadjuvant 

therapy 1.58; 95% CI 1.23-2.02, HRadjuvant chemotherapy 1.67; 95% CI 1.27-2.18) and overall survival 
(HRadjuvant therapy 1.31; 95% CI 1.05-1.62, HRadjuvant chemotherapy 1.31; 95% CI 1.03-1.67) compared 
to patients with Warburg-high CRC treated with surgery only (Table 2). In multivariable- 
adjusted analyses, these associations with survival changed direction but did not reach 
statistical significance (CRC-specific survival: HRadjuvant therapy 0.86; 95% CI 0.65-1.14; overall 
survival: HRadjuvant therapy 0.82; 95% CI 0.64-1.05; Table 2). However, the association between 
adjuvant chemotherapy and overall survival did reach statistical significance (HRadjuvant 

chemotherapy 0.75; 95% CI 0.57-0.98; Table 2).

Figure 2 – Univariable Kaplan-Meier curves showing CRC-specific survival of colorectal cancer patients within the 
Netherlands Cohort Study (NLCS, 1986-2006) for (A) Total CRC, (B) Warburg-low CRC, (C) Warburg-moderate CRC, 
or (D) Warburg-high CRC, according to the treatment received (surgery only, surgery and adjuvant radiotherapy, 
surgery adjuvant chemotherapy). Abbreviations: RT, radiotherapy; CHT, chemotherapy.
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Figure 3 – Univariable Kaplan-Meier curves showing overall survival of colorectal cancer patients within the 
Netherlands Cohort Study (NLCS, 1986-2006) for (A) Total CRC, (B) Warburg-low CRC, (C) Warburg-moderate CRC, 
or (D) Warburg-high CRC, according to the treatment received (surgery only, surgery and adjuvant radiotherapy, 
surgery and adjuvant chemotherapy). Abbreviations: RT, radiotherapy; CHT, chemotherapy.

Warburg-subtyping and adjuvant therapy in colorectal cancer | 167

6 6



Ta
bl

e 
2 

– 
U

ni
va

ria
bl

e 
an

d 
m

ul
tiv

ar
ia

bl
e-

ad
ju

st
ed

 h
az

ar
d 

ra
tio

s 
fo

r a
ss

oc
ia

tio
ns

 b
et

w
ee

n 
ad

ju
va

nt
 th

er
ap

y 
(s

ur
ge

ry
, s

ur
ge

ry
 p

lu
s 

ra
di

ot
he

ra
py

, s
ur

ge
ry

 p
lu

s 
ch

em
ot

he
ra

py
) a

nd
 C

RC
-

sp
ec

ifi
c 

an
d 

ov
er

al
l s

ur
vi

va
l f

or
 th

e 
W

ar
bu

rg
-s

ub
ty

pe
s 

(W
ar

bu
rg

-lo
w

, W
ar

bu
rg

-m
od

er
at

e,
 a

nd
 W

ar
bu

rg
-h

ig
h)

 w
ith

in
 th

e 
N

et
he

rla
nd

s 
Co

ho
rt

 S
tu

dy
 (N

LC
S,

 1
98

6-
20

06
).

N
CR

C-
sp

ec
ifi

c 
su

rv
iv

al
O

ve
ra

ll 
su

rv
iv

al

CR
C 

de
at

hs
 

(%
)

H
R 

(9
5%

 C
I)

De
at

hs
 (%

)
H

R 
(9

5%
 C

I)
Un

iv
ar

ia
bl

e
M

ul
tiv

ar
ia

bl
e-

ad
ju

st
ed

a
Un

iv
ar

ia
bl

e
M

ul
tiv

ar
ia

bl
e-

ad
ju

st
ed

a

To
ta

l C
RC

Su
rg

er
y 

on
ly

14
51

64
4 

(4
4.

4)
1.

00
 (r

ef
)

1.
00

 (r
ef

)
99

2 
(6

8.
4)

1.
00

 (r
ef

)
1.

00
 (r

ef
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 th

er
ap

y
34

2 
20

4 
(5

9.
6)

1.
31

 (1
.1

2-
1.

53
)

0.
80

 (0
.6

8-
0.

96
)

25
1 

(7
3.

4)
1.

07
 (0

.9
4-

1.
23

)
0.

78
 (0

.6
7-

0.
91

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 R
T

82
46

 (5
6.

1)
1.

15
 (0

.8
5-

1.
55

)
1.

14
 (0

.8
1-

1.
61

)
63

 (7
6.

8)
1.

05
 (0

.8
1-

1.
35

)
1.

22
 (0

.9
1-

1.
63

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 C
H

T
26

0
15

8 
(6

0.
8)

1.
37

 (1
.1

5-
1.

63
)

0.
74

 (0
.6

1-
0.

90
)

18
8 

(7
2.

3)
1.

08
 (0

.9
3-

1.
27

)
0.

69
 (0

.5
8-

0.
82

)
W

ar
bu

rg
-lo

w
Su

rg
er

y 
on

ly
39

5
15

9 
(4

0.
3)

1.
00

 (r
ef

)
1.

00
 (r

ef
)

25
5 

(6
4.

6)
1.

00
 (r

ef
)

1.
00

 (r
ef

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 th
er

ap
y

90
57

 (6
3.

3)
1.

63
 (1

.2
0-

2.
20

)
1.

07
 (0

.7
6-

1.
52

)
65

 (7
2.

2)
1.

20
 (0

.9
1-

1.
57

)
0.

95
 (0

.7
0-

1.
30

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 R
T

23
13

 (5
6.

5)
1.

31
 (0

.7
4-

2.
30

)
1.

26
 (0

.6
7-

2.
36

)
15

 (6
5.

2)
0.

93
 (0

.5
5-

1.
57

)
1.

17
 (0

.6
6-

2.
09

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 C
H

T
67

44
 (6

5.
7)

1.
75

 (1
.2

5-
2.

45
)

1.
03

 (0
.7

0-
1.

51
)

50
 (7

4.
6)

1.
31

 (0
.9

7-
1.

78
)

0.
90

 (0
.6

3-
1.

27
)

W
ar

bu
rg

-m
od

er
at

e
Su

rg
er

y 
on

ly
51

8
24

5 
(4

7.
3)

1.
00

 (r
ef

)
1.

00
 (r

ef
)

36
2 

(6
9.

9)
1.

00
 (r

ef
)

1.
00

 (r
ef

)
Su

rg
er

y 
+ 

ad
ju

va
nt

 th
er

ap
y

12
3

62
 (5

0.
4)

0.
92

 (0
.6

9-
1.

21
)

0.
64

 (0
.4

7-
0.

86
)

81
 (6

5.
9)

0.
81

 (0
.6

4-
1.

03
)

0.
61

 (0
.4

7-
0.

80
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 R

T
31

16
 (5

1.
6)

0.
94

 (0
.5

7-
1.

56
)

1.
23

 (0
.6

7-
2.

24
)

23
 (7

4.
2)

0.
93

 (0
.6

1-
1.

42
)

1.
32

 (0
.8

0-
2.

18
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 C

H
T

92
46

 (5
0.

0)
0.

91
 (0

.6
6-

1.
25

)
0.

53
 (0

.3
8-

0.
75

)
58

 (6
3.

0)
0.

77
 (0

.5
8-

1.
02

)
0.

50
 (0

.3
7-

0.
67

)
W

ar
bu

rg
-h

ig
h

Su
rg

er
y 

on
ly

53
8

24
0 

(4
4.

6)
1.

00
 (r

ef
)

1.
00

 (r
ef

)
37

5 
(6

9.
7)

1.
00

 (r
ef

)
1.

00
 (r

ef
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 th

er
ap

y
12

9
85

 (6
5.

9)
1.

58
 (1

.2
3-

2.
02

)
0.

86
 (0

.6
5-

1.
14

)
10

5 
(8

1.
4)

1.
31

 (1
.0

5-
1.

62
)

0.
82

 (0
.6

4-
1.

05
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 R

T
28

17
 (6

0.
7)

1.
29

 (0
.7

9-
2.

12
)

1.
22

 (0
.6

7-
2.

21
)

25
 (8

9.
3)

1.
29

 (0
.8

6-
1.

93
)

1.
25

 (0
.7

7-
2.

03
)

Su
rg

er
y 

+ 
ad

ju
va

nt
 C

H
T

10
1

68
 (6

7.
3)

1.
67

 (1
.2

7-
2.

18
)

0.
81

 (0
.6

0-
1.

09
)

80
 (7

9.
2)

1.
31

 (1
.0

3-
1.

67
)

0.
75

 (0
.5

7-
0.

98
)

a A
dj

us
te

d 
fo

r a
ge

 a
t d

ia
gn

os
is

 (y
ea

rs
), 

se
x 

(m
al

e/
fe

m
al

e)
, t

um
ou

r l
oc

at
io

n 
(c

ol
on

/r
ec

to
si

gm
oi

d/
re

ct
um

), 
TN

M
 s

ta
ge

 (I
I, 

III
, I

V,
 u

nk
no

w
n)

, d
iff

er
en

tia
tio

n 
gr

ad
e 

(w
el

l/m
od

er
at

e/
po

or
/

un
di

ff
er

en
tia

te
d/

un
kn

ow
n)

, M
M

R 
de

fic
ie

nc
y 

(n
o/

ye
s/

un
kn

ow
n)

, a
nd

 y
ea

r o
f d

ia
gn

os
is

 (p
er

 3
 y

ea
rs

). 
Ab

br
ev

ia
tio

ns
: C

RC
, c

ol
or

ec
ta

l c
an

ce
r; 

H
R,

 h
az

ar
d 

ra
tio

; C
I, 

co
nfi

de
nc

e 
in

te
rv

al
; 

RT
, r

ad
io

th
er

ap
y;

 C
H

T,
 c

he
m

ot
he

ra
py

.

168 | Chapter 6

6 6



The interaction between Warburg-subtype and adjuvant therapy as calculated in a 
multivariable-adjusted Cox proportional hazard model, adjusted for age at diagnosis, sex, 
tumor location, TNM stage, differentiation grade, MMR status and year of diagnosis was 
statistically significant for CRC-specific survival (p = 0.049) and overall survival (p = 0.035).
In stratified analyses according to disease stage (Supplementary Table S1), similar trends 
were observed for patients with pTNM stage III CRC. However, in patients with pTNM stage 
II CRC, no significant association between adjuvant therapy and survival was observed for 
any of the Warburg-subtypes. In contrast, in patients with pTNM stage IV CRC, a better 
survival was observed for CRC patients receiving adjuvant (chemo)therapy compared to 
patients who received surgery only, independent of Warburg-subtype. In stratified analyses 
according to tumor location (Supplementary Table S2), a significantly better survival was 
observed for patients with Warburg-moderate or Warburg-high cancers located in the 
colon who received adjuvant (chemo)therapy compared to patients who received surgery 
only. Furthermore, a significant survival benefit was observed for patients with Warburg-
moderate cancers located in the rectum who received adjuvant (radio)therapy.

DISCUSSION
In this large, population-based series of colorectal cancer (CRC) patients, we investigated 
whether our previously defined immunohistochemistry (IHC)-based Warburg-subtypes can 
be used to predict survival in patients treated with adjuvant therapy. Our results indicate 
that Warburg-subtypes may predict treatment benefit in CRC patients. While in general 
patients with stage II-IV CRC who received adjuvant (chemo)therapy had a significantly 
favorable CRC-specific and overall survival compared to patients who received surgery 
only, this benefit was only observed in patients with Warburg-moderate CRC. Patients with 
Warburg-high CRC also seemed to benefit from adjuvant therapy, but associations did not 
reach statistical significance. In contrast, no benefit from adjuvant (chemo)therapy was 
found for patients with Warburg-low CRC. 

Since the 1950s, 5-fluorouracil (5-FU)-based chemotherapy remains the main 
pharmacological treatment modality for patients with CRC37. Although the administration 
of chemotherapy can improve the survival of cancer patients, chemotherapy resistance 
remains a major problem20. In CRC, 5-FU-based chemotherapy remains ineffective in 
approximately 30% of patients26. Hence, there remains an urgent clinical need to identify 
novel prognostic and/or predictive biomarker(s) to improve survival and quality of life in 
CRC patients5, 8.

To the best of our knowledge, we are the first to prospectively investigate whether 
Warburg-subtypes are associated with adjuvant (chemo)therapy resistance in a large 
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population-based cohort of CRC patients. Nevertheless, many studies have investigated 
the relationship between cellular metabolism and therapy resistance in vitro20. Moreover, 
one retrospective study has investigated the relation between expression patterns of 
proteins related to the Warburg-effect and response to therapy in patient tissue samples26. 
On the one hand, the majority of studies suggest that aerobic glycolysis promotes tumor 
characteristics that contribute to adjuvant therapy resistance20-26. On the other hand, there 
are studies that suggest that therapy resistance is accompanied by a metabolic shift 
from aerobic glycolysis towards oxidative phosphorylation (OXPHOS)38-40. Assuming that 
the Warburg-high subtype represents CRC that rely mainly on aerobic glycolysis to meet 
their metabolic demands, whereas the Warburg-low subtype represents a more oxidative 
metabolic phenotype (i.e., OXPHOS), our results are in contrast with those of the majority 
of previous studies which showed that aerobic glycolysis is associated with adjuvant 
therapy resistance20-25. 

