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Thesis overview 

CRC, colorectal cancer; RCT, randomized controlled trial; CEA, carcinoembryogenic antigen; CT, 
computed tomography; EOCRC, early-onset CRC; LOCRC, late-onset CRC; NS, non-significant. 

Title Aim Method Results/conclusion 

Paper I 

Increasing colorectal 
cancer incidence in  
individuals aged < 50 
years – a population-
based study 

To analyze age-
specific trends in 
colorectal cancer 
incidence and tumor 
localization in Sweden 
comparing the age 
groups < 50, 50-79, ≥ 
80 years. 

Population-based, 
nationwide data 
between 1995-2015 
from the Swedish 
Cancer Registry was 
used. Poisson 
regression models 
assessed the trends in 
CRC incidence, 
adjusted for age, sex, 
and tumor location. 

Age-standardized 
CRC incidence 
increased between 
1995 and 2015. 
Poisson regression 
showed a sinificant 
increase in CRC 
incidence, particularly 
in colon cancer in 
patients <50 years 
(27-52% per decade). 

Paper II 

Postoperative 
complications and 
emergency surgeries 
in colorectal cancer 
patients < 50 years – 
a national cohort study 

To compare 30-day 
postoperative 
complications and 
emergency surgery 
rates between 
colorectal cancer 
patients < 50, 50-79, ≥ 
80 years. 

National cohort data 
from Swedish 
Colorectal Cancer  
Registry (2010-2018) 
was used. Logistic 
regression assessed 
the association 
between age and 
postoperative  
complications and 
emergency surgery 
adjusting for sex, 
tumor location, ASA 
score, neoadjuvant 
chemoradiotherapy. 

Patient < 50 years had 
fewer overall 
complications but 
higher rates of specific 
surgical complications 
(e.g., anastomotic 
leakage, intra-
abdominal infections, 
wound infections). 
Patients < 50 also had 
higher odds of 
emergency surgeries 
after adjusting for 
confounders.  

Study III 

Follow-up intensity 
after colorectal cancer 
surgery in patients 
aged ≤ 50, 50–70 and 
> 70 years – a
subgroup analysis
within the COLOFOL
randomized control
trial

To assess wheather 
high-frequency 
postoperative follow-
up after colorectal 
cancer surgery 
reduces overall 5-year 
mortality, cancer-
specific mortality, and 
recurrence in patients 
≤ 50 years. 

Data from the 
COLOFOL RCT, 
including 2,509 
patients were used. 
Patients were 
randomized to receive 
high-frequency (6, 12, 
18, 24, 36 months) or 
standard (12, 36 
months) follow-up, 
including CEA & CT. 

High-frequency follow 
up did not significantly 
reduce overall- and 
cancer-specific 
mortality in patients ≤ 
50 years (8.3% vs. 
8.4%, 7.1% vs 7.4% 
p=NS), or significantly 
affect cancer-specific 
recurrence (12.9% vs 
21.0%, p=NS). 

Study IV 

YAP1 drives 
mitochondrial 
reprogramming in 
early-onset colorectal 
cancer cells through 
TFAM regulation 

To assess YAP1 
expression in EOCRC 
versus LOCRC and its 
link to mitochondrial 
oxidative 
phosphorylation 
(OXPHOS), 
consencus molecular 
subtype (CMS), and 
survival, with 
experimental 
validation in vitro. 

Bulk RNA-sequencing 
data from three GEO 
cohorts (n=811) were 
analyzed to compare 
YAP1 expression 
between EOCRC and 
LOCRC. Functional 
validation was 
conducted in EOCRC-
like and LOCRC-like 
cell lines using 
pharmacological and 
genetic YAP1 
inhibition. 

YAP1 was differentialy 
expressed in EOCRC 
than LOCRC and was 
significantly correlated 
with OXPHOS. 
EOCRC was enriched 
in CMS4, where high 
YAP1 levels were 
associated with worse 
survival. Functional 
validation showed that 
YAP1 inhibition led to 
mitochondrial 
fragmentation and 
reduced TFAM levels. 
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Abbreviations 

ASA American society of anesthesiologists (physical status classification) 

ATCC American type culture collection 

CEA Carcinoembryonic antigen 

CI Confidence interval 

CMS Consensus molecular subtype 

CRC Colorectal cancer 

CT Computed tomography 

CTH Chemotherapy 

EOCRC Early-onset colorectal cancer 

FDR False Discovery Rate 

GEO Gene expression omnibus 

GSEA Gene set enrichment analysis 

HR Hazard ratio 

ICU Intensive care unit 

IRR Incidence rate ratio 

LOCRC Late-onset colorectal cancer 

MSI Microsatellite instability 

MsigDB Molecular signatures database 

NES Normalized enrichment score 

OR Odds ratio 

pTNM Pathological tumour stage (pathological tumour-node-metastasis) 

RT Radiotherapy 

SCRCR Swedish colorectal cancer registry 

siRNA Small interfering ribonucleic acid 

SMD Standardized mean differences 

TAZ Transcriptional co-activator with PDZ-binding motif 

TFAM Mitochondrial transcription factor A 

YAP1 Yes-associated protein 1 
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Introduction  

Background 

Early-onset colorectal cancer 

Colorectal cancer (CRC) has traditionally been regarded as a disease predominantly 

affecting older adults, and population-based screening programs and clinical 

awareness have therefore primarily targeted individuals aged 50 years or above. 

However, in recent decades, the incidence of CRC in individuals younger than 50 

years has increased, prompting increasing recognition of “early-onset colorectal 

cancer” (EOCRC) as a distinct and emerging clinical entity. 

 

Although the age threshold of 50 years remains a practical distinction based on past 

screening guidelines, emerging evidence suggests that EOCRC differs from 

LOCRC across multiple domains. These differences encompass epidemiological 

patterns, tumor distribution, histopathological features, molecular profiles, and 

treatment-related considerations. Furthermore, younger patients face distinct 

survivorship challenges, including fertility preservation, long-term treatment 

toxicity, psychological burden, and extended life expectancy after diagnosis (1). 

Despite growing awareness, the underlying drivers of the increasing EOCRC 

incidence remain incompletely understood. Improved understanding of these 

mechanisms and differences may help inform future screening strategies, diagnostic 

pathways, therapeutic approaches, and postoperative follow-up protocols for 

younger patient populations. 

Epidemiology 

CRC ranks the third most prevalent malignancy and second leading cause of cancer-

related mortality worldwide, representing a substantial portion of the global cancer 

burden. According to recent estimates, more than 1.9 million new CRC cases and 

over 930.000 CRC-related deaths occurred globally in 2020, reflecting significant 

morbidity and mortality across both high-income and low-income regions (2). 