Even though future studies are necessary to validate our results and to further investigate 
the biological mechanisms, the discrepancy in results might be explained by the fact that 
previous reports were mostly based on in vitro cell culture studies25 or were conducted 
retrospectively26. It has been reported that in vitro conditions differ drastically from the 
conditions found in vivo in the tumor microenvironment41, 42. Furthermore, it has been 
suggested that the effect of therapy might differ depending on the environment in which 
the cancer cells reside43. For example, research suggests that cancer cells may be 
sensitive to chemotherapy in cell culture, but become resistant when transplanted into 
animal models44. 

A potential explanation for the observation that patients with Warburg-low CRC had no 
survival benefit from adjuvant (chemo)therapy has been described by Vellinga et al.39. 
Normally, the amount of adenosine 5’-triphosphate (ATP) that is generated by aerobic 
glycolysis is sufficient to support tumor cell growth and basal DNA repair activity39, 45. 
However, when chemotherapy is administered, the cellular ATP demand in cancer cells 
increases significantly as many enzymes involved in DNA repair, drug efflux, and drug 
detoxification require ATP to function39, 45. As OXPHOS is the most efficient way to generate 
ATP46, cancer cells may switch from aerobic glycolysis to OXPHOS at times of high ATP 
demand39. In line with our results, this may suggest that patients with Warburg-low CRC 
(i.e., patients with cancers that rely mainly on oxidative metabolism) are more capable 
of repairing DNA damage and regulating drug metabolism compared to patients with 
Warburg-moderate and Warburg-high CRC (i.e., patients with cancers that rely mainly on 
aerobic glycolysis), rendering them more resistant to adjuvant therapy. 

Our results suggest that the predictive value of Warburg-subtypes may be limited to 
TNM stage III CRC. In TNM stage II, no survival benefit from adjuvant (chemo)therapy 
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was observed for any of the Warburg-subtypes, while in TNM stage IV all CRC patients 
had survival benefit from adjuvant (chemo)therapy regardless of Warburg-subtype. As 
adjuvant chemotherapy is the standard of care for TNM stage III CRC47, and chemotherapy 
resistance is still a major problem in clinical practice20, 26, Warburg-subtypes may in the 
future help to determine which stage III CRC patients will benefit most from adjuvant 
(chemo)therapy. 

The main strengths of the present study include the use of a large population-based series 
of incident CRC patients, the prospective design, the nearly complete follow-up, and the 
availability of tumor material for a large number of CRC patients. Our study has some 
limitations. First, we did not have a validation cohort available to confirm the observed 
associations. Second, we did not have any detailed clinical information available regarding 
the dosage, duration or exact type of treatment. Third, we did not adjust for multiple testing 
which may have potentially resulted in chance findings. Fourth, in the Netherlands Cohort 
Study (NLCS) the large majority of CRC patients were treated with surgery only, resulting 
in a relatively small number of patients that were treated with adjuvant therapy, thereby 
limiting the power of our analyses. However, the limited number of patients treated with 
adjuvant therapy was representative for this time period (1986-2006)48. Lastly, limitations 
with regard to Warburg-subtyping were described in detail previously17.

CONCLUSION
In conclusion, Warburg-subtypes may predict treatment benefit in CRC patients. Our 
results suggest that survival benefit from adjuvant (chemo)therapy in patients with 
CRC may depend on Warburg-subtype. Opposite to expectation, a survival benefit from 
adjuvant (chemo)therapy was observed for patients with Warburg-moderate and possibly 
also Warburg-high CRC, but not for patients with Warburg-low CRC. 

All in all, our results highlight the importance of molecular classification of CRC based 
on Warburg-related proteins, in addition to TNM stage and tumor location, to identify 
subgroups of patients who are more likely to benefit from adjuvant (chemo)therapy. 
However, as this is an exploratory study, our results should be interpreted with caution and 
future prospective studies are necessary to validate our findings.
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General discussion

 CHAPTER 7



Despite advances in the early detection and treatment, colorectal cancer (CRC) remains 
the world’s second most deadly cancer (more than 900,000 deaths in 2020)1. To date, the 
tumor-node-metastasis (TNM) staging system remains the most important clinically used 
factor to predict patient prognosis and guide treatment decisions in colorectal cancer 
(CRC)2-5. However, patients with the same disease stage may have different survival 
and response to adjuvant therapy most likely due to heterogeneity in patient or tumor 
characteristics4-8. In recent years, numerous biomarkers have been studied as tools to 
improve the prognostication of CRC patients and predict which patients are most likely 
to benefit from adjuvant therapy9. However, to date, only a limited number of biomarkers 
have been translated to clinical practice6, 9. Hence, there remains an urgent clinical need to 
identify novel prognostic and/or predictive (bio)marker(s) to improve the survival of CRC 
patients6, 9, 10. Prospective cohort studies, such as the Netherlands Cohort Study11, are very 
suitable to explore the potential prognostic and/or predictive value of markers because of 
their high statistical power and their prospective design12.

Previous research indicated that the expression of proteins related to the Warburg-effect 
may have prognostic value and may predict survival benefit from adjuvant therapy in 
CRC13-20. However, to date, the evidence is very limited and results are inconsistent. In this 
large population-based series of CRC patients (n = 2,394) originating from the prospective 
Netherlands Cohort Study (NLCS), our principal aim was to investigate whether Warburg-
subtyping, based on the estimated presence of the Warburg-effect in tumor cells, had 
prognostic value in CRC and was able to predict survival benefit from adjuvant therapy. 
To this end, we have categorized patients into three Warburg-subtypes based on the 
immunohistochemical (IHC) expression of six glycolytic proteins and transcriptional 
regulators related to the Warburg-effect (LDHA, GLUT1, MCT4, PKM2, p53, PTEN).

In this chapter (Chapter 7), we will first provide a summary of the main findings of this 
thesis. Then, we will elaborate on our interpretation of the obtained results and put 
them further into perspective by relating them to previously published research. Next, 
the methodological considerations related to the research presented in this thesis are 
discussed. Finally, this chapter ends with our recommendations for future research and 
concluding remarks. 

1. MAIN FINDINGS
In Chapter 2, we found that trained non-pathologists were able to generate reproducible 
IHC results that are similar to those of an experienced pathologist. A combination score of 
at least two non-pathologists was found to yield optimal results. In Chapter 3, we classified 
CRC patients in the NLCS into three “Warburg-subtypes” (i.e., “Warburg-low”, “Warburg-
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moderate”, or “Warburg-high”) and found that CRC patients with Warburg-high tumors had 
a worse CRC-specific and overall survival compared to patients with Warburg-low tumors, 
independent of known prognostic factors such as TNM stage. In Chapter 4, we found 
important survival differences across mutually exclusive mutational subgroups based on 
the observed mutational frequencies of RAS, BRAF, PIK3CA, and MET, as well as MMR 
status. In addition, we found that BRAF-mutated proficient mismatch repair (pMMR) CRC, 
KRAS-mutated pMMR CRC, and deficient (d)MMR CRC may be related to the Warburg-high 
subtype. No statistically significant survival differences were observed across Warburg-
subtypes within these mutational subgroups. In Chapter 5, we found that of all studied 
long-term energy balance-related factors, only increased adult body mass index (BMI) 
was associated with a worse overall survival in the total series of CRC patients. Stratified 
analyses showed that associations with survival differed significantly according to our 
Warburg-subtypes for adult BMI, weight change since age 20 years, energy restriction 
during childhood and adolescence, and potentially adult-attained height. Weight gain since 
age 20 years and increased adult-attained height were associated with a poor prognosis 
only in patients with Warburg-high CRC, whereas increased adult BMI was associated 
with a poor prognosis only in patients with Warburg-moderate CRC. Lastly, in Chapter 6  
we found that only patients with Warburg-moderate and possibly Warburg-high CRC 
had survival benefit from adjuvant (chemo)therapy. In contrast, no survival benefit from 
adjuvant (chemo)therapy was observed for patients with Warburg-low CRC. 

2. INTERPRETATION OF MAIN RESULTS
To be able to interpret the results presented in this thesis and to put them further into 
perspective, we compared the survival rate of patients diagnosed with CRC in the NLCS 
(n = 2,356) to that of patients diagnosed with CRC in the general Dutch population during 
the same time period (1986-2006)21. We found that the CRC-specific survival rates for our 
series of CRC patients were comparable to the survival rates of patients diagnosed with 
CRC in the general Dutch population (1981-1990: 59.3% versus 52%, 1991-2000: 60.4% 
versus 54%, and 2001-2010: 59.7% versus 60%21).

2.1. Warburg-subtypes
The expression of proteins related to the Warburg-effect may have prognostic value in 
CRC13. However, results remain inconsistent which may be due to the fact that previous 
research focused on investigating single proteins involved in the Warburg-effect, while 
this pathway is much more complicated. For this research, we therefore categorized CRC 
patients into Warburg-subtypes based on the expression of several proteins involved 
in different steps of the Warburg-effect pathway. These steps included: (1) upstream 
regulation of the Warburg-effect (PTEN, p53), (2) glucose import (GLUT1), (3) glycolysis 
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(PKM2), (4) increased lactate production (LDHA), and (5) lactate secretion (MCT4). We have 
done this using a comprehensive methodology that can be reproduced in future studies 
(also see methodological considerations paragraph below). Moreover, we investigated the 
reproducibility and validity of IHC assays and IHC scoring protocols (Chapter 2, also see 
paragraph on methodological considerations).

To the best of our knowledge, we were the first to categorize patients into metabolic 
Warburg-subtypes in CRC and to investigate their prognostic value in a large population-
based series of CRC patients (Chapter 3). However, there have been some studies 
investigating the existence and prognostic value of metabolic subtypes in other cancer 
types. Assuming that our Warburg-high subtype represents a glycolytic subtype, our 
results were in line with previously published research in breast cancer22, pancreatic ductal 
adenocarcinoma (PDAC)23, and cutaneous melanoma24. In these studies, patients with 
tumors having a glycolytic phenotype had a poorer overall survival22-24. Furthermore, our 
results confirmed the findings of a meta-analysis by Yu et al.13 who reported that glycolysis-
related markers were associated with a poor survival in various cancer types, including 
CRC. In addition, in line with our results, a previous study by Zhu et al.25 showed that a 
glycolysis-related risk score based on messenger RNA (mRNA) sequencing data from The 
Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) databases was 
associated with a poor prognosis in CRC. 

Altogether, the results presented in Chapter 3 of this thesis, in combination with the 
previously published literature, suggest that the presence of the Warburg-effect (i.e., 
glycolytic phenotype) is associated with a poor survival in CRC. A potential explanation by 
which the Warburg-effect is thought to contribute to a poor prognosis in cancer patients 
is the acidification of the tumor microenvironment, resulting from the increased lactate 
export by cancer cells26, 27. It has been suggested that this acidification of the tumor 
microenvironment may contribute to tumor invasion and metastasis, therapy resistance, 
and immunosuppression26, 28, 29.

2.2. Mutational subgroups
Previous research has shown that metabolic reprogramming from oxidative 
phosphorylation (OXPHOS) towards the Warburg-effect is influenced by two major 
oncogenic signaling pathways: the PI3K/AKT/mTOR pathway and the RAS/RAF/MEK/
ERK pathway30-33. Key genes involved in these pathways (RAS, BRAF, PIK3CA and MET) 
are frequently mutated in human cancers, including CRC34-36. In addition, MMR deficiency, 
a surrogate of microsatellite instability (MSI)37, is a common molecular characteristic of 
CRC38-40. Mutations in RAS, BRAF, PIK3CA and MET, as well as MMR deficiency have been 
associated with the presence of the Warburg-effect34-36, 38-41. 
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Many studies have investigated the prognostic value of MMR status, KRAS-, BRAF-, or 
PIK3CA-mutations in CRC. However, most studies did not evaluate these mutations 
exclusively (e.g. patients with KRAS-mutated or KRAS wild-type cancers may have had 
another mutation in a different gene)42, which might have diluted the results. Moreover, 
studies assessing the prognostic value of CRC subgroups based on combinations of 
frequently occurring molecular characteristics (RAS, BRAF, PIK3CA and/or MMR status) 
are very limited and rarely evaluated all markers at the same time43-46. 

In Chapter 4, we found that, compared to patients with all-wild-type pMMR CRC, patients 
with BRAF-mutated pMMR CRC had the poorest survival. In contrast, no association with 
survival was observed for patients with BRAF-mutated dMMR CRC compared to patients 
with all-wild-type pMMR CRC (Chapter 4). These results indicate that dMMR ‘overrides’ the 
negative prognostic potential of BRAF mutations, which supports the findings of previous 
studies that reported that the adverse effect of mutant BRAF was limited to microsatellite 
stable (MSS) CRC46-49. Furthermore, we found that patients with KRAS-mutated or KRAS 
and PIK3CA-mutated pMMR had a poor prognosis compared to patients with all-wild-type 
pMMR CRC, whereas no significant association was observed for patients with PIK3CA-
mutated pMMR cancers (Chapter 4). To date, the prognostic significance of PIK3CA 
mutations in CRC is uncertain as results of previous studies are inconsistent45, 50, 51. In 
contrast, previous research suggests that patients with KRAS-mutated pMMR CRC have 
a poor survival in CRC43, 46, 52. Our results confirm the findings of previous research, and 
suggest that KRAS mutations most likely drive the poor survival observed in the subgroup 
of patients with KRAS and PIK3CA-mutated pMMR CRC. Lastly, our results confirm that 
CRC patients with dMMR cancers have a better prognosis compared to patients with 
pMMR cancers43 (Chapter 4). 