CRC incidence varies considerably by geography, partly reflecting differences in 

socioeconomic development, demographic structure, lifestyle exposures, and 
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degree of “westernization” (Figure 1). The highest rates of CRC are observed in 

westernized regions such as Australia, New Zealand, North America, and Western 

Europe, where age-standardized incidence rates commonly exceed 30-40 per 

100.000 (3, 4). These high-incidence regions also correspond to countries with a 

high Human Development Index (HDI), suggesting that higher socioeconomic 

development, along with western dietary patterns, higher prevalence of obesity, and 

historically older population structures contribute to elevated CRC risk (5). In 

contrast, substantially lower incidence rates are observed in Africa, South-Central 

Asia, and parts of Latin America, where age-standardized incidence rates range 

from 5 to 15 per 100.000, reflecting lower HDI, differing lifestyle patterns, and less 

widespread adoption of westernized diets (6).  

However, within these broad regions, considerable heterogeneity in CRC incidence 

exists between countries and subregions. For example, incidence rates in Northern 

and Southern Africa are somewhat higher than in Western or Eastern Africa, while 

several rapidly developing Asian countries, including South Korea, China, and 

Singapore, now report incidence rates approaching those of traditionally high-

incidence Western countries (7). Over recent decades, a pronounced 

epidemiological shift has occurred in many middle-income countries where CRC 

incidence is rising sharply in parallel with economic development and changes in 

diet, physical activity, and obesity prevalence. Consequently, regions such as 

Eastern Asia now account for the largest absolute number of CRC cases globally, 

driven by both population size and rising incidence (8). 

 

 

Figure 1. Age-standardized incidence rate (world) per 100,000 for colorectal cancer, 2022. Data source: 
GLOBOCAN 2022 (version 1.1), International Agency for Research on Cancer. Available from: Cancer 
today (http://gco.iarc.who.int/today). Accessed January 2026. 

CRC incidence rises sharply with age, with the majority of cases (approximately 88-

90 %) occurring in individuals older than 50 years old (9). In many high-income 

http://gco.iarc.who.int/today
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countries, the incidence among older adults has stabilized or declined, largely 

attributed to the implementation of organized screening programs, the removal of 

premalignant lesions, and improved risk awareness. In contrast, rates among 

EOCRC have increased in at least 27 out of 50 countries worldwide over the past 

years (10-13). Since the early 1990s, the number of younger adults diagnosed with 

CRC in Sweden has increased two- to three-fold, where the incidence of EOCRC 

has grown by approximately 2% per year for rectal cancer, 2.41% for left-sided 

colon cancer, and 2.46 % for right-sided colon cancer (Figure 2) (14). Similar 

patterns have been observed in other high-income and westernized countries, but 

even more rapid annual increases over recent years have been reported in England 

(about 3.6%), Chile (around 4%), Japan (about 4.69%), New Zealand (around 4 %), 

Puerto Rico (3.8%) (13). Some analyses have reported the steepest increases in 

Brazil with annual percent changes approaching 9% (15). Notably, these rising 

EOCRC trends have been observed in some countries across successive generations 

since the 1960s, with more recent cohorts demonstrating progressively higher 

incidence than earlier cohorts, a phenomenon known as the birth-cohort effect (16, 

17). This observation supports the hypothesis that early-life (childhood, 

adolescence, and early adulthood) or cumulative generational exposures, rather than 

aging alone, may play an important role in the observed rise. Within the EOCRC 

population, the highest absolute incidence rates are observed among individuals 

aged 45-49 years. However, the most pronounced relative rise in incidence over 

time have been reported in younger ages, particularly those aged 20-29 years, raising 

concern about shifting disease dynamics in increasingly younger populations (18). 

 
 

Figure 2. Annual percent change (APC) in incidence of EOCRC by country over various periods during 
recent decades. Data source: Medici et al. Cancers. doi: 10.3390/cancers15133509. Available at: 
https://pubmed.ncbi.nlm.nih.gov/37444619/. © 2023 by the authors. Licensed under CC BY 4.0. 

https://pubmed.ncbi.nlm.nih.gov/37444619/


16 

Mortality trends partly mirror the success of screening, early detection and 

therapeutic advances. In many high-income countries, CRC mortality has steadily 

declined over the past several decades due to widespread implementation of fecal 

occult blood testing, colonoscopy, and advances in multimodal therapy. In contrast, 

mortality remains disproportionately high in low-resource regions where screening 

is limited and access to multimodal treatment is constrained (3). Global disparities 

in access to screening, diagnostic services, and treatments continue to shape survival 

outcomes. Importantly, recent epidemiologic analyses from the United States 

demonstrate that EOCRC has become a leading cause of cancer-related mortality 

among adults younger than 50 years, ranking first among men and second among 

women in this age group, where mortality, similar to incidence, continues to rise in 

patients under 50 years during the last decades (19, 20). 

Taken together, CRC epidemiology patterns reveal a complex interplay between 

demographic aging, socioeconomic transition, lifestyle exposures, screening 

implementation, and generational effects. Understanding these patterns provides 

essential context for interpreting the clinical and biological differences between 

EOCRC and LOCRC, and for informing hypotheses regarding underlying 

etiological mechanisms. 

Etiology 

The etiology of CRC is multifactorial and complex. The majority of CRC cases, 

approximately 75 percent, are sporadic, arising from the accumulation of somatic 

mutations, while a smaller proportion, 10-30 percent, involves a family history of 

CRC and pathogenic variants in genes that account for about 5-6 percent of all CRC 

cases (21). 

CRC develops through distinct molecular pathways, most commonly the adenoma-

carcinoma sequence, also called the chromosomal instability (CIN) pathway, which 

accounts for approximately 85 % of cases (Figure 3). In this model, benign 

precancerous lesions (adenomas) gradually accumulate genetic alterations in key 

driver genes such as adenomatous polyposis coli (APC), KRAS, SMAD4, and TP53 

as CIN increases, ultimately driving the transition to invasive carcinoma (22). 

Beyond the conventional adenoma-carcinoma sequence, CRC also arises through a 

distinct serrated neoplasia pathway, which accounts for approximately 10-20 

percent of CRCs and less frequently through the microsatellite instability (MSI) 

pathway (23). A total of 80-85% of CRCs are MSS, 10-16% MSI, and 1-2% ultra-

mutated due to POLE mutations (24). 

Progression from adenoma to carcinoma usually takes several years, often 10-15 

years, highlighting the window for prevention by detection and removal of 

adenomas (25). Adenomas are highly prevalent in Western populations, with about 

one in four adults developing at least one adenoma during their lifetime, and their 
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frequency increases markedly with age (26, 27). Because of this stepwise 

progression, risk factors that promote adenoma formation or accelerate progression 

are central to CRC etiology. 

 

 

Figure 3. The adenoma-carcinoma sequence in colorectal tumorigenesis. Created in 
https://BioRender.com.  

Risk factors 

Since the majority of CRCs are sporadic rather than hereditary, identifying 

modifiable risk factors is essential to reduce exposure and limit disease incidence. 