Furthermore, our results suggested that patients with Warburg-high CRCs are more likely to 
have BRAF mutations, dMMR, or KRAS mutations in combination with pMMR (Chapter 4).  
In addition, rectal cancer patients with Warburg-high cancers were more likely to have 
PIK3CA mutations in combination with pMMR (Chapter 4). As described in the first part of 
this paragraph, this was in line with what was expected based on previous research with 
regard to molecular features driving the Warburg-effect30-36, 38-41. We did not find statistically 
significant survival differences across Warburg-subtypes within mutational subgroups 
(Chapter 4). This might be due to limited statistical power as a result of subclassifying 
patients on both mutational subgroups and Warburg-subtypes. Furthermore, we did not 
have enough power to stratify our analyses on tumor location or pathological (p)TNM 
stage, which may have concealed associations as Warburg-subtypes particularly had 
prognostic value in pTNM stage III CRC and cancers located in the rectum (Chapter 3). 
Nevertheless, our results suggest that the Warburg-high subtype may provide additional 
prognostic information in patient subgroups with KRAS-mutated pMMR CRCs or BRAF -

General discussion | 185

7 7



-mutated pMMR or dMMR CRCs (Chapter 4). It may therefore be of interest to further 
examine the additional prognostic value of Warburg-subtypes within these mutational 
subgroups in a larger prospective cohort study or pooled study.

All in all, the results presented in Chapter 4 of this thesis, in combination with evidence 
from previously published studies, suggest that mutually exclusive subgroups based on 
mutations in RAS (KRAS, NRAS, HRAS), BRAF, PIK3CA and MET, as well as MMR status, 
have prognostic value in CRC. Furthermore, our results suggest that Warburg-subtyping 
may have additional prognostic value in patients with KRAS or BRAF mutations independent 
of known prognostic factors like TNM stage.

2.3. Long-term energy balance-related factors
Long-term energy balance-related factors, including increased adult BMI53, weight gain 
since adolescence54, and increased adult-attained height55, 56 have been associated with an 
increased risk of developing CRC. In contrast, physical activity57, 58 and energy restriction 
during childhood and adolescence59, 60 have been associated with a decreased risk of 
developing CRC. However, the impact of these long-term energy balance-related factors 
on survival after CRC diagnosis remains to be clarified, as the number of studies to date 
is very limited. 

In Chapter 5, we found that of all investigated long-term energy balance-related factors, 
only an increased adult BMI was associated with a poor prognosis in the total series of 
CRC patients. In line with our results, the majority of previous studies reported that pre-
diagnostic obesity was associated with a significantly poorer survival in CRC61-64, and 
found that every 5 kg/m2 increase in pre-diagnostic BMI was associated with a higher risk 
of mortality63, 65. Contrary to our results (Chapter 5), the majority of previously published 
studies reported that pre-diagnostic non-occupational physical activity was associated 
with a more favourable prognosis in CRC66-70. With regard to pre-diagnostic weight change, 
our results (Chapter 5) confirmed those of a previous study who reported that adult weight 
change (per 5 kg increase) was associated with a marginal (non-significant) higher risk of 
overall mortality 65. In addition, our results (Chapter 5) were in line with those of a previous 
study which reported that adult-attained height was not associated with survival in CRC 
patients63. To the best of our knowledge, we were the first to investigate the association 
between energy restriction during childhood and adolescence and survival in a large series 
of CRC patients, and therefore cannot compare our results to previously published studies. 
It has previously been proposed that associations between energy balance-related factors 
and survival in CRC may be modified by biomarkers related to the PI3K/AKT/mTOR 
pathway71. More specifically, it has been suggested that disruption of this pathway drives 
these associations, as the PI3K/AKT/mTOR pathway integrates signals from growth factors, 
nutrients, and hormones to induce cancer-related characteristics (e.g., cell proliferation, 
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resistance to apoptosis, autophagy, metabolic reprogramming). However, evidence that 
supports this hypothesis is currently lacking. In Chapter 5, we found that associations 
with survival for increased adult BMI, weight gain since age 20 years, and potentially adult-
attained height, differed significantly according to Warburg-subtype. Increased adult BMI 
was associated with worse survival only in patients with Warburg-moderate CRC, whereas 
weight gain since age 20 years and potentially adult-attained height were associated with a 
worse survival only in patients with Warburg-high CRC. In addition, our results showed that 
associations between energy restriction proxies (i.e., place of residence during the Dutch 
Hunger Winter (1944-1945) or World War II (1940-1945), and father’s employment status 
during the Dutch Economic Depression (1932-1940)) and survival differed according to 
Warburg-subtype. However, inconsistent associations with survival were observed for the 
three energy restriction proxies according to Warburg-subtype. Hence, we refrain from 
drawing any conclusions. The association between non-occupational physical activity and 
survival did not differ according to Warburg-subtype.

All in all, the results presented in Chapter 5 of this thesis corroborate previous findings 
that maintaining a healthy pre-diagnostic BMI may be beneficial for survival after CRC 
diagnosis. Moreover, our results suggest that associations between adult BMI, weight gain 
since age 20 years, energy restriction during childhood or adolescence, and potentially 
adult-attained height and survival after CRC diagnosis differ according to Warburg-subtype. 

2.4. Warburg-subtypes and survival after adjuvant therapy
Many in vitro studies have investigated the relationship between cellular metabolism and 
therapy resistance in CRC15. The majority of these studies showed that the Warburg-effect 
promotes tumor characteristics that contribute to therapy resistance (e.g., increased drug 
efflux and DNA damage repair, metabolic inactivation of drugs, epigenetic alterations, 
mutations in drug targets, activation of survival pathways, evasion of apoptosis)14-20, 72. To 
the best of our knowledge, we were the first to prospectively investigate whether Warburg-
subtyping can be used as biomarker to predict survival benefit from adjuvant therapy in 
a large population-based series of CRC patients. We found that while in general patients 
with stage II-IV CRC who received adjuvant (chemo)therapy had a significantly favourable 
CRC-specific and overall survival compared to patients who received surgery only, this 
benefit was only observed in patients with Warburg-moderate and possibly Warburg-high 
CRC. No survival benefit from adjuvant (chemo)therapy was observed for patients with 
Warburg-low CRC.

These results were not in line with what we would have expected based on the results of 
previously published studies. This might be explained by the fact that previous evidence 
was mostly based on in vitro cell culture studies19 (i.e., it has been described that in vitro 
conditions differ drastically from in vivo conditions73-75) or (retrospective) case-control 
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studies20 (i.e., this study design is more prone to various biases, including selection bias 
and confounding bias). However, as mentioned in Chapter 6, a potential explanation for 
the observation that patients with Warburg-low CRC showed no survival benefit from 
adjuvant (chemo)therapy has been described by Vellinga et al.76. Usually, the amount 
of adenosine 5’-triphosphate (ATP) that is generated by aerobic glycolysis is sufficient 
to support tumour cell growth and DNA repair76, 77. When adjuvant (chemo)therapy is 
administered, however, the cellular ATP demand increases tremendously as many proteins 
involved in DNA repair, drug efflux, and drug detoxification are dependent on ATP to exert 
their function76, 77. As OXPHOS is more efficient in terms of ATP generation, cancer cells 
may switch their metabolism from aerobic glycolysis towards OXPHOS76. Applied to our 
results, this may suggest that patients with Warburg-low CRC (i.e., tumours with a more 
oxidative metabolism) are more capable of repairing DNA damage and regulating drug 
efflux and metabolism compared to patients with Warburg-moderate or Warburg-high CRC 
(i.e., tumours with a more glycolytic metabolism), hence making them more resistant to 
adjuvant (chemo)therapy.

Altogether, the results presented in Chapter 6 of this thesis suggest that Warburg-
subtyping may be used to predict survival benefit from adjuvant (chemo)therapy in CRC 
patients. Patients with Warburg-low CRC had no survival benefit from adjuvant (chemo)
therapy, whereas patients with Warburg-moderate and possibly Warburg-high CRC did 
show survival benefit from adjuvant (chemo)therapy.

2.5. Warburg-subtypes and other classification systems
Several other classification systems for CRC have been described in the past few years78-83. 
Recently, the CRC Subtyping Consortium (CRCSC) was established, aiming to elucidate 
potential overlaps between these existing classification systems and to develop a more 
unified taxonomy84, 85. Using a network-based meta-analysis of the six existing subtyping 
systems, four consensus molecular subtypes (CMS) with distinguishing features were 
identified84, 85. These four CMS subtypes included the CMS1-MSI immune subtype 
(characterized by hypermutation, MSI, CpG island methylator phenotype (CIMP), immune 
activation and BRAF mutations), CMS2-canonical subtype (characterized by epithelial 
features, activated WNT and c-Myc signaling pathways, chromosomal instability (CIN), and 
MSS), CMS3-metabolic subtype (characterized by deregulation of metabolic pathways, 
KRAS mutations, and mixed CIN-MSI status), and the CMS4-mesenchymal subtype 
(characterized by upregulation of epithelial-to-mesenchymal transition (EMT), transforming 
growth factor (TGF)-β activation, MSS, CIN, angiogenesis, and stromal invasion)84-86. In spite 
of the early enthusiasm about this CMS system, however, translation to clinical practice 
has thus far been challenging as a result of several major challenges84. These challenges 
include: (1) the CMS classification is impractical in the clinical setting (as a result of the 
high costs, turnaround time, and reliance on bioinformatic expertise associated with gene 
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expression profiles), (2) the accuracy of the CMS classification on FFPE samples remains 
questionable as it was developed using fresh frozen samples, (3) there is still a lack of 
biomarkers predictive of CMS that can be comprehensible and conducted by pathologists 
and clinicians84. Although the latter challenge has been addressed in two recent studies 
which aimed to develop a clinically practical IHC-based CMS classifier consisting of four 
markers, concordance between the IHC and RNA-sequencing based CMS classifiers was 
still suboptimal (71.4%)87, 88. In addition to these well-known CMS subtypes, other subtypes 
of CRC have been described, including, but not limited to, subtypes based on the three 
major molecular pathways involved in the development of CRC (i.e., CIN, CIMP, MSI)89, 90 
or clustering analyses78, 83. However, a definitive and comprehensive subtype classification 
for CRC has not been implemented in clinical practice to date.

As can be seen from the characteristics of the four CMS subtypes provided above, our 
Warburg-high subtype would most likely overlap with the CMS3-metabolic subtype84-86. 
However, the Warburg-high subtype was also found to be related to dMMR cancers 
(Chapter 2 and 3)38, 91 and BRAF-mutated cancers (Chapter 3)91, and therefore also shows 
some overlap with characteristics of the CMS1-MSI immune subtype84-86. Unfortunately, 
at this time we do not have sufficient information on characteristics related to the CMS 
subtypes available for (a subset of) our patient population. However, we believe that it 
would certainly be of interest to investigate this in the future as integrating our IHC-based 
Warburg-subtypes into the existing CMS classification may improve the overall accuracy 
of prognostication in CRC. 

3. METHODOLOGICAL CONSIDERATIONS
The results presented in this thesis are based on a combination of observational and 
molecular data. As a result, they may be subject to various sources of bias, which may have 
influenced the validity of our findings. In the following sections, several methodological 
considerations and their consequences for the interpretation of our results are discussed.

3.1. The Netherlands Cohort Study
All results presented in this thesis are based on observational data from the NLCS. The 
NLCS has several strengths, including its large population-based prospective cohort 
design with coverage throughout the Netherlands, its long-term and nearly complete 
(≥95%) follow-up for cancer incidence, the availability of tumor material for a large number 
of CRC patients, the large amount of information on cancer risk factors and potential 
confounders, and the long-term mortality follow-up. All in all, the design of this cohort 
study greatly reduces the risk of information and selection bias. Furthermore, the large 
majority (>80%) of CRC patients in the NLCS have only been treated with surgery and did 
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not receive adjuvant therapy, thereby limiting the risk of confounding by indication (i.e., the 
choice of adjuvant therapy might be associated with assumed prognosis, which might be 
associated with the prognostic subgroups that we are studying).

The large number of participants included in the NLCS in combination with its long follow-
up resulted in a large population-based series of CRC patients, which enabled us to study 
the prognosis of CRC patients in metabolic “Warburg-subtypes” (Chapter 3-5). In addition 
to this, the NLCS offers the unique opportunity to study the relationship between early-
life energy restriction and CRC prognosis (Chapter 5), as participants were children or 
adolescents during World War II (1940-1944), the Dutch Hunger winter (1944-1945) and 
the Dutch Economic Depression (1932-1940).

A methodological consideration related to the design of the NLCS that should be taken 
into account is that information on long-term energy balance-related factors was obtained 
from a self-administered questionnaire at baseline. This may have influenced the results 
presented in Chapter 5 of this thesis in several ways. First, misclassification of exposure 
data may have occurred as the baseline questionnaire was self-reported. As the NLCS 
has a prospective cohort design, it is unlikely that the degree of misclassification is 
different among participants who developed CRC and those who did not (i.e., differential 
misclassification)92. Nevertheless, non-differential misclassification may have occurred. 
However, the associations with survival for pre-diagnostic BMI and adult-attained height 
reported in this thesis were similar to those of studies in which these exposures were 
assessed by non-self-reported measures61-63, 93. Second, exposure data was only measured 
at baseline and no repeated measurements were available. During the long time that passed 
between exposure measurement at baseline and CRC diagnosis changes in exposures 
may have occurred. This may have resulted in underestimation of associations because of 
misclassification bias. However, it is most likely that participants of the NLCS had relatively 
stable (dietary) habits because of their older age at baseline11. Third, CRC patients may 
have changed their overall lifestyle after CRC diagnosis, which may have biased our 
results. However, it has previously been reported that CRC patients only marginally change 
their overall lifestyle following diagnosis94. Furthermore, the associations we observed for 
pre-diagnostic BMI, pre-diagnostic weight gain, and adult-attained height were comparable 
to those reported by previous studies61-65.

3.2. Tissue MicroArrays and Immunohistochemistry
The Tissue MicroArray (TMA) technology was introduced in 1998 by Kononen et al.95, thereby 
enabling high-throughput analysis of cancer biomarkers in large-scale patient cohorts using 
formalin-fixed paraffin embedded (FFPE) tissue blocks96. The TMA technology has many 
advantages over whole tissue slides. First, IHC on TMAs is more time-efficient and cost-
effective compared to IHC on whole tissue sections97-102. Second, the TMA technology 
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ensures a higher level of assay standardization as all tissue cores assembled on a TMA are 
exposed to the same experimental conditions during, for example, IHC97, 99, 100, 102-104. Third, 
using TMAs preserves tissue resources and maximizes the number of IHC stainings or other 
experiments that can be performed with the material present in one paraffin block97, 99, 100.

The TMA technology also has some limitations. Concerns have been raised about the 
representativeness of TMAs for the whole tissue specimen97. However, it has been 
shown previously that IHC results obtained from TMA sections and whole tumor sections 
have a high degree of concordance when three 0.6-mm tissue cores per patient were 
sampled105-109, as was done for the present study. Another methodological consideration 
is that, due to their small size, TMA cores are more prone to tissue loss during processing 
compared to whole tissue sections97. To substantially reduce the total number of ‘lost 
patients’ in the present study, three tumor tissue cores per patient were sampled during 
TMA construction, as suggested previously97. An additional concern with regard to TMAs is 
that FFPE tissue blocks from different time periods and different hospitals are assembled 
on the same TMA block97. It has been described that differences in fixation protocols and/
or storage time may affect the quality of IHC staining protocols97. In the present study, 
we therefore used internal controls whenever possible as a control measure to assure 
the quality of IHC stainings. In addition, we have ensured sufficient quality and specificity 
of the IHC stainings by optimizing (existing) staining protocols on multi-tissue paraffin 
blocks (i.e., paraffin blocks containing tissue sections from different organs) and spare 
TMA sections containing tumor cores as well as normal epithelium from CRC patients. 

Another methodological consideration with regard to IHC in general is the validity and 
quality of the used antibodies. For use in an IHC assay, the antibody must be sensitive and 
specific to the target antigen110. Preferably, monoclonal antibodies should be selected as 
they are highly specific and consistent between experiments110. However, for an average 
scientist or pathologist, a good monoclonal antibody for IHC assays can be hard to find, 
as there are many antibodies available (both commercially and research-developed) that 
target the same antigen110. In 2005, the first version of the Human Protein Atlas portal 
(www.proteinatlas.org) was released, containing 275 internally generated antibodies and 
443 commercially available antibodies111, 112. Currently, the Human Protein Atlas covers 
15,323 genes (i.e., 76% of all protein-coding genes) for which antibodies are available112, 113. 
In the present study, we have used optimized and validated IHC assays that are currently 
used in routine clinical practice at the Department of Pathology at Maastricht University 
Medical Centre (MUMC+, Maastricht) whenever possible. When no validated IHC assay was 
available, we have considered the Human Protein Atlas or previously published literature 
to search for potential antibodies (preferably monoclonal antibodies). As described above, 
protocols for these antibodies were then optimized and validated using multi-tissue FFPE 
blocks and spare TMA sections containing tumor as well as normal tissue cores from CRC 
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patients. Unfortunately, after several attempts, we have not been able to find antibodies of 
sufficient quality for HIF-1α, c-Myc, and PDK1.

Lastly, the subjectivity of IHC scoring should be considered114, 115. IHC scoring is very prone 
to substantial inter- and intra-observer variability115. Hence, it has been recommended 
previously that IHC scoring should be performed by multiple assessors to improve 
reproducibility116. In the present study, we therefore ensured that all tumor tissue cores 
were scored independently by at least two trained non-pathologist assessors (Chapter 
2). Furthermore, the quality of the generated IHC scoring results was investigated by 
assessing the inter-observer agreement between the scores generated by the trained non-
pathologists and the scores generated by an experienced pathologist (Chapter 2).

3.3. Warburg-subtypes
For the present study, CRC patients were categorized into Warburg-subtypes using a 
pathway-based sum score of six proteins indicative of the presence of the Warburg-effect 
(i.e., LDHA, GLUT1, MCT4, PKM2, p53, PTEN; Chapter 3-6). In this section, the methodological 
considerations with regard to defining Warburg-subtypes are discussed. 

First, the six proteins that we considered in the present study only represent a small 
selection of proteins known to be involved in the Warburg-effect. Still, we believe that our 
defined Warburg-subtypes give a good indication of the presence of the Warburg-effect, 
as we ensured that proteins involved in the different levels of the Warburg-effect pathway 
(i.e., upstream regulators, glucose import, glycolysis, and lactate secretion) were included. 
Nevertheless, we could have added more proteins to our sum score, including the well-
known regulators of the Warburg-effect hypoxia-inducible factor (HIF)-1α, c-Myc, and 
pyruvate dehydrogenase kinase 1 (PDK1)117, 118. These three proteins were originally planned 
to be included in our Warburg-subtypes, but unfortunately the quality of the IHC stainings did 
not meet our standards. Furthermore, capturing the complete Warburg-effect pathway was 
nearly impossible considering the time and budgetary constraints of this project.

Second, there are several ways that could be considered to combine the obtained core-
level IHC data into patient-level data, which may have affected our results. Based on 
previous literature, potential possibilities to combine core-level data into patient-level 
data include (1) taking the highest or the lowest score (depending on the protein under 
investigation)119-121 or (2) taking the average score of all available cores122-125. After carefully 
considering both options, we have chosen for the ‘average score’-approach because we 
believed that this was the best way to account for the potential intra-tumoral heterogeneity 
that would be considered when assessing whole tissue sections. 
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Third, defining subtypes for patient stratification implies the introduction of cut-offs126. 
The choice of these cut-offs is not straightforward, and may eventually influence the 
obtained results126. For this project, we have chosen a two-step approach, in which we first 
generated a (unweighted) pathway-based sum score and then categorized patients into 
three subtypes based on predefined cut-off values. To generate these cut-off values, we 
have considered two options. The first option encompassed a more restricted ‘Warburg-low’ 
and ‘Warburg-high’ category, and was therefore statistically less efficient. The second option 
encompassed more equally-sized patient subgroups (i.e., ~30% of patients per subtype) but 
was less restricted, which enhanced the statistical efficiency but might result in attenuation 
of associations in analyses (i.e., there may be patients included in the Warburg-high subtype 
that are not showing high expression for the majority of proteins). For this study, we have 
chosen for the second option as this would provide us with the greatest statistical efficiency 
and allowed us to perform stratified analyses if necessary. Choosing this option may, as 
described above, have resulted in attenuation of associations in our analyses.

3.4. Mutational subgroups
Next to our IHC-based Warburg-subtypes, we also categorized patients into mutational 
subgroups based on mutations in genes that have been associated with the Warburg-effect 
(RAS, BRAF, PIK3CA, MET) as well as MMR status (Chapter 4). Several methodological 
considerations should be taken into account here, especially with regard to measurement 
error and misclassification.

Mutational status of CRC patients was assessed using the commercially available ColoCarta 
panel (Agena Bioscience, Hamburg)127. The ColoCarta panel does not include all regulators 
of the Warburg-effect, such as mTOR or AKT1128. However, due to budgetary constraints as 
a result of the large number of CRC patients included in this study, the ColoCarta panel was 
our best available option. The ColoCarta panel is a validated panel that contains assays for 
mutations in the most clinically relevant CRC genes (i.e., 99%, 98% and 78% of all known 
mutations in KRAS, BRAF or PIK3CA, respectively)127 and, in addition, contains assays for other 
mutations in genes that intersect with the same pathways (e.g., HRAS, NRAS, and MET)127. The 
frequencies of the measured mutations within our cohort were in line with previous literature127, 

129, 130 and the Catalogue of Somatic Mutations in Cancer (COSMIC) database131, 132.

MMR status was determined using IHC for mutL homolog 1 (MLH1) and mutS homolog 
2 (MSH2) as a proxy for microsatellite instability (MSI). This may have resulted in 
misclassification of some CRC patients, as we did not stain for the MMR proteins mutS 
homolog 6 (MSH6) and PMS1 homolog 2 (PMS2). However, it has been described previously 
that IHC analysis of MLH1 and MSH2 expression is a reliable method for the detection of 
the vast majority of patients with MSI CRC133. In addition, the frequency of MMR deficiency 
in our cohort was in line with what was reported in previous literature134, 135.
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4. RECOMMENDATIONS FOR FUTURE RESEARCH
The results presented in this thesis indicate that Warburg-subtypes have prognostic 
value in CRC, modify the association between long-term energy balance-related factors 
and survival, and may potentially be used to predict survival after adjuvant therapy. As we 
were the first to investigate this in a large population-based series of CRC patients, future 
large(r)-scale prospective studies or pooled studies are required to validate our findings. 
In addition to replicating the current results, we propose several other directions for future 
research. 

First, it would be of interest to investigate the exact biological mechanisms that are 
responsible for the differences in survival we observed across Warburg-subtypes. 
Potential suggestions for future research are to further investigate the relationship 
between the Warburg-effect, acidification of the tumor microenvironment, and tumor 
invasion, metastasis, and tumor immunity26-29, 136. The exact biological mechanism(s) 
through which the Warburg-effect, and subsequent acidification of the microenvironment, 
influences cancer cell invasion, migration, metastasis and the functioning of immune 
cells, may be further investigated in animal models or in vitro models. In addition, it may 
be of interest to examine the association between our Warburg-subtypes and anti-tumor 
immune response in patient tissue samples, as it has been suggested that increased 
tumor glycolytic metabolism is related to decreased T-cell infiltration and activity137. 

Furthermore, as our results indicate that our comprehensive way of Warburg-subtyping 
has prognostic value in CRC, it may be of interest to investigate its prognostic value in 
other cancer types. For example, the Warburg-effect has been observed in a variety of 
cancer cells, including hepatic cancer, pancreatic cancer, breast cancer, esophageal 
cancer, brain cancer, renal cancer, lung cancer, melanoma, pancreatic cancer, endometrial 
cancer, ovarian cancer, and cervical cancer138, 139. 

In addition, we recommend considering other ways to estimate the presence of the 
Warburg-effect, as our defined Warburg-subtypes do not include all proteins known to be 
involved in the Warburg-effect. For example, one might consider adding other important 
proteins that we did not or could not measure in the present study, such as c-Myc, HIF-1α, 
or PDK1117, 118. Furthermore, other techniques may be considered in order to measure the 
presence of the Warburg-effect in tumor samples, such as (multi-)omics techniques140. 
However, the translation of omics techniques to clinical practice has been challenging, 
due to several significant barriers, including the lack of clinician knowledge and ethical 
considerations (e.g. overdiagnosis)141. Therefore, we believe that our Warburg-subtyping 
may be easier to translate to a clinical setting, as this is a comprehensive and transparent 
way of subtyping based on IHC (a technique that is already widely used in clinical practice). 
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In addition, we believe that it would be worthwhile to investigate less invasive techniques, 
such as plasma metabolites and proteins derived from the Warburg-effect (e.g. glucose, 
lactate, GLUT1) or fluorodeoxyglucose (FDG)-uptake by primary tumors, as those may be 
used for both prognosis and diagnosis of CRC142.

Moreover, as it takes a considerable amount of time to score all IHC-stained sections 
to define Warburg-subtypes we believe that it would be of great interest to consider the 
application of artificial intelligence. For example, it has been shown previously that MSI 
status can be predicted from hematoxylin and eosin (H&E)-stained tissue sections using 
artificial intelligence143, 144. We believe that it would be of interest to explore whether artificial 
intelligence can be used to predict the presence of the IHC-based Warburg-effect or the 
mutational status of RAS, BRAF, or PIK3CA from H&E-stained tissue sections.

Also, we recommend that future research investigates whether our Warburg-subtyping 
adds prognostic or predictive information beyond that of other promising newly developed 
markers, such as tumor budding145, immunoscore®146, tumor/stroma ratio147, neutrophil/
lymphocyte ratio148, and CMS85. It may therefore be of interest to study the prognostic 
value of Warburg-subtyping in a large prospective cohort of CRC patients, while adjusting 
for TNM stage as well as for these ‘new’ biomarkers.