Lifestyle-related factors appear to play a big role in the rising incidence of EOCRC, 

although they do not fully explain it (28, 29). The exposome refers to the totality of 

all environmental and internal exposures from conception onward, presenting a 

framework for understanding how these factors accumulate over a lifetime. The 

exposome is commonly divided into three interrelated components: the wider 

external environment, the specific external environment (e.g., diet, smoking, 

alcohol, antibiotics), and the internal environment (e.g., gut microbiota) (30). While 

specific data on EOCRC are limited, considering these cumulative exposures may 

help explain unique drivers of EOCRC. Similar risk factors influence both EOCRC 

and LOCRC, but the exposome perspective highlights the potential role of early-life 

and lifelong exposures in the rising incidence among younger adults (Figure 4). 

Although EOCRC is rising, increasing age remains one of the most significant risk 

factors for CRC (31, 32). Other so-called non-modifiable risk factors include the 

male gender, a family history of CRC, colorectal polyps, and chronic inflammatory 

bowel disease (ulcerative colitis and Crohn’s disease), all of which have been shown 

to increase the risk of CRC, including EOCRC (33, 34). 

Modifiable risk factors, including environmental factors, such as dietary patterns, 

also contribute markedly to a large proportion of CRC (35). There is a recognized 

association between alcohol consumption and a higher risk of developing CRC, as 

well as EOCRC, with evidence suggesting a dose-dependent increase in risk of CRC 
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mortality as alcohol intake rises (36, 37). Cigarette smoking has been associated 

with CRC, as well as EOCRC, where studies have shown a moderate but significant 

increase in CRC risk (36, 38, 39).  

Obesity is widely recognized as a significant risk factor for the development of 

several malignancies, including CRC, and its impact appears to be relevant in 

EOCRC as well. Excess body weight, especially central or abdominal obesity, has 

been associated with a marked increase in risk, with some studies indicating a 

stronger effect when obesity develops at a very young age (40, 41). Some studies 

show that persistent metabolic syndrome is also linked to elevated risk of CRC 

among individuals aged 20-49 years, with a stronger association observed for rectal 

cancer (42, 43). Lack of physical activity is widely acknowledged as a risk factor 

for CRC overall; its specific contribution to EOCRC is still debated (44). While 

some studies report a positive association between physical inactivity and EOCRC, 

particularly for rectal tumors, others have failed to confirm this relationship, 

potentially due to confounding variables like obesity and metabolic dysfunction 

(45).  

In recent years, the gut microbiome has emerged as an important area of interest due 

to its involvement in cancer development and tumor progression, as well as response 

to therapy and prognosis in various cancers (46). Studies have consistently shown 

that the gut microbial composition of individuals with CRC differs markedly from 

that of healthy individuals, commonly described as dysbiosis (47). CRC tumor 

tissue is shown to have a relative abundance of potentially pro-carcinogenic 

bacteria, including Fusobacterium, Escherichia coli, Bacteroides, Enterococcus, 

Porphyromonas, and Peptostreptococcus species. In contrast, other bacteria have 

been thought to have protective effects, including Roseburia, Clostridium, 

Faecalibacterium, and Bifido-bacterium (48-51). High intake of processed meat has 

been identified as an established risk factor for CRC, whereas that of red meat has 

been identified as a probable risk factor for CRC (52, 53). Additional factors that 

may influence CRC risk through microbiome modulations include prolonged 

antibiotic exposure, which has been linked to a higher risk of colon cancer but not 

to rectal cancer (54). The specific impact of antibiotic usage on EOCRC remains 

conflicting (55, 56). Some evidence suggests that females born by cesarean section 

have an increased risk of EOCRC, which is believed to alter early-life microbial 

colonization (57). High intake of sugar-sweetened beverages and low vitamin D 

have also been shown to be risk factors for EOCRC (58, 59). Newer data also 

suggest a possible association between low milk consumption and EOCRC, 

although this requires further investigation (60).  

As mentioned, there has been a steady increase in EOCRC across successive birth 

cohorts since the 1960s, suggesting that shared generational exposures, including 

modifiable environmental and lifestyle factors such as dietary changes and obesity, 

may play a role in this trend, many of which have increased since the 1950s (61). 

Environmental and lifestyle exposures may, in turn, influence the gut microbiome, 
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and emerging evidence suggests that EOCRC and LOCRC may not only differ in 

epidemiological and clinical characteristics but also in their microbial, metabolic, 

and host-environment interactions (62-64). 

 

 

Figure 4. Risk factors for colorectal cancer. Created in https://BioRender.com. 

 

Prevention 

Primary prevention of CRC includes reducing risk factors mentioned previously, 

such as the intake of processed meat, red meat, alcohol, and smoking, as well as 

increasing known protective factors such as physical activity, intake of fiber, fruits, 

and vegetables (65). Some drugs that have shown to be protective factors for CRC 

are ASA (acetylsalicylic acid), postmenopausal hormone therapy, and Metformin; 

however, there are no current recommendations for chemoprevention today (66-68). 

Low-dose ASA has also recently been shown to decrease CRC recurrence when 

used as adjuvant therapy in patients with mutations in the PI3K signaling pathway, 

which is present in approximately 30-40% of all CRC patients (69). 

 

Secondary prevention includes CRC screening, which aims to reduce mortality by 

detecting disease at an earlier stage and removing premalignant polyps. 

https://biorender.com/
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Additionally, early detection may also reduce morbidity by decreasing the need for 

extensive surgery and oncological treatment. The main methods for screening are 

the fecal occult blood test (FOBT), either the guaiac test or the immunological fecal 

immunochemical test (FIT). In Sweden, and most other countries, the FIT test is 

used because it is easier for patients to use, less affected by diet, requires only one 

stool sample, and has higher sensitivity. Those with a positive FOBT are referred 

for further investigation with colonoscopy. This evidence-based screening method 

has been recommended by the European Union since 2003. In Sweden, the National 

Board of Health and Welfare issued the same recommendation in 2014 (70-73). In 

2018, a workgroup within the Regional Cancer Centers in Sweden proposed a 

national screening program, with every region committing to implement it by 2026, 

offering screening every 2 years for individuals aged 60-74 years. Despite recent 

recommendations from clinicians in the workgroup within the Regional Cancer 

Centers to lower the screening age to 50 years, in line with European guidelines, the 

Swedish National Board of Health and Welfare has decided to maintain the starting 

age at 60 years. Individuals with one first-degree relative diagnosed with CRC 

before the age of 50 or with two affected first-degree relatives are recommended to 

have a one-time colonoscopy starting 5-10 years before the youngest age at 

diagnosis or at the age of 50 years, whichever comes first. Individuals with three 

affected first-degree relatives are recommended colonoscopy every 5 years (74). 

 

Almost all countries in the European Union, 20 out of 27, have implemented 

population-based CRC screening programs, while Cyprus, Romania, and Lithuania 

are in the process of implementing population-based screening programs. The 

screening programs in Austria and Latvia are not population-based but 

opportunistic, while Greece and Bulgaria lack organized CRC screening programs. 