Besides, we recommend that future research investigates why patients with Warburg-
low CRC show no survival benefit from adjuvant chemotherapy. Future research may 
investigate whether patients with Warburg-low CRC (i.e., patients with cancers that 
rely mainly on oxidative metabolism) are more capable of repairing DNA damage and 
regulating drug metabolism compared to patients with Warburg-moderate and Warburg-
high CRC (i.e., patients with cancers that rely on aerobic glycolysis). As our results did not 
match the results obtained in the majority of in vitro studies, we suggest that this should 
preferably be investigated in a prospective study that includes more CRC patients that 
received adjuvant chemo- or radiotherapy, to increase power. These future studies may 
therefore also consider to measure OXPHOS metabolism, preferably in a similar way as 
was used to define our Warburg-subtypes (using IHC for OXPHOS-related markers, such as 
complex I-V or porin149) for comprehensiveness and reproducibility. Furthermore, it could 
be considered to include pre-treatment and post-treatment tissue samples of (a sample 
of) CRC patients to examine the changes in cellular metabolism after administration of 
adjuvant therapy. 

Lastly, as mentioned before, the Warburg-high subtype shows similar characteristics as 
the CMS1-MSI subtype and CMS3-metabolic subtype84-86. Therefore, we believe that it 
would be of interest to investigate the relationship between our Warburg-subtypes and the 
previously described CMS subtypes84-86 as integrating our IHC-based Warburg-subtypes 
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into the existing CMS classification may improve the overall accuracy of prognostication 
in CRC.

5. CONCLUDING REMARKS
In this thesis, we aimed to investigate whether Warburg-subtyping, based on the estimated 
presence of the Warburg-effect in tumor cells, has prognostic value in CRC and is able 
to predict survival benefit from adjuvant therapy. To this end, we classified 2,394 CRC 
patients in the Netherlands Cohort Study (NLCS) into Warburg-subtypes, based on the IHC 
expression of six glycolytic proteins and transcriptional regulators related to the Warburg-
effect (LDHA, GLUT1, MCT4, PKM2, p53, PTEN). Overall, our results indicate that our defined 
Warburg-subtypes can be used for prognostication and to predict survival benefit from 
adjuvant (chemo)therapy in CRC patients, independent of known prognostic and predictive 
factors such as TNM stage. More specifically, we found that the presence of the Warburg-
effect (i.e., Warburg-high CRC; a more glycolytic phenotype) is associated with poor survival 
in CRC patients, whereas the absence of the Warburg-effect (i.e., Warburg-low CRC; a more 
oxidative phenotype) is associated with a poor survival benefit from adjuvant (chemo)
therapy. In addition, we found that mutational subgroups based on molecular features that 
have been related to the Warburg-effect (i.e., RAS, BRAF, PIK3CA, and MMR status) have 
prognostic value in CRC, and that Warburg-subtypes may potentially provide additional 
prognostic information within these mutational subgroups. Furthermore, our results 
indicate that associations between long-term energy balance-related factors and survival 
in CRC may differ according to Warburg-subtype. As we were the first to categorize a large 
population-based series of CRC patients into metabolic subtypes and to investigate their 
prognostic and predictive value, validation in large(r)-scale prospective studies is required.
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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 20201. The global incidence of CRC has more than 
doubled over the past 30 years2. Its incidence is expected to increase even further in the 
coming years to 3.2 million new CRC cases in 20403, as more and more countries adopt a 
so-called “western” lifestyle (e.g., high consumption of animal fats, processed meats, low 
physical activity)4, 5. Even though screening and treatment has improved significantly over 
the past few decades6, 7, CRC is still the second most deadly cancer worldwide, accounting 
for more than 900,000 deaths in 20201. In addition, CRC places a significant economic 
burden on populations and healthcare systems8, estimated to be around €19.1 billion in 
Europe in 20159.

Disease stage at diagnosis, as assessed by the American Joint Committee on Cancer 
(AJCC)10 and the Union for International Cancer Control (UICC)11 tumor-node-metastasis 
(TNM) staging system, remains the most important determinant of prognosis and guides 
clinical management in patients with CRC12. In the Netherlands, five-year survival for 
TNM stage I is 95% and drops to only 12% for TNM stage IV CRC patients13. However, 
the survival of individual CRC patients diagnosed with the same disease stage may differ 
substantially, often due to the heterogeneous nature of the disease12. 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 allocation14. Hence, there remains an 
urgent clinical need to identify novel prognostic and/or predictive biomarkers in CRC15. 
However, despite the great interest and immense amount of research invested in the 
development of additional prognostic and/or predictive markers12, 16-20, only few markers 
have been implemented in clinical practice to date12, 21. 

Metabolic reprogramming is a recognized hallmark of cancer cells22-24. 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 1920s25), a phenomenon characterized by increased glycolysis even in the presence 
of oxygen24. It has been proposed that the Warburg-effect promotes the malignant 
potential of cancer cells26, thereby potentially affecting patient prognosis and response to 
therapy27-34. However, to date, the evidence is very limited and results are inconsistent27. 
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 studies29. 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 samples34. 
However, this was investigated in a (retrospective) case-control design, which is prone to 
various biases (e.g., selection bias, confounding bias).
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Targeting the Warburg-effect has become a major area of focus in the development of new 
anti-cancer drugs35, as inhibition of the Warburg-effect may reduce tumor cell proliferation 
and metastasis36. Various inhibitors of glycolytic enzymes and transporters (e.g., GLUT, 
PKM2, LDHA, MCT1) are currently in (pre)clinical development37, 38. Unfortunately, there 
has been little clinical success to date37, 38. 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 therapy38. Even 
though the Warburg-effect is a common phenomenon observed a variety of cancers, it is 
not a universal trait of all tumor cells38, 39. 

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)40. 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)41. 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 studies29, with the exception of one 
(retrospective) case-control study34. 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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SUMMARY
Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide. Despite 
advances in the early detection and treatment of CRC, it remains the second leading cause 
of cancer-related mortality worldwide, accounting for more than 900,000 deaths in 2020. 
To date, the tumor-node-metastasis (TNM) staging system remains the most important 
clinically used factor to predict patient prognosis and guide treatment decisions in CRC. 
However, even patients within the same TNM stage can have a significantly different 
prognosis and response to adjuvant therapy, most likely due to heterogeneity in patient 
and tumor characteristics. 

The PI3K/AKT/mTOR signaling pathway is one of the most frequently activated molecular 
pathways in CRC. It has been proposed that this signaling pathway rewires cancer cell 
metabolism from oxidative phosphorylation towards aerobic glycolysis, a phenomenon 
known as the “Warburg-effect”. Previous research suggests that the Warburg-effect 
increases the malignant potential of tumor cells and may even contribute to therapy 
resistance. However, evidence to date is scarce and results remain inconsistent. 

In this thesis, we therefore aimed to investigate whether Warburg-subtyping, based on 
the estimated presence of the Warburg-effect, has prognostic value and is able to predict 
benefit from adjuvant therapy in CRC patients. Furthermore, using a molecular pathological 
epidemiology (MPE) approach, we investigated (i) the potential additional prognostic 
value of Warburg-subtyping in subgroups based on mutations in oncogenes and tumor 
suppressor genes that have been associated with the presence of the Warburg-effect 
(i.e., RAS (KRAS, NRAS, HRAS), PIK3CA, and BRAF mutations) as well as mismatch repair 
(MMR) status, and (ii) whether associations between long-term energy balance-related 
factors and survival in CRC differed according to Warburg-subtype. To this end, CRC 
patients were classified as having Warburg-low (i.e., low probability of the presence of the 
Warburg-effect), Warburg-moderate, or Warburg-high CRC using a pathway-based sum 
score based on the protein expression levels of six glycolytic proteins and transcriptional 
regulators indicative of the Warburg-effect (i.e., LDHA, GLUT1, MCT4, PKM2, p53, PTEN). 

All results presented in this thesis were based on observational data from the Netherlands 
Cohort Study (NLCS) on diet and cancer. This large, population-based prospective cohort 
study was initiated in 1986, and included 120,852 men and women aged 55-69 at baseline. 
Information with regard to, but not limited to, long-term energy balance-related factors 
were collected at baseline through a mailed, self-administered questionnaire. Follow-
up for cancer incidence was established by annual record linkage with the Netherlands 
Cancer Registry and PALGA, the nationwide Dutch Pathology Registry, covering 20.3 years 
of follow up (September 17, 1986 until January 1, 2007). After this follow-up period of 
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20.3 years, 4,597 incident CRC cases had occurred. Follow-up for vital status was carried 
out through linkage with the Central Bureau of Genealogy and the municipal population 
registries, until December 31, 2012, and causes of death were retrieved from Statistic 
Netherlands.

In 2012, the Rainbow-TMA project was initiated, aiming to enrich cohorts with Tissue 
MicroArrays (TMAs) and DNA. Tumor and normal formalin-fixed paraffin-embedded (FFPE) 
tissue blocks from CRC patients were retrieved from pathology laboratories throughout 
the Netherlands. For TMA construction, pathologists reviewed Hematoxylin & Eosin (H&E)-
stained sections and marked areas with the highest tumor density. From these areas, 
three 0.6 mm diameter tumor cores and three normal tissue cores were sampled and 
assembled in TMA blocks. 

For the current thesis, serial TMA sections were subjected to immunohistochemistry (IHC) 
for Warburg-related proteins (i.e., LDHA, GLUT1, MCT4, PKM2, p53, PTEN), as well as 
mismatch repair (MMR)-related proteins (MLH1, MSH2). Stained sections were scored by 
three trained non-pathologist assessors and a random 10% was additionally scored by an 
experienced pathologist. Expression levels of the Warburg-related proteins were combined 
into a pathway-based sum score and, based on this sum score, patients were categorized 
into three Warburg-subtypes (Warburg-low, -moderate, and -high). In addition, available 
tumor DNA from CRC patients was screened for RAS (KRAS, NRAS, HRAS), PIK3CA, BRAF, 
and MET mutations. Patients were then classified into eight mutually exclusive mutational 
subgroups, based on observed mutation (mut) frequencies and MMR status (i.e., all-wild-
type + MMRproficient, KRASmut + MMRproficient, KRASmut + PIK3CAmut + MMRproficient, PIK3CAmut + 
MMRproficient, BRAFmut + MMRproficient, BRAFmut + MMRdeficient, other + MMRproficient, and other + 
MMRdeficient).

After excluding patients who did not pass IHC quality control, 2,394 CRC patients with 
complete IHC expression data for Warburg-subtyping (Chapter 3 and 5) and 2,344 patients 
with complete data for mutational subgroups were available for analyses (Chapter 4). 
In addition, the relationship between adjuvant therapy and survival could be analyzed 
for 1,793 CRC patients (Chapter 6). Kaplan-Meier curves and Cox regression models 
were used to investigate associations with survival for Warburg-subtypes alone, and in 
combination with mutational subgroups, long-term energy balance-related factors and 
adjuvant therapy.

In Chapter 2, we investigated whether non-pathologists can generate valid and reproducible 
IHC scoring results. This was done by assessing inter-observer agreement between trained 
non-pathologists and an experienced histopathologist for three IHC markers with different 
subcellular localization (i.e., nucleus, membrane, cytoplasm). In addition, intra-observer 
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agreement among trained non-pathologists was assessed. Our results indicated that 
adequately trained non-pathologists were able to produce similar IHC scoring results as 
an experienced histopathologists. Combining the scores of at least two non-pathologists 
yielded the most optimal results.

In Chapter 3, we studied whether Warburg-subtyping has prognostic value in CRC patients. 
We found that patients with Warburg-high CRC had a worse survival compared to patients 
with Warburg-low CRC, independent of known prognostic factors such as TNM stage. 

In Chapter 4, we investigated whether mutational subgroups based on somatic mutations 
in RAS, BRAF, PIK3CA and MET, as well as MMR status, hold prognostic value in CRC. 
Moreover, we investigated whether Warburg-subtyping had additional prognostic value 
within these mutational subgroups. We found that compared to patients with all-wild-type 
+ MMRproficient CRC, patients with KRASmut + MMRproficient, KRASmut + PIK3CAmut + MMRproficient, 
BRAFmut + MMRproficient, or other + MMRproficient CRC had a worse survival. Patients with BRAFmut 

+ MMRproficient CRC had the worst survival, while patients with other + MMRdeficient CRC had 
the most favorable survival. Furthermore, we found that BRAFmut, KRASmut + MMRproficient 
and other + MMRdeficient CRC may be related to the Warburg-high subtype. No statistically 
significant survival differences were observed across Warburg-subtypes within mutational 
subgroups.