In countries outside of the European Union, such as Iceland, population-based 

screening programs are being implemented, while England, as a part of the United 

Kingdom, has already established population-based screening (75). The most 

common age-interval for CRC screening is 50-74 years. 

 

Outside Europe, several countries are also introducing screening programs, although 

coverage and implementation vary widely. Population-based programs are mainly 

implemented in high-income countries, while many middle-income countries rely 

on opportunistic or pilot initiatives (76). In North America, Canada has a 

population-based screening program, while the USA relies mainly on opportunistic 

screening. In South America, only a few countries, such as Argentina, Brazil, Chile, 

and Uruguay, are testing population-based pilot programs while most others, like 

Cuba, Mexico, Colombia, Ecuador, and Puerto Rico, rely on national opportunistic 

programs. In Asia and Oceania, a mix of national population-based and 

opportunistic approaches is used in countries such as Japan, South Korea, Taiwan, 

Singapore, Thailand, and Australia. New Zealand is implementing national 

population-based screening, and China has initiated urban population-based pilot 
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programs. In Africa, Morocco is the only country with a pilot research project 

promoting voluntary screening (77). 

 

In response to the rising disease burden, the United States Preventive Services Task 

Force (USPSTF) revised its screening guidelines in 2021 to recommend  that routine 

CRC screening begin at age 45 years rather than 50 (78). However, these 

recommendations are primarily based on predictive models and on the observation 

that CRC risk in 45-49-year-olds now resembles that of 50-54-year-olds in the early 

1990s, given the lack of sufficient empirical data. It is also important to bear in mind 

that, despite the large relative rise in EOCRC over the last decades, there has been 

a relatively small absolute increase in CRC incidence during the same period. 

Lowering the screening age could potentially overwhelm screening capacity and 

divert resources from older adults who are at higher risk. A decline in EOCRC 

incidence has been reported only in three countries – Italy, Austria, and Lithuania 

(11). In Austria and Italy, where screening programs for CRC began in the early 

1980s at ages 40 and 45, respectively, the reduction in EOCRC has been largely 

limited to the 40-49 age group (79). These results imply that earlier screening could 

be effective in counteracting the trend of increasing CRC incidence among younger 

adults. Precision cancer screening, which integrates family history, environmental, 

and lifestyle factors, could be used to more accurately identify the optimal screening 

age and method for each individual, which offers a more effective and tailored 

approach than traditional age-based guidelines. 

Characteristics 

Anatomy & clinical presentation 

The colorectal canal, approximately 150 cm long and 5-7 cm wide, extends from 

the ileocecal valve in the right lower abdomen to the anal canal (Figure 5). It 

consists of the caecum (with the appendix), ascending colon, transverse colon, 

descending colon, sigmoid colon, and rectum. The caecum, transverse colon, and 

sigmoid colon are intraperitoneal, while the ascending and descending colons are 

retroperitoneal. The rectum, typically 12-15 cm long, begins at the rectosigmoid 

junction. In the upper third of the rectum, the anterior and lateral surfaces are 

covered with peritoneum. In the middle third, peritoneal coverage is limited to the 

anterior surface, while the distal third is extraperitoneal, surrounded by mesorectal 

fascia, and forms the rectal ampulla. The definition of the rectum, debated recently, 

is important clinically and for research. In Sweden, the rectum is still defined as the 

last 15 cm of the large bowel, which is 15 cm from the anal verge as seen by, for 

example rigid rectoscopy (80). However, international consensus now defines the 

rectum as the sigmoid take-off, which is the junction between the sigmoid 
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mesocolon and the mesorectum as it elongates away from the sacrum, visible on 

imaging technologies such as computed tomography (CT) and magnetic resonance 

imaging (MRI) (81). The anal canal, 3-5 cm in length, transitions histologically from 

cylindrical epithelium in the rectum to squamous epithelium at the dentate line. In 

clinical practice, the puborectalis muscle is often used as the border between the 

rectum and the anal canal. 

 

 

Figure 5. Schematic drawing of the colon and rectum. Created in https://BioRender.com. 

 

 

CRC often has an insidious onset, and patients may be asymptomatic in early stages 

when the tumor burden is small (82). As the disease progresses, symptoms typically 

reflect tumor size, growth pattern, and anatomical localization within the colon or 

rectum. Right-sided colon cancers frequently present with iron-deficiency anemia 

caused by chronic occult bleeding, leading to nonspecific symptoms such as fatigue 

and reduced capacity for physical activity. In contrast, left-sided and rectal tumors 

more commonly cause alterations in bowel habits, such as constipation, diarrhea, or 

alternating stool consistency, as well as visible blood or mucous mixed with the 

stool. Rectal tumors may produce urgency and a sensation of incomplete evacuation 

of stool (tenesmus) due to local irritation. Abdominal pain is generally a later 

manifestation and may indicate luminal obstruction or locally advanced disease with 

invasion of adjacent structures. Symptoms of bowel obstruction, such as progressive 

constipation, colicky pain, and abdominal distension, can occur when the tumor 

causes significant luminal narrowing, and approximately one-fifth of all patients 

present acutely with large bowel obstruction. Systemic symptoms may include 

weight loss, anorexia, and ascites, which are more suggestive of advanced or 

metastatic disease (83, 84). 

https://biorender.com/
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Rectal bleeding and alterations in bowel habits are generally regarded as high-risk 

symptoms, and the presence of multiple symptoms increases the likelihood of CRC, 

with the highest positive predictive value for non-metastatic disease observed when 

blood in the stool is combined with altered bowel habits (85, 86). According to 

previous studies, EOCRC may present differently and with a more delayed 

diagnosis than CRC in older patients with symptoms like hematochezia and 

abdominal pain, as well as changed bowel habits, being the most common in 

EOCRC (87). This symptom pattern may reflect that EOCRC more often manifests 

in the distal colon or rectum, leading to different clinical presentations. 

Additionally, a delayed diagnosis in EOCRC could be related to the tendency for 

symptoms to be misattributed to less serious conditions, such as hemorrhoids or 

irritable bowel syndrome, resulting in advanced disease at diagnosis. 

Diagnosis 

Colonoscopy with histopathological assessment is the first-line diagnostic method 

for suspected CRC. It allows biopsy of detected tumors and removal of incidental 

polyps with recommended endoscopic tattooing to aid lesion localization for future 

colonoscopies and surgery. If colonoscopy is incomplete, CT colonography may be 

used as a complementary investigation, as it has comparable diagnostic accuracy for 

tumors and polyps larger than 10 mm, whereas smaller polyps are rarely clinically 

relevant in symptomatic patients (88). Contrast-enhanced CT of the thorax and 

abdomen is performed pre-therapeutically to assess the extent of the primary tumor, 

detect involved lymph nodes, and detect possible distant metastases. In rectal 

cancer, pelvic MRI is the standard method for local staging and treatment planning, 

while MRI of the primary tumor in colon cancer is reserved for selected cases of 

suspected locally advanced disease (89-91). Endoscopic or transrectal ultrasound 

may provide additional information in specific situations, particularly for low rectal 

tumors or suspected invasion of colonic tumors on adjacent upper abdominal organs 

such as the ventricle or duodenum. If CT reveals suspected liver metastases in 

patients considered for curative treatment, liver MRI is recommended (92). PET-

CT may be used when conventional imaging does not clearly determine whether the 

disease is potentially curable or palliative, especially in patients with suspected 

extra-pelvic spread. Routine blood tests, including carcinoembryonic antigen 

(CEA), are obtained (93). Following the initial workup, all patients are discussed at 

a multidisciplinary team conference, involving all specialties managing the patient, 

and treatment decisions are made in collaboration with the patient.  