In Chapter 5, we investigated the association between long-term energy balance-related 
factors (i.e., adult BMI, non-occupational physical activity, weight change since age 20 
years, adult-attained height, and exposure to energy restriction during childhood and 
adolescence) and survival in CRC. Moreover, we evaluated whether associations between 
long-term energy balance-related factors and survival differed according to Warburg-
subtype. We found that of all studied long-term energy balance-related factors, only 
increased adult (pre-diagnostic) BMI was associated with a worse survival in the total 
series of CRC patients. In stratified analyses, we found that associations with survival for 
increased adult BMI, weight gain since age 20 years, energy restriction during childhood 
and adolescence and potentially increased adult-attained height differed according 
to Warburg-subtype. Weight gain since age 20 years and adult-attained height were 
associated with a worse overall survival only in patients with Warburg-high CRC. Increased 
adult BMI was associated with a worse survival only in patients with Warburg-moderate 
CRC. Associations between energy restriction proxies (i.e., place of residence during 
World War II or the Dutch Hunger winter, employment of father during the Dutch Economic 
Depression) and survival did not show consistent patterns when stratified on Warburg-
subtype
.
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In Chapter 6, we explored whether Warburg-subtypes can predict survival benefit from 
adjuvant therapy in patients with CRC. We found that while in general patients with TNM 
stage II-IV CRC who received adjuvant (chemo)therapy had a significantly favorable 
survival compared to patients who received surgery only, this survival benefit was limited 
to patients with Warburg-moderate and potentially Warburg-high CRC. No survival benefit 
from adjuvant (chemo)therapy was found for patients with Warburg-low CRC.

In Chapter 7, this thesis was concluded by a summary of the main findings, interpretation 
of the study results, a discussion of methodological considerations, and recommendations 
for future research. All in all, the results presented in this thesis suggest that Warburg-
subtyping has prognostic value in CRC and may be used to predict survival benefit from 
adjuvant (chemo)therapy. 
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NEDERLANDSTALIGE SAMENVATTING
Jaarlijks krijgen ruim 1.9 miljoen mensen wereldwijd de diagnose dikkedarmkanker, ook 
wel aangeduid met de term ‘colorectaal carcinoom’ (CRC). Het is daarmee de derde meest 
voorkomende maligniteit na borst- en longkanker. Ondanks verbeteringen in de screening 
en behandeling van CRC, sterven er jaarlijks nog steeds meer dan 900.000 mensen aan 
deze ziekte. Daarmee is het de op één na belangrijkste oorzaak van kanker-gerelateerde 
sterfte wereldwijd. Tot op heden wordt het TNM-stadiëringssysteem (TNM-classificatie van 
maligne tumoren) gezien als de belangrijkste prognostische factor bij CRC. Classificatie op 
basis van het TNM-stadiëringssysteem lijkt echter onvoldoende nauwkeurig. Zo kunnen er 
bij tumoren met hetzelfde TNM-stadium grote onderlinge verschillen bestaan in prognose 
en respons op adjuvante therapie. Het is aangetoond dat dit hoogstwaarschijnlijk het gevolg 
is van verschillen op zowel het niveau van de patiënt als op het niveau van tumorbiologie.
De PI3K/AKT/mTOR-pathway is een van de meest frequent geactiveerde moleculaire 
signaleringsroutes bij CRC. Onderzoek heeft uitgewezen dat deze pathway het metabolisme 
van kankercellen kan herprogrammeren van oxidatieve fosforylering naar aerobe 
glycolyse. Dit fenomeen staat ook wel bekend als het “Warburg-effect”. Eerder onderzoek 
suggereert dat het Warburg-effect kwaadaardige tumoreigenschappen kan versterken en 
kan bijdragen aan therapieresistentie, maar tot op heden is het bewijs hiervoor schaars en 
zijn resultaten inconsistent.

In dit proefschrift hebben we daarom onderzocht of Warburg-subtypering prognostische 
waarde heeft bij CRC. Ook hebben we bekeken of Warburg-subtypering kan worden 
gebruikt om te achterhalen voor welke patiënten behandeling met adjuvante chemo- of 
radiotherapie het meeste overlevingsvoordeel oplevert. Daarnaast hebben we met behulp 
van een moleculaire pathologische epidemiologische (MPE) benadering bekeken (i) of 
Warburg-subtypering additionele prognostische waarde heeft binnen patiëntsubgroepen 
gebaseerd op moleculaire karakteristieken die gerelateerd zijn aan het Warburg-effect, en 
(ii) of associaties tussen factoren die aan de energiebalans zijn gerelateerd (op de lange 
termijn) en overleving verschillen tussen Warburg-subtypen.

Om dit te onderzoeken hebben we CRC-patiënten geclassificeerd als Warburg-laag (de 
geschatte kans dat het Warburg-effect aanwezig is in de tumor is laag), Warburg-matig, 
of Warburg-hoog (de geschatte kans dat het Warburg-effect aanwezig is in de tumor 
is hoog). Deze classificatie kwam tot stand met behulp van een somscore op basis 
van de eiwitexpressieniveaus van zes glycolytische eiwitten en transcriptiefactoren in 
tumorweefsel die indicatief zijn voor de aanwezigheid van het Warburg-effect (LDHA, 
GLUT1, MCT4, PKM2, p53, PTEN).
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Alle resultaten gepresenteerd in dit proefschrift zijn gebaseerd op observationele data 
van de Nederlandse Cohortstudie naar voeding en kanker (NLCS), een groot prospectief 
cohortonderzoek dat in 1986 is gestart onder 120.852 mannen en vrouwen in de 
leeftijd van 55-69 jaar. Informatie met betrekking tot factoren die verband houden met 
de energiebalans op de lange termijn werd bij aanvang verzameld door middel van een 
per post verstuurde, zelf in te vullen, vragenlijst. Het volledige cohort werd, door middel 
van een koppeling met de Nederlandse Kankerregistratie en PALGA (Pathologisch-
Anatomisch Landelijk Geregistreerd Archief), opgevolgd voor het optreden van incidente 
kankergevallen. Na een follow-up periode van 20.3 jaar (17 september 1986 tot 1 januari 
2007), werd colorectale kanker vastgesteld bij 4,597 deelnemers. Door koppeling met het 
Centraal Bureau voor Genealogie (CBG) en de Gemeentelijke Basisadministratie (GBA) kon 
de vitale status en overlijdensdatum van alle deelnemers worden vastgesteld tot en met 
31 december 2012. Doodsoorzaakgegevens werden opgevraagd bij het Centraal Bureau 
voor de Statistiek (CBS).

In 2012 werd het “Rainbow-TMA project” gestart, met als doel om bestaande cohorten 
te verrijken met zogenaamde Tissue MicroArray’s (TMA’s) en DNA. Formaline gefixeerd 
en in paraffine ingebedde (FFPE) blokken met tumorweefsel en het bijbehorende normale 
weefsel van CRC-patiënten werden opgevraagd bij pathologielaboratoria in heel Nederland. 
Van deze FFPE-blokken werden weefselcoupes gesneden en gekleurd met hematoxyline 
en eosine (H&E). Deze H&E-gekleurde weefselcoupes werden beoordeeld door pathologen, 
en de gebieden met de hoogste tumordichtheid werden gemarkeerd voor TMA-constructie. 
Vanuit deze gemarkeerde gebieden werden drie 0.6 mm grote tumorkernen en drie kernen 
van bijbehorend normaal weefsel bemonsterd en verzameld in TMA-blokken.

Voor het onderzoek gepresenteerd in dit proefschrift werden weefselcoupes van deze TMA-
blokken onderworpen aan immunohistochemie (IHC). Het doel hiervan was het aantonen 
van eiwitten in tumorweefsel die aan het Warburg-effect gerelateerd zijn (LDHA, GLUT1, 
MCT4, PKM2, p53, PTEN), evenals het aantonen van mismatch repair (MMR)-gerelateerde 
eiwitten (MLH1, MSH2). De met IHC gekleurde weefselcoupes werden beoordeeld door 
drie getrainde niet-pathologen. Daarnaast werd een willekeurige 10% van alle gekleurde 
weefselcoupes beoordeeld door een ervaren histopatholoog. Expressieniveaus (laag, 
matig, hoog) van de aan het Warburg-effect gerelateerde eiwitten werden gecombineerd 
door middel van een somscore. Op basis van deze somscore werden CRC-patiënten 
onderverdeeld in drie Warburg-subtypen: Warburg-laag, Warburg-matig, en Warburg-
hoog. Ook werd het beschikbare tumor DNA van CRC-patiënten gescreend op mutaties 
in RAS (KRAS, NRAS, HRAS), PIK3CA, BRAF, en MET. Op basis van deze mutaties (mut) en 
MMR-status werden patiënten onderverdeeld in acht mutatiesubgroepen: (1) wildtype + 
MMRproficiënt, (2) KRASmut + MMRproficiënt, (3) KRASmut + PIK3CAmut + MMRproficiënt, (4) PIK3CAmut 

+ MMRproficiënt, (5) BRAFmut + MMRproficiënt, (6) BRAFmut + MMRdeficiënt, (7) andere (combinaties 
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van) mutaties + MMRproficiënt, en (8) andere (combinaties van) mutaties + MMRdeficiënt.

Na exclusie van patiënten waarvan het tumorweefsel niet voldeed aan de IHC-
kwaliteitscontrole, waren er 2.394 CRC-patiënten beschikbaar voor Warburg-subtypering 
(Hoofdstuk 3 en 5). Voor 2.344 patiënten was er complete data beschikbaar voor sub-
groepering op basis van mutatiedata en MMR-status (Hoofdstuk 4). De relatie tussen 
adjuvante therapie en prognose kon worden onderzocht voor 1.793 CRC-patiënten 
(Hoofdstuk 6). Kaplan-Meier curves en Cox-regressieanalyses werden gebruikt om 
associaties tussen Warburg-subtypen en kanker-specifieke en algehele overleving 
te onderzoeken; al dan niet in combinatie met mutatiesubgroepen, factoren die aan 
energiebalans zijn gerelateerd op de lange termijn, of adjuvante therapie. 

In Hoofdstuk 2 hebben we onderzocht of getrainde niet-pathologen valide en 
reproduceerbare IHC-resultaten kunnen genereren. Dit werd onderzocht door de 
interbeoordelaarsbetrouwbaarheid tussen getrainde niet-pathologen en een ervaren 
histopatholoog te berekenen voor drie IHC-markers met verschillende subcellulaire 
lokalisaties (i.e., nucleus, membraan, cytoplasma). Daarnaast hebben we ook de 
intrabeoordelaarsbetrouwbaarheid onderzocht voor getrainde niet-pathologen. Onze 
resultaten wijzen erop dat adequaat getrainde niet-pathologen vergelijkbare IHC-resultaten 
kunnen genereren als een ervaren histopatholoog. Een combinatiescore van ten minste 
twee niet-pathologen resulteerde in de meest optimale resultaten, en werd dus gebruikt 
voor verder onderzoek.

In Hoofdstuk 3 hebben we bestudeerd of Warburg-subtypering prognostische waarde 
heeft bij CRC. We hebben gevonden dat patiënten met Warburg-hoge CRC een slechtere 
kanker-specifieke en algehele overleving hebben vergeleken met patiënten met Warburg-
lage CRC. Dit resultaat bleek onafhankelijk van bekende prognostische factoren, zoals de 
TNM-stadiëring.

In Hoofdstuk 4 hebben we onderzocht of mutatiesubgroepen, gebaseerd op somatische 
mutaties in RAS, BRAF, PIK3CA en MET, evenals MMR status, geassocieerd zijn met 
kanker-specifieke en algehele overleving bij CRC. Daarnaast hebben we ook bestudeerd 
of onze Warburg-subtypering additionele prognostische waarde had binnen deze 
mutatiesubgroepen. Vergeleken met patiënten met wildtype + MMRproficiënte CRC, bleken 
patiënten met KRASmut + MMRproficiënte, KRASmut + PIK3CAmut + MMRproficiënte, BRAFmut + 
MMRproficiënte, en andere (combinaties van) mutaties + MMRproficiënte CRC een slechtere kanker-
specifieke en algehele overleving te hebben. Patiënten met BRAFmut + MMRproficiënte CRC 
bleken de slechtste overlevingskans te hebben, terwijl patiënten met andere (combinaties 
van) mutaties + MMRdeficiënte CRC de beste overlevingskans bleken te hebben. Daarnaast 
hebben we gevonden dat BRAFmut, KRASmut + MMRproficiënte, en andere (combinaties van) 
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mutaties + MMRdeficiënte CRC gerelateerd kunnen zijn aan het Warburg-hoge subtype. Er 
werden geen statistisch significante verschillen gevonden tussen Warburg-subtypen 
binnen de mutatiesubgroepen.

In Hoofdstuk 5 hebben we de associatie tussen factoren die aan energiebalans zijn 
gerelateerd op de lange termijn (i.e., BMI op volwassen leeftijd, niet-beroepsmatige fysieke 
activiteit, gewichtsverandering vanaf de leeftijd van 20 jaar, lichaamslengte, en blootstelling 
aan energierestrictie tijdens de kindertijd en adolescentie) en kanker-specifieke en algehele 
overleving bij CRC bestudeerd. Verder hebben we in gestratificeerde analyses onderzocht 
of deze associaties verschilden tussen de Warburg-subtypen. We hebben gevonden dat van 
alle lange termijn factoren die aan energiebalans zijn gerelateerd, alleen BMI op volwassen 
leeftijd geassocieerd was met een slechtere algehele overleving na CRC-diagnose. Verder 
hebben we in gestratificeerde analyses gezien dat associaties met overleving verschilden 
tussen Warburg-subtypen voor BMI op volwassen leeftijd, gewichtstoename vanaf de 
leeftijd van 20 jaar, energierestrictie tijdens de kindertijd en adolescentie, en wellicht 
voor lichaamslengte. Gewichtstoename vanaf de leeftijd van 20 jaar en een toename in 
lichaamslengte waren geassocieerd met een slechtere algehele overleving in patiënten 
met Warburg-hoge CRC. Een verhoogd BMI op volwassen leeftijd was alleen in patiënten 
met Warburg-matige CRC geassocieerd met een slechtere overlevingskans. Associaties 
tussen energierestrictie proxy�s (i.e., woonplaats tijdens de Tweede Wereldoorlog 
of de Nederlandse Hongerwinter, werkloosheid van de vader tijdens de Nederlandse 
Economische Depressie) en overleving vertoonden geen consistente patronen wanneer 
analyses gestratificeerd werden op Warburg-subtype.