Prior to the multidisciplinary team conference, a TNM (Tumor, Node, Metastasis) 

classification of the tumor is determined based on the UICC (Union for International 

Cancer Control) TNM classification system (Table 1) (94). 
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Table 1. TNM classification system 

T Tumor 

T0 No tumour 

Tis Carcinoma in situ (invasion of mucosal lamina propria) 

T1 Invasion into submucosa 

T2 Invasion into muscularis propria 

T3 Invasion into subserosa/perirectal tissue; a. <1mm   b. 1-5mm   c. >5-15mm   d. >15mm 

T4 a. Perforation of visceral peritoneum    b.     Invasion of adjacent 
organs/tissues 

N Node 

N0 No regional lymph node metastases 

N1 1-3 regional lymph node metastases 

N2 ≥4 regional lymph node metastases 

M Metastasis 

M0 None 

M1 a. to one organ       b.     to more than one organ       c.     to peritoneum 

 

While the TNM classification describes the anatomical extent of CRC, another 

staging system, based on the UICC TNM classification, can group TNM categories 

into clinically meaningful prognostic classes (Table 2). The two classification 

systems are used together to guide treatment decisions in CRC. 

 

Table 2. Staging according to the UICC TNM classification 

Stage    T N M 

0   Tis                                   N0                                            M0 

I T1-T2                                N0                                            M0 

II T3-T4                                N0                                            M0 

III T1-T4                              N1-N2                                        M0 

IV Any T                              Any N                                         M1 a-c 

 

The stage at diagnosis is the strongest predictor of survival. Localized CRC (stage 

I-II) has a relatively high 5-year overall survival rate of around 90 %. However, 

recurrence can still occur, particularly in high-risk patients. For stage III CRC, the 

5-year overall survival rate is about 70 %, with recurrence in 30-40 % of cases 

within 5 years. In stage IV CRC, the 5-year overall survival rate is approximately 

14% (95-97). Survival data for EOCRC remains inconsistent. While some studies 

suggest a worse prognosis for younger patients, others report similar or even better 

outcomes compared to older individuals. EOCRC often presents at a more advanced 

stage than LOCRC (98-101). Although younger patients are more likely to receive 

more intensive neoadjuvant or adjuvant chemotherapy at all stages, these treatments 

do not seem to result in significantly better outcomes compared to older patients 

(98, 102). This raises concerns about whether young patients are being overtreated 

without clear benefits, as well as the effectiveness of these treatments in this group. 
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Molecular features 

CRC develops through three principal molecular pathways; the CIN pathway, the 

serrated neoplasia pathway, and the microsatellite instability (MSI) pathway. Each 

pathway is characterized by a distinct initiating event, a specific type of genomic 

instability, and distinct pattern of tumor progression. While these classifications are 

distinct by definition, they often overlap within CRC tumorigenesis (103, 104). 

The CIN pathway is the most common mechanism of colorectal carcinogenesis, 

responsible for approximately 70-90% of all CRCs. It is initiated by loss of the 

adenomatous polyposis coli (APC) tumor suppressor gene, leading to dysregulated 

Wnt/β-catenin signaling and the formation of conventional adenomas (105). 

Germline mutations in APC cause familial adenomatous polyposis (FAP), a 

hereditary form of CRC, while somatic APC mutations are found in approximately 

70-90% of sporadic CRCs; both follow the CIN pathway (106). As adenomas 

enlarge, activating mutations in KRAS promote further proliferation and survival. 

Progressive chromosomal instability, characterized by aneuploidy (abnormal 

number of chromosomes) and loss of heterozygosity (loss of the remaining normal 

allele of a gene), results in the accumulation of additional genetic alterations. Late 

loss of tumor suppressors such as TP53 and SMAD4 permits invasion and malignant 

transformation, leading to microsatellite-stable (MSS) CRC (107). Tumors arising 

from the CIN pathway are often localized in the distal colon (108). 

The serrated neoplasia pathway arises from serrated polyps, most often sessile 

serrated lesions, and accounts for approximately 10-20% of sporadic CRCs (105). 

The initiating event is typically an activating BRAF mutation, which drives aberrant 

MAPK/ERK signaling and promotes epigenetic dysregulation. Unlike the CIN 

pathway, where tumor progression is driven by DNA mutations, deletions, and gains 

(changes in DNA sequence and chromosome numbers), the serrated pathway relies 

heavily on epigenetic alterations (such as DNA hypermethylation) rather than 

structural DNA changes. This leads to the CpG island methylator phenotype 

(CIMP), characterized by widespread promoter hypermethylation and 

transcriptional silencing of tumor suppressor genes. When methylation of the MLH1 

promoter occurs, mismatch repair is lost, leading to sporadic microsatellite 

instability (MSI)-high CRC (23). Although most serrated pathway CRCs become 

MSI-high due to MLH1-methylation, a minority remain MSS, even though they still 

harbour BRAF mutations and CIMP-high features. This occurs because the MLH1 

gene is not methylated in these tumors, despite the presence of other molecular 

markers typical of the serrated pathway (109). Tumors arising from the serrated 

neoplasia pathway are frequently localized in the proximal colon and may progress 

more rapidly than those in the CIN pathway (110). 

The MSI pathway accounts for 2-4% of CRCs and primarily refers to Lynch 

syndrome, caused by germline mutations in genes of the DNA mismatch repair 

(MMR) pathway, including MLH1, MSH2, MSH6, or PMS2 (111). In these cases, 
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a second somatic hit inactivates the remaining functional allele, resulting in 

complete loss of MMR. Although the MSI (Lynch syndrome) pathway accounts for 

only a small fraction of CRCs, it is considered a separate pathway since it has a 

distinct hereditary cause, unique molecular features, and important clinical and 

therapeutic implications. Defective MMR leads to microsatellite instability, causing 

accumulation of insertion-deletion mutations in repetitive DNA sequences of key 

genes such as TGFBR2 (growth regulator) and BAX (apoptosis regulator), 

disrupting normal growth control and cell death, allowing rapid progression from 

adenoma to carcinoma, resulting in MSI-high CRC (112). 

In Sweden, all CRCs are routinely tested at diagnosis for MMR or MSI status. This 

information serves as both a prognostic and predictive biomarker, helping identify 

patients with Lynch syndrome. Tumors showing loss of MMR function are 

classified as MMR-deficient (dMMR) while those with normal MMR function are 

considered proficient (pMMR). If MLH1 loss is detected, additional testing for 

BRAF mutations is performed to help distinguish sporadic tumors from those 

associated with Lynch syndrome. Tumors with BRAF mutation are usually sporadic, 

while those without BRAF mutation warrant further genetic testing. Cases with loss 

of other MMR proteins (MSH2, MSH6, PMS2) are referred directly for genetic 

counseling regardless of BRAF status. For patients with metastatic or locally 

advanced CRC, molecular tumor analysis should include KRAS, NRAS, and BRAF 

mutations, including BRAF V600, to guide treatment decisions (80).  

The molecular pathways of CRC development are complex and often overlap, but 

Figure 1 provides a simplified representation highlighting the most common events 

in each pathway. 

 

 

Figure 6. Major molecular pathways driving colorectal cancer development 
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Since CRC shows substantial molecular diversity, gene expression-based subtyping 

has emerged as an essential tool for understanding the heterogeneity of CRC. The 

Consensus Molecular Subtypes (CMS) classification system stratifies CRC into four 

major subtypes based on gene expression patterns, each associated with distinct 

molecular features, clinical outcomes, and responses to therapies (113-115). 

CMS1, known as the MSI immune subtype, is characterized by MSI, a high 

mutation burden, and frequent BRAF mutations. The CMS1 tumors show strong 

immune activation and are often associated with a favorable prognosis at early 

stages, but poorer survival after disease relapses. 

CMS2, the canonical subtype, accounts for the largest proportion of CRC cases. It 

is characterized by CIN and activation of Wnt and Myc signaling pathways. The 

CMS2 tumors typically display epithelial differentiation, often respond more 

favorably to conventional chemotherapy, and are associated with better overall 

survival compared to the other subtypes. 

CMS3, the metabolic subtype, is defined by metabolic dysregulation and frequent 

KRAS mutation. CMS3 tumors exhibit altered cellular metabolism, intermediate 

clinical outcomes, and are less well understood than other subtypes. 

CMS4, known as the mesenchymal subtype, is characterized by prominent stromal 

infiltration, activation of transforming growth factor-β (TGF-β) signaling, 

angiogenesis, and epithelial-mesenchymal transition. CMS4 tumors are associated 

with aggressive tumor behavior, increased risk of metastasis, and poor prognosis. 

Although CMS classification is not yet routinely used in clinical practice, it 

represents a valuable tool for research and development of targeted therapies (115).  

EOCRC exhibits several distinct molecular characteristics compared with LOCRC. 

MSI and dMMR are more common in EOCRC (116). EOCRC also shows a higher 

frequency of TP53, KRAS, and beta-catenin 1 (CTNNB1) mutations but lower rates 

of BRAF mutations and CIMP compared with LOCRC (117-119). 

The Hippo pathway 

The Hippo signaling pathway plays a crucial role in cell growth, differentiation, and 

tissue homeostasis, primarily by regulating the transcriptional co-activators YAP1 

(Yes-associated protein 1) and TAZ (Transcriptional co-activator with PDZ-binding 

motif). Under normal conditions, Hippo signaling limits YAP1/TAZ activation by 

promoting their phosphorylation, thereby retaining them in the cytoplasm. When the 

Hippo pathway is disrupted, YAP1 and TAZ are dephosphorylated, translocate to 

the nucleus, and stimulate the transcription of genes that support cell proliferation, 

survival, and metastasis. This dysregulation of the Hippo-YAP1 pathway has been 
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linked to a variety of malignancies, including CRC, where it contributes to 

tumorigenesis, aggressiveness, and poor prognosis (120). 

The Hippo-YAP1 pathway interacts with several key signaling pathways in CRC. 

One of the most significant interactions occurs within the Wnt/β-catenin pathway, 

which is frequently activated in CRC, by stabilizing β-catenin, promoting cell cycle 

progression, and tumor growth. Conversely, Wnt signaling can regulate components 

of the Hippo pathway, thereby affecting YAP1 activity (121, 122). This crosstalk is 

essential for preserving the balance between proliferation and differentiation in 

CRC cells. Similarly, PI3K-Akt-mTOR signaling regulates YAP1, promoting cell 

survival and metabolic reprogramming, supporting tumor growth (123). YAP1 also 

interacts with TGF-β and Notch signaling, promoting epithelial-to-mesenchymal 

transition and maintaining cancer stem cells in CRC, thereby contributing to tumor 

aggressiveness and therapy resistance (124). 

Histopathological features 

Histopathological evaluation remains central to the diagnosis, prognostication, and 

treatment decision-making in CRC, providing critical information on tumor type, 

grade, stage, and molecular correlates (125). 

More than 90% of all CRCs are adenocarcinomas, originating from glandular 

epithelium. Conventional adenocarcinoma is characterized by malignant glands 

infiltrating the bowel wall, often showing irregular architecture, nuclear atypia, and 

mitotic activity. Although the majority of cases are diagnosed as adenocarcinoma 

Not Otherwise Specified (NOS), several other histological variants of 

adenocarcinomas are recognized, each having distinct clinicopathological features. 

Mucinous adenocarcinoma is defined by extracellular mucin comprising more than 

50 % of the tumor volume. These tumors are more commonly associated with MSI 

and tend to occur in the proximal colon (126). Signet ring cell carcinoma constitutes 

a rare and aggressive subtype, characterized by intracellular mucin displacing the 

nucleus peripherally, giving a signet ring appearance. This subtype is linked to a 

poor prognosis and advanced stage at diagnosis (127). Other less common variants 

include medullary adenocarcinoma, often associated with MSI (dMMR) status, and 

serrated adenocarcinoma, which shows features similar to serrated polyps. 

Histological grading of CRC is primarily based on the degree of gland formation. 

Tumors are classified as low grade (well to moderately differentiated) when more 

than 50% of glandular structures predominate and high grade (poorly differentiated) 

when less than 50 % of glandular structures are present. Lymphovascular invasion, 

perineural invasion, tumor budding, and tumor deposits represent adverse 

histological features and are recommended for routine reporting in CRC pathology 

(125). The host immune response, assessed histologically, has been shown to have 
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prognostic implications where a prominent tumor-infiltrating lymphocyte response 

has been associated with improved outcomes and MSI status (128). 

EOCRC has been shown to be more frequently associated with poorly differentiated 

tumors, mucinous or signet-ring cell histology, and lymphovascular and perineural 

invasion than LOCRC. These histopathological differences may contribute to the 

more aggressive clinical behavior and a higher likelihood of advanced disease (stage 

III-IV) at diagnosis, often observed in EOCRC (116, 117, 129). 