In Hoofdstuk 6 hebben we onderzocht of Warburg-subtypering kan worden gebruikt 
om te voorspellen voor welke patiënten het meeste overlevingsvoordeel valt te behalen 
bij behandeling met adjuvante chemo- or radiotherapie naast chirurgische resectie. We 
hebben gezien dat alleen patiënten met Warburg-matige en mogelijk Warburg-hoge CRC 
een overlevingsvoordeel hadden van behandeling met adjuvante (chemo)therapie naast 
chirurgische resectie. Er werd geen overlevingsvoordeel gevonden na adjuvante (chemo)
therapie bij patiënten met Warburg-lage CRC.

Dit proefschrift wordt in Hoofdstuk 7 afgesloten met een samenvatting van de belangrijkste 
bevindingen, een algemene interpretatie van de onderzoeksresultaten, een bespreking van 
de methodologische overwegingen, en aanbevelingen voor toekomstig onderzoek. Al met 
al suggereren de resultaten gepresenteerd in dit proefschrift dat Warburg-subtypering 
prognostische waarde heeft bij CRC, onafhankelijk van bekende prognostische factoren 
zoals het TNM-stadiëringssysteem. Daarnaast lijkt Warburg-subtypering ook te kunnen 
worden gebruikt om te voorspellen voor welke patiënten het meeste overlevingsvoordeel 
kan worden behaald bij behandeling met adjuvante (chemo)therapie.
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DANKWOORD
Nu zijn we dan aangekomen op de laatste, en misschien wel meest belangrijke, pagina’s 
van mijn (!!!) proefschrift. En wat ben ik trots dat me dit gelukt is! Maar.. promoveren doe 
je natuurlijk niet alleen, en een leuke en leerzame tijd hebben al helemaal niet. Daarom 
wil ik iedereen die op een of andere manier aan dit proefschrift heeft bijgedragen graag 
bedanken, en een aantal mensen in het bijzonder.

Allereerst wil ik mijn promotieteam, bedanken voor alle tijd en moeite die jullie in dit project 
en in mij gestoken hebben. 

Piet, ik kan je niet genoeg bedanken voor alle kansen die jij me gegeven hebt. Zo’n 
vijf jaar geleden kreeg ik van jou een telefoontje dat ik helaas de promotieplek waar ik op 
gesolliciteerd had niet had gekregen, maar dat je toch via een andere weg wilde proberen 
om mij alsnog aan te nemen als promovendus. Ik had op dat moment al bijna de hoop 
opgegeven dat ik nog ergens een promotietraject zou vinden, maar blijkbaar had jij – 
ondanks mijn beperkte epidemiologische kennis – toch genoeg vertrouwen in mij. Niet 
veel later kreeg ik van jou een enthousiast telefoontje dat het gelukt was, en dat ik op 1 mei 
2018 mocht beginnen aan mijn promotietraject. En daar hield het niet op.. je hebt me toen 
ook nog eens de kans en tijd gegeven om naast mijn promotietraject de masteropleiding 
Epidemiologie te volgen, verschillende congressen te bezoeken, vele cursussen te volgen, 
en nu zelfs om als postdoc te blijven werken aan dit project. Buiten het werk was je altijd 
geïnteresseerd in hoe het met mij ging en hoe mijn vakanties waren, maakten we altijd 
een gezellig praatje aan het begin of eind van een overleg, en onthield je al mijn belangrijke 
‘life events’ (en dat waren er nogal wat in de afgelopen jaren). Piet, ik heb in de afgelopen 
vier jaar ontzettend veel van jou geleerd als onderzoeker, en had me geen betere promotor 
kunnen wensen!

Matty, ik heb er veel bewondering voor hoeveel plezier jij – ondanks je overvolle agenda 
– hebt in je werk. Je enthousiasme over onderzoek is aanstekelijk, en ik vind het erg 
bijzonder hoeveel interesse jij toont in het onderzoek van anderen. Ik wil je graag in het 
bijzonder bedanken voor alle belangrijke input voor het project, je enthousiasme als we 
weer eens nieuwe resultaten presenteerden of een manuscript opstuurden, je feedback op 
alle manuscripten, en voor al je lieve mailtjes!

Kim, naast dat je mijn co-promotor bent en dus ontzettend veel hebt bijgedragen aan dit 
proefschrift vind ik je vooral ook gewoon een ontzettend leuk, vriendelijk en gezellig mens. 
Je hebt ons in het begin ontzettend veel geholpen met het opzetten van de ‘DNA kant’ 
van dit project, die dan ook vooral plaatsvond aan ‘de overkant’ bij de afdeling Pathologie. 
Daarnaast was je ook steevast de eerste die feedback op al mijn manuscripten opstuurde, 
en was je altijd erg geïnteresseerd in mij en in het project. Ik wil je ook nogmaals enorm 
bedanken voor alle hulp die je me hebt aangeboden bij het afronden van mijn proefschrift.. 
wat had ik graag nog wat meer tijd gehad om samen te kunnen brainstormen!
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Graag wil ik ook de rest van mijn projectteam bedanken voor de fijne samenwerking, de 
kritische blik op mijn manuscripten, en vooral voor jullie enthousiasme.

 First of all, I want to thank my ‘bonus’ promotion team: Heike and Colinda. Even 
though you weren’t officially part of my ‘promotion team’, it certainly felt that way. You have 
been supervising and guiding me in the past four years during all of our weekly meetings. 
Heike, thank you so much for all the time and effort you put into this project and our 
development as researchers. I have always very much enjoyed working with you. During 
the first two years of this project, you have been incredibly patient in teaching us the basics 
of immunohistochemistry and cancer histopathology. When we finally(!!) got to analyzing 
and writing manuscripts, I think your ‘pathologist view’ really improved our papers. I have 
certainly learned a lot from you as a researcher, and I am glad that we can continue 
working together for the next few years. Colinda, ik wil je ontzettend bedanken voor alle tijd 
en moeite die je in dit project gestoken hebt. Zonder jouw expertise op het gebied van de 
NLCS, moleculaire epidemiologie, en het hele ‘DNA deel’ van dit project was dit proefschrift 
lang niet zo mooi geweest. Daarnaast wil ik je natuurlijk ook heel erg bedanken voor alle 
leuke gesprekken en de interesse die je altijd toont in mij. Ik ben er blij om dat we nog even 
mogen blijven samenwerken!

Gregorio, wat heb jij ontzettend veel tijd en moeite gestoken in ons grote project 
en wat heb ik veel van jou geleerd. Je hebt ons van A tot Z bijgebracht hoe we een 
immunohistochemische kleuring moeten uitvoeren in het lab. Hierbij gebruikten we soms 
– tot hilariteit van anderen - ook wat huis-tuin-en-keuken middelen, waardoor ik van jou 
ook de essentiële ‘life hack’ om eieren te scheiden geleerd heb en nu ook weet dat ik een 
snelkookpan niet alleen kan gebruiken om te koken. Daarnaast heb je samen met ons 
de ‘training’ doorlopen voor het herkennen van tumorweefsel (“is dit nou desmoplastisch 
of niet?!”), meegeholpen met de quality control, en met het scoren van tienduizenden(!!!) 
cores. Ik heb het altijd erg fijn gevonden om samen met jou te werken, koffie te drinken, 
lunchen, borrelen, of gewoon een gezellig praatje te maken. Dankjewel voor alle hulp de 
afgelopen jaren, de interesse in ons en ons onderzoek, en vooral ook voor alle gezelligheid! 

Harry, de stille kracht achter dit hele project! Jij hebt voor ons een hele software 
ontwikkeld waarin we heel makkelijk een overzicht konden zien van alle TMA blokjes, 
en ook alle scores konden invullen voor de tienduizenden cores en verschillende IHC 
kleuringen. Daarnaast heb je ook ontzettend veel moeite gestoken in het ontwikkelen van 
labels voor alle slides en de organisatie van het hele ‘DNA deel’ van dit project. Niets was 
voor jou te gek, en ik heb het idee dat je het allemaal ook oprecht heel leuk gevonden hebt. 
Dat laatste blijkt ook uit het feit dat je na je pensioen nog door bent blijven werken aan dit 
project. Harry, ontzettend bedankt voor alles wat je voor ons en dit project hebt gedaan! 

Leo, ook jou wil ik enorm bedanken voor alle tijd en moeite die je in dit project gestoken 
hebt. Mede dankzij jou had ik de data om aan de slag te kunnen gaan met ‘mijn deel’ van 
het project. Ik heb jouw interesse in mijn onderzoek, je leuke mailtjes, tips, en je waardevolle 
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feedback op alle manuscripten altijd ontzettend fijn gevonden!
Iryna, ondanks je extreem drukke agenda maakte je elke keer weer tijd vrij om samen 

met ons het zoveelste IHC kleurings- of scoringsprotocol te bespreken achter de computer 
of de microscoop. Daarnaast was je altijd erg enthousiast over ons onderzoek en maakte 
je ondanks je overvolle agenda altijd tijd voor een praatje en om feedback te geven op onze 
manuscripten. Dankjewel!

Jaleesa, dankjewel voor alle moeite en tijd die je hebt gestoken in het isoleren van DNA 
uit de duizenden weefselcoupes voor ons project! 

I would like to express my gratitude towards the assessment committee of this PhD 
thesis; Prof. Dr. Theo de Kok, Prof. Dr. Helen Coleman, Dr. Naoko Sasamoto, Prof. Dr. Daisy 
Jonkers, and Prof. Dr. Nicole Bouvy. I greatly appreciate your effort to critically evaluate 
this PhD thesis. I would like to extend my gratitude and appreciation to the members of the 
corona; thank you for taking the time to read my thesis and participate in my PhD defense!

Collega’s van de afdeling Epidemiologie, jullie wil ik graag bedanken voor de fijne tijd die 
ik (gehad) heb op de afdeling. Ondanks dat we elkaar een hele lange tijd niet ‘live’ gezien 
hebben vanwege corona, heb ik het altijd ontzettend gezellig gevonden met jullie tijdens 
onder andere de koffiemomentjes, kantoorborrels, dagjes uit, en kerstdiners. Dames van 
het secretariaat, jullie wil ik graag bedanken voor alle hulp en ondersteuning de afgelopen 
vier jaar. Mariëlle, jou wil ik hierbij in het bijzonder bedanken voor alle hulp en de nodige 
herinneringen in de afrondingsfase van mijn proefschrift. Conny, dankjewel voor je hulp 
bij al mijn vragen (en dat waren er de laatste tijd nogal wat).. maar ik wil je zeker ook 
heel erg bedanken dat je altijd even tijd maakt voor een praatje en zo geïnteresseerd bent! 
Jolanda, dankjewel voor alle leuke verjaardag posters in de afgelopen jaren en dat je altijd 
zo geïnteresseerd bent (en ook nog eens alles onthoudt)! Ik vind het geweldig hoe je elk 
jaar weer iets nieuws weet te verzinnen en iedereen zo in het zonnetje zet.. Ik zou willen 
dat ik half zo creatief was als jij! Harry, Jos, Ron, en Dominiek, dankjewel dat jullie altijd 
bereid zijn om te helpen met ICT-problemen – en daarnaast ook altijd tijd maken voor 
een praatje! Christel, ik weet nog heel goed dat mijn eerste ‘echte’ onderwijservaring een 
tutorschap was in jouw blok binnen de opleiding gezondheidswetenschappen. En wat heb 
ik me toen verschrikkelijk slecht gevoeld, omdat het allemaal niet liep zoals ik wilde. Jij was 
er toen gelukkig om mij gerust te stellen en veel tips te geven, waardoor ik uiteindelijk het 
onderwijs geven nog leuk ben gaan vinden ook! Ook wil ik je bedanken dat je zo vaak even 
binnen kwam lopen voor een praatje of bemoedigende woorden, hoe ‘ver’ onze kantoren 
ook uit elkaar lagen! Adri, dankjewel voor de leuke gesprekken en je interesse in mij en in 
mijn onderzoek, dit heb ik altijd erg gewaardeerd! IJmert, tijdens de hele corona tijd was 
jij een van de enigen die aanwezig was op de afdeling, en wat hebben we wat afgepraat 
met z’n drieën! Ook nu vraag je nog geregeld hoe het gaat met mij en mijn project, en ben 
je altijd bereid om advies te geven of je (werk)ervaring te delen. Ik heb onze gesprekken 
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en jouw adviezen altijd heel fijn gevonden en wil je dan ook ontzettend bedanken hiervoor! 
Lavienja en Simone, wat heb ik het fijn gevonden om samen met jullie tutor te zijn in het 
blok observational research. Fijn dat we elkaar altijd konden helpen als we ergens niet uit 
kwamen, maar zeker ook fijn om gewoon even met jullie te kunnen kletsen!