Treatment 

Neoadjuvant treatment – colon cancer 

The standard treatment for stage I-III colon cancer is upfront surgery. Historically, 

neoadjuvant therapy has played a limited role, however this approach has been 

partly revised following the FOxTROT trial. In patients with locally advanced yet 

operable pMMR (MSS) colon cancer, particularly radiological T4 and/or N2 

disease, short-course neoadjuvant oxaliplatin-based chemotherapy can be 

considered in individuals with good performance status (WHO 0-1) and no 

obstructive symptoms of the tumor (130). Other studies of T3-T4 colon cancer have 

confirmed histological tumor downstaging after neoadjuvant chemotherapy, 

although without consistent improvement in disease-free or overall survival (131, 

132). For resectable dMMR (MSI) colon cancer, upfront surgery remains standard. 

Although the NICHE-2 study reported high pathological complete response rates 

following short-course neoadjuvant immunotherapy, long-term outcomes and 

randomized evidence are lacking, which is why immunotherapy should currently be 

restricted to clinical trials in these patients (133). 

In locally advanced colon cancer where radical resection is unlikely (conversion 

setting) and shrinking of the tumor is needed, neoadjuvant chemotherapy is 

recommended for pMMR (MSS) tumors with or without the addition of EGFR- or 

VEGF-targeted agent. In conversion settings with dMMR (MSI) tumors, 

neoadjuvant immunotherapy may be discussed at a multidisciplinary team 

conference. 

Radiotherapy has been far less extensively studied in colon cancer than in rectal 

cancer and has no proven benefit in operable disease. However, limited registry data 

suggest improved R0 resection rates and survival in cT4 tumors, and despite weak 

evidence, preoperative chemoradiotherapy may be considered in selected cases of 

locally advanced, non-metastatic colon cancer with invasion of adjacent 

unresectable structures (134). 



30 

Neoadjuvant treatment – rectal cancer 

In localized rectal cancer, neoadjuvant treatment is tailored according to the 

estimated risk of local and distant recurrence, primarily based on MRI-staging. In 

early rectal cancer, where the risk of local recurrence with surgery alone is ≤ 5-6 %, 

upfront surgery without neoadjuvant therapy is recommended in Sweden. For 

intermediate-risk disease, defined by an estimated local recurrence risk of ≥ 6-8 % 

but without markedly increased risk of distant metastases, short-course radiotherapy 

(SCRT: 5 Gray x 5 days) followed by surgery is recommended, either with 

immediate resection or with a delay of 4-8 weeks. 

In locally advanced rectal cancer, where tumor downstaging is required to facilitate 

radical resection or where the risk of distant metastases is high, total neoadjuvant 

therapy (TNT) is now recommended. In Sweden, TNT most commonly consists of 

SCRT followed by 12-18 weeks of combination chemotherapy, reflecting a shift of 

systemic treatment from a postoperative to the preoperative setting. In patients who 

are not candidates for combination chemotherapy, SCRT followed by delayed 

surgery remains the standard approach. The rationale for neoadjuvant therapy 

includes tumor downstaging, reduction of locoregional recurrence, early treatment 

of micrometastatic disease, and, in selected cases, the possibility of organ 

preservation (80). 

Multiple randomized clinical trials have shown that neoadjuvant radiotherapy 

significantly reduces the risk of local recurrences in rectal cancer, with SCRT 

reducing the relative risk by approximately 50-70%, independent of surgical 

technique (135, 136). Radiotherapy has shown to be more effective when delivered 

preoperatively than postoperatively (137). Randomized clinical trials have also 

shown that conventional fractionated radiotherapy (1,8-2 Gray daily up to 45-50.4 

Gray for 5-6 weeks) combined with concurrent chemotherapy (5-Fluorouracil or 

capecitabine), so-called conventional chemoradiotherapy (CRT), has shown 

improved local control and likely survival compared with radiotherapy alone in 

locally advanced disease (138, 139). However, comparisons between conventional 

fractionated radiotherapy combined with concurrent chemotherapy versus SCRT 

alone in cT3-T4 tumors have not demonstrated significant differences in local 

control, disease-free survival, or overall survival (140, 141). 

A total neoadjuvant therapy strategy has been evaluated in several clinical trials. 

The RAPIDO study showed that SCRT followed by neoadjuvant capecitabine and 

oxaliplatin (CAPOX) chemotherapy significantly increased pathological complete 

response rates and reduced distant metastases compared with neoadjuvant 

conventional CRT followed by selective use of adjuvant chemotherapy in selected 

patients, although no overall survival benefit was observed and a higher rate of 

locoregional recurrence was reported at five years (142, 143). Other studies have 

similarly demonstrated improved tumor response and reduced distant failure with 
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total neoadjuvant therapy (144, 145). In patients with a complete clinical response 

after neoadjuvant treatment, a “watch-and-wait” strategy may be considered in 

experienced centers, provided informed consent is obtained (146, 147). 

Overall, SCRT followed by neoadjuvant chemotherapy (TNT) has become the 

preferred standard treatment for locally advanced rectal cancer in Sweden, while 

conventional CRT remains an alternative, particularly when maximal tumor 

regression or organ preservation is prioritized. Despite the more widespread use of 

conventional CRT worldwide, randomized studies have not demonstrated superior 

local control or survival compared to SCRT with neoadjuvant chemotherapy. 

Routine adjuvant chemotherapy after surgery is generally not recommended, as 

systemic treatment is now predominantly administered in the neoadjuvant setting.  

The presence of dMMR (MSI) can guide treatment decisions in localized rectal 

cancer. Phase II studies have reported remarkably high clinical complete response 

rates following neoadjuvant PD-1 blockade in locally advanced disease. Although 

this approach has not yet been approved by the Food and Drug Administration 

(FDA) or European Medicines Agency (EMA), the 2025 National Comprehensive 

Cancer Network (NCCN) guidelines recommend six months of PD-1-directed 

immunotherapy as the preferred primary treatment for patients with dMMR (MSI) 

rectal cancer staged T3-4 or N1-2 (148, 149). 

After completing neoadjuvant therapy, patients undergo restaging with CT scans 

and pelvic MRI (for rectal cancer) to evaluate tumor response, including any 

downstaging of the TNM stage. This assessment informs the planning of the 

subsequent step, which is typically surgical resection. 

Surgical treatment 

Surgery remains the primary curative treatment for CRC and aims to achieve 

complete tumor removal with negative resection margins (R0). At the beginning of 

the surgical procedure, the abdominal cavity is systematically explored to identify 

previously undetected metastatic disease or locally advanced tumor growth, which 

may alter the surgical strategy. Surgical resection is performed along anatomical 

planes with the removal of the intact mesentery and associated lymphatic drainage. 

In colon cancer, this approach is referred to as complete mesocolic excision (CME) 

and involves resection of the tumor-bearing bowel segment together with its 

mesocolon and central vascular ligation, whereas surgical treatment of rectal cancer 

follows the principles of total mesorectal excision (TME). Adequate longitudinal 

and circumferential margins, as well as removal of lymph nodes, are essential for 

oncological radicality (150, 151). 



32 

Minimally invasive surgery, including laparoscopic and robot-assisted techniques, 

is recommended as first-line treatment when feasible. Compared with open surgery, 

minimally invasive approaches provide equivalent oncological outcomes while 

offering advantages in terms of faster recovery, reduced postoperative pain, shorter 

hospital stay, and fewer abdominal wall complications (152, 153). 