In het bijzonder wil ik de fijne groep (oud-)AIO’s waar ik in terecht ben gekomen heel erg 
bedanken voor de leuke tijd de afgelopen vier jaar, maar ook zeker voor alle gezelligheid 
tijdens een van de vele lunches, borrels, etentjes, of feestjes. Ook de congressen en 
cursussen waren niet half zo leuk geweest zonder jullie. Sophie en Jessica, wat heb ik het 
leuk gevonden om naast het werk en alle andere PhD-uitjes ook samen met jullie carnaval 
te vieren! Linda en Ariane, dankjewel dat ik altijd even bij jullie binnen kan lopen om gezellig 
even te kletsen of een koffietje te halen aan de ‘overkant’! Maria, you’re an incredibly friendly, 
social and kind person and I’m glad that we got to share an office with you.. even if it was 
only for a short time! Thank you for all the conversations about our jobs, babies, and life in 
general! Karlijn, ik weet nog goed dat jij als AIO op de afdeling begon en er van overtuigd 
was dat ik jou niet aardig vond. Het tegendeel bleek waar, en we hebben samen met Josien 
en Marlou-Floor heel veel leuke momenten beleefd. Helaas zijn we elkaar in corona-tijd 
een beetje uit het oog verloren, maar wil ik je toch enorm bedanken voor de leuke tijd die 
we samen hebben gehad.. ik had het niet willen missen! Jacqueline, ik kon altijd even bij 
jou binnen lopen als ik ergens mee zat, iets leuks wilde delen, of gewoon even een praatje 
wilde maken; maar ook buiten het werk hebben we het superleuk gehad samen! Ik heb 
je altijd een ontzettend fijne collega gevonden die altijd zo heerlijk rechttoe rechtaan is.. 
en ben daarom ook heel blij dat wij nog een tijdje ‘samen’ ons promotietraject hebben 
mogen afronden! Marlou-Floor, wat heb ik genoten van alle leuke momenten samen in de 
afgelopen vier jaar, en van al je verhalen over de (verre) reizen die je gemaakt hebt! Naast 
dat ik je gewoon een superleuk mens vind, heb ik ook ontzettend veel geleerd van jouw 
positieve kijk op het leven! Marvin, Koen, Iris, Nadira en Daniëlle, het is fijn om te zien hoe 
leuk jullie het samen hebben als het ‘nieuwe’ groepje “AIO’s” op de afdeling. Ik ben blij dat ik 
hier af en toe deel van mag uitmaken, dankjewel! 

Lieve Josien, jij verdient hier toch wel je eigen stuk(je). Wat heb ik een geluk gehad om 
samen met jou dit promotietraject te mogen starten. Vanaf de allereerste dag heb jij me 
aan de hand genomen en me alles laten zien op de afdeling epidemiologie, maar ook in 
het lab bij pathologie. Je hebt me gerustgesteld als ik iets niet snapte, en me geholpen 
waar je kon. Vanaf mijn allereerste dag hebben we samen een kantoor gedeeld, waar héél 
veel gelachen maar ook zeker gehuild is. Naast het feit dat we gewoon ontzettend goed 
konden samenwerken, bleken we ook buiten het werk veel dezelfde interesses te hebben, 
en klikte het dus meteen goed. Inmiddels heb jij al een tijdje geleden je verdediging gehad, 
en mag jij jezelf doctor noemen (JAAA!!!). Dit betekende helaas ook dat je ‘klaar’ was en ik 
mijn kantoorgenootje dus moe(s)t missen. Lieve Josien, voor jou zou ik nog tien kantjes 
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kunnen volschrijven maar ik heb geprobeerd het kort te houden. Ik had de afgelopen vier 
jaar samen met jou voor geen goud willen missen, en ik ben blij dat ik er een hele goede en 
lieve vriendin aan heb overgehouden! 

Graag wil ik ook de collega’s van de afdeling Pathologie bedanken voor alle tijd die we ‘aan de 
overkant’ bij jullie hebben mogen doorbrengen. Niet alleen mochten wij gebruik maken van 
jullie lab voor onze IHC kleuringen, maar we werden ook uitgenodigd voor vergaderingen, 
borrels, wetenschapsdagen en zelfs het dagje uit. Ik heb me altijd erg welkom gevoeld bij 
jullie! In het bijzonder wil ik Emil bedanken voor alle koffiepauzes (met Lindt chocolade), 
gezellige gesprekken, en goedbedoelde adviezen!

Natuurlijk zou het leven (als een PhD-student) een stuk minder leuk zijn zonder genoeg 
afleiding, en gelukkig heb ik daar de allerleukste vrienden voor. 

Lieve Carina, waar moet ik beginnen? Al sinds de middelbare school ben jij mijn 
allerliefste, beste vriendin. Als ik ergens mee zit of gewoon iets leuks wil delen, weet ik dat 
ik altijd bij jou terecht kan. Wat ben ik ontzettend trots op wat jij allemaal bereikt hebt de 
afgelopen jaren, en wat ben ik blij dat ik daar steeds van mag meegenieten. Hoe bijzonder 
is het dat we vrijwel alle grote ‘life events’ samen hebben mogen meemaken?! Ik ben blij 
dat je nu eindelijk – na vele verhuizingen en veranderingen van baan - jouw plekje gevonden 
hebt in Kaarst samen met Alexander en Timo. Stiekem hoop ik nog altijd dat je een keertje 
terugkomt naar het mooie Limburg, zodat ik je nóg vaker kan knuffelen. Dankjewel dat je 
altijd zo geïnteresseerd bent in alles wat ik doe, me overal in steunt, en er altijd voor me 
bent. Wat ben jij een ontzettend lieve vriendin voor mij en een geweldige moeder voor 
Timo! Alexander, thank you for all the fun times we had in the past years and your interest 
in me.. and for letting me ‘borrow’ Carina every time! Timo, wat ben ik trots dat ik jouw 
peettante mag zijn. Dankjewel voor alle knuffels de afgelopen maanden, die hebben zeker 
geholpen!

Tara, wij zijn eigenlijk zo goed als samen opgegroeid en hebben daarnaast ook een 
hele lange tijd samengewerkt bij de HEMA voordat ik aan deze baan mocht beginnen. Ik 
vind het heerlijk hoe wij altijd lekker tegen elkaar aan kunnen zeuren en/of zeiken over alles 
wat we ons maar kunnen bedenken, vaak onder het genot van frietjes of pizza. Dankjewel 
dat je altijd geïnteresseerd bent in wat ik nou eigenlijk doe in Maastricht, dat je een van 
de weinige personen op aarde bent die mijn sarcasme áltijd snapt, en zeker ook voor alle 
gezellige avonden als afleiding! 

Bart, ook jou wil ik heel erg bedanken voor alle gezelligheid buiten het werk! Inmiddels 
hebben we het samen sporten al jaren ingeruild voor iets minder gezonde uitstapjes.. die 
op een of andere manier altijd met eten of drinken te maken hebben (haha). Ik ben blij dat 
we – ondanks dat ik eigenlijk altijd véél te laat reageer op alle appjes (sorry) – elkaar nog 
steeds zo vaak zien!

Servié, Klaudia, Mart, Marieke, Kevin, en Deborah; vanaf het moment dat ik samen ben 
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met Michel voelt het alsof ik er een ‘bonus’ vriendengroep bij gekregen heb. Ik vind het 
altijd ontzettend gezellig met jullie tijdens een van de vele verjaardagen, feestjes, etentjes, 
borrels, weekendjes weg, en noem maar op. Ik hoop dan ook dat we dat nog lang mogen 
blijven doen. Dankjewel dat jullie altijd geïnteresseerd zijn in mij, mijn werk, en vooral 
dankjewel voor alle gezelligheid!

Ruben en Rienk, naast het feit dat ik het gewoon altijd supergezellig vind om met jullie 
samen iets te ondernemen (of gewoon thuis te blijven), is het ook ontzettend fijn om buiten 
het werk iemand te hebben die begrijpt wat promoveren nou precies inhoudt. Dankjewel 
voor alle adviezen, een luisterend oor, en voor alle gezelligheid!

Last but not least wil ik natuurlijk mijn lieve familie bedanken. Want zonder jullie steun was 
alles toch zeker een stuk zwaarder geweest. In de afgelopen vier jaar hebben jullie je vaker 
afgevraagd wat ik nu allemaal aan het doen was hier in Maastricht (Studeer je nou nog? Is 
dat een ‘echte’ baan? Wat kun je hier eigenlijk mee?). Nou, dit was ik dus aan het doen de 
afgelopen jaren. 

Lieve pap en mam, dankjewel dat jullie mij altijd steunen in alles wat ik doe. Ook al is 
mij van kleins af aan vaak genoeg door anderen verteld dat ik iets niet kon, bleven jullie 
altijd in mij geloven en namen jullie het altijd voor mij op. En kijk eens waar me dat gebracht 
heeft. Pap, dankjewel dat ik bij jou altijd terecht kan voor goede raad, een goede discussie, 
of een knuffel als ik het nodig heb. Ik ben blij dat je me altijd gepusht hebt om het beste uit 
mezelf te halen, ook al dacht ik er op dat moment misschien niet altijd zo over. Mam, “elke 
goede moeder hoort een voorbeeld voor haar dochter te zijn“, en jij bent dat zeker voor mij. 
Ik hoop dat ik net zo’n goede moeder voor Luna kan zijn als jij voor mij bent. Dankjewel dat 
je er altijd voor me bent, naar me luistert, en me blijft vertellen dat ik ‘alles’ kan. 

Lieve Liciënne en Lei, dankjewel dat jullie altijd zo geïnteresseerd zijn in mij en me het 
gevoel geven dat ik altijd welkom ben!

Lieve Tom, mijn ‘kleine’ broertje. Al sinds ik me kan herinneren kijk ik ontzettend tegen 
jou op. Het lijkt wel alsof werkelijk álles jou makkelijk afgaat. Ik ben trots op wat jij allemaal 
al bereikt hebt, en ben erg benieuwd wat er de komende jaren op je pad gaat komen. 
Dankjewel ook voor je hulp bij mijn Nederlandse samenvatting.. nog een bijkomend 
voordeel van een arts in de familie hebben! Simone, ondertussen zijn jullie al zo lang samen 
dat ik me haast niet meer kan voorstellen dat je er ooit niet bij bent geweest. Ik ben in ieder 
geval hartstikke blij dat ik er zo’n lieve schoonzus bij heb gekregen, en ik ben erg benieuwd 
naar jullie nieuwe avonturen het komende jaar! Ik wil jullie allebei heel erg bedanken voor 
alle interesse in mijn onderzoek de afgelopen jaren (ik denk dat jullie buiten het werk zo 
ongeveer de enigen zijn die nou écht wisten waar ik mee bezig was), maar ook zeker voor 
alle gezelligheid! 

Lieve Jeanette, Harry, Mariël, Phil en Bas, zo’n zeven jaar geleden heb ik jullie leren 
kennen en kwam ik direct in een warm bad terecht bij jullie thuis. Jullie staan altijd voor 
mij – en ons – klaar, en niets is te veel. Ook tijdens de laatste vier jaar, en vooral bij het 

Dankwoord | 229

& &



afronden van dit proefschrift, heb ik ontzettend veel aan jullie steun en interesse gehad. 
Dankjewel voor alles!

 Lieve Mich(el), Dr. Ir. (of baron) Cuijpers, ik kan hele pagina’s over jou volschrijven 
en dan doe ik je nog tekort. Wat ben ik blij om iemand te hebben die er altijd voor me 
is, me overal in steunt, en die altijd in me blijft geloven, zelfs als ik het allemaal even 
niet meer zie zitten. Ondertussen zijn we al dik zeven jaar samen en hebben we al veel 
mooie herinneringen gemaakt. Zeker het afgelopen jaar was er een van vele bijzondere 
‘life events’, waaronder onze bruiloft en de geboorte van ons lieve dochtertje Luna. Ik ben 
benieuwd wat er verder op ons pad gaat komen de komende jaren, maar ik heb er in ieder 
geval héél veel zin in! Sorry dat ik misschien niet altijd even lief tegen je ben geweest 
tijdens het afmaken van mijn proefschrift, maar weet dat dit eindresultaat er mede dankzij 
jou is. Dankjewel dat je in de afgelopen maanden zo goed voor Luna en mij gezorgd hebt, 
en gelukkig wél lief was voor mij. Ik hou ontzettend veel van jou.

Lieve Luna, je bent nu nog veel te klein om te begrijpen wat dit allemaal betekent, maar 
wie weet lees je dit stukje later nog een keer. Eigenlijk heb jij ook een beetje bijgedragen 
aan dit proefschrift, aangezien je voor een groot deel van mijn promotietraject in mijn buik 
groeide en we dus een beetje samengewerkt hebben. Wat ben je een vrolijk en nieuwsgierig 
meisje, en wat heb je mij de afgelopen maanden door alle stress en drukte heen gesleept. 
Eén klein lachje van jou maakte alles meteen weer goed als het allemaal even tegen zat. 
Mama houdt van jou.
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