The extent and type of resection depend on tumor location, stage, and patient-related 

factors. Segmental colectomy is generally sufficient for most colon cancers, while 

rectal cancer is treated with anterior resection or abdominoperineal excision, 

depending on tumor height, sphincter involvement, and the possibility of achieving 

adequate margins. Temporary or permanent stoma formation may be required in 

some cases. 

Locally advanced CRC, where standard resection cannot achieve clear margins, 

requires a multidisciplinary approach. To obtain oncological radicality (R0), en bloc 

multivisceral resection of involved organs or structures may be required, as 

dissection through tumor-adjacent adhesions is linked to an increased risk of 

residual disease and local recurrence (154). Due to technical complexity, such cases 

should be treated at specialized high-volume centers (155). Similarly, patients with 

local recurrence should be referred to high-volume centers as radical resection offers 

the best chance for long-term survival despite increased surgical complexity (156). 

Adjuvant treatment 

Adjuvant chemotherapy is administered after curative-intent surgery in CRC to 

reduce the risk of recurrence. The main agents used are fluoropyrimidines (5-FU or 

capecitabine) either as monotherapy or in combination with oxaliplatin. The choice 

to initiate adjuvant therapy should consider recurrence risk and be individualized 

through shared decision-making with the patient. 

For colon cancer, fluoropyrimidine monotherapy typically requires six months of 

treatment, while combination therapy with oxaliplatin can often be limited to three 

months, particularly for lower-risk stage III disease. High-risk stage II patients, 

defined by risk factors such as pT4 tumors or tumor perforation, may also benefit 

from adjuvant therapy. The addition of oxaliplatin further increases disease-free 

survival by approximately 20 % in stage III colon cancer but has not demonstrated 

a clear benefit in stage II cases (157, 158). Adjuvant therapy should begin as soon 

as possible after surgery, ideally within six weeks and no later than eight weeks, as 

delayed initiation beyond 12 weeks compromises efficacy (159). Age and 

comorbidity influence the treatment choice. Patients aged ≥ 70 years may benefit 

less from oxaliplatin and have a higher risk of toxicity, which is why monotherapy 
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with fluoropyrimidine is often preferred, although combination therapy can be 

considered in biologically fit older patients (160, 161). 

The duration of adjuvant chemotherapy has been evaluated in the IDEA 

collaboration, which demonstrated that shorter treatment durations are associated 

with substantially reduced toxicity. In patients with lower-risk stage III tumors (T1-

3, N1), three months of capecitabine and oxaliplatin (CAPOX) appears to provide 

comparable disease control compared to six months, whereas evidence supporting 

three months of 5-FU and oxaliplatin (FOLFOX) is less robust. In patients with 

higher-risk disease or when monotherapy with fluoropyrimidines is used, six 

months of treatment remains the standard (162). 

In rectal cancer, adjuvant chemotherapy is more selectively applied due to evolving 

preoperative treatments. Patients treated with TNT or conventional CRT may not 

require additional postoperative chemotherapy, as the full adjuvant effect is 

considered achieved. Decisions should also be guided by postoperative pathological 

assessment and the presence of risk factors (142-144). 

Tumors with dMMR (MSI) are associated with a favorable prognosis (163). In stage 

II colon cancer, fluoropyrimidine monotherapy has not demonstrated a clear benefit 

in dMMR tumors and is therefore generally not recommended (164). In patients 

with high-risk stage II and stage III dMMR tumors, combination chemotherapy 

including oxaliplatin may be considered, as there is insufficient data to support the 

use of monotherapy alone (165). Despite its clinical relevance, MMR status should 

be interpreted in conjunction with pathological risk factors when deciding on 

adjuvant treatment. Emerging biomarkers, such as circulating tumor DNA (ctDNA) 

and tumor immunoprofiles, show promise for tailoring adjuvant therapy, but 

standardized and clinical implementation is pending (166). 

Postoperative outcomes & follow-up 

Postoperative complications 

Postoperative complications remain a major contributor to morbidity, mortality, and 

reduced quality of life following CRC surgery (167, 168). The development of these 

complications is affected by a combination of patient-related, tumor-related, and 

perioperative factors. General preoperative risk factors often include advanced age, 

sex, impaired nutritional status, obesity, the presence of comorbidity and systemic 

inflammatory responses, all of which may negatively affect postoperative recovery 

(169). Tumor-specific characteristics also play a role in postoperative complication 
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risk. Advanced tumor stage, large tumor size, invasion of adjacent structures, and 

acute presentation such as bowel obstruction, bleeding, or perforation are associated 

with increased surgical complexity and a higher rate of postoperative complications 

(170-172). 

Early postoperative complications are particularly relevant as they are linked to 

increased short-term mortality and may also affect long-term oncological outcomes. 

Surgical complications, such as anastomotic leakage, postoperative bleeding, and 

infection are among the most serious adverse events following CRC resection. 

These complications commonly occur within the first 1-2 postoperative weeks 

following surgery and may substantially increase the need for additional treatment 

and follow-up care (173). 

Anastomotic leakage represents a critical complication resulting from impaired 

healing at the anastomotic site and is associated with severe intra-abdominal 

infection and increased mortality. Its occurrence is influenced by preoperative 

patient-related factors such as advanced age, smoking, obesity, metabolic disorders, 

impaired immune status, history of radiotherapy, as well as by tumor characteristics, 

emergency presentation, and technical aspects of surgery (174). 

Postoperative infections, including surgical site infections and intra-abdominal 

infections, represent another major category of complications following CRC 

surgery. Risk factors include, for example, obesity, diabetes mellitus, male sex, 

stoma formation, smoking, emergency surgery, and prolonged operative time (175). 

Intra-abdominal bleeding is a serious postoperative complication that may result 

from vascular injury, inadequate hemostasis, or coagulopathy. Although relatively 

uncommon, it often requires urgent intervention and is associated with increased 

morbidity, longer hospital stays, and a higher risk of mortality. Risk factors include 

extensive surgery, emergency procedures, presence of comorbidities such as heart 

and kidney disease, as well as preexisting coagulation disorders (176). 

Stoma formation is associated with a distinct spectrum of early postoperative 

complications. These include peristomal skin irritation, mucocutaneous separation, 

and ischemia or necrosis of the stoma. Such complications may result from patient-

related factors such as advanced age, obesity, corticosteroid use, as well as technical 

factors, impaired blood supply, or excessive tension on the bowel (177). 

EOCRC patients generally tend to have fewer age-associated comorbidities, 

including pulmonary and cardiovascular disease, which is associated with a lower 

baseline risk to develop medical complications compared to LOCRC. However, 

EOCRC may experience a greater functional and psychological impact from 

postoperative complications due to longer life expectancy, work and family 
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responsibilities, as well as higher expectations for postoperative quality of life, even 

after uncomplicated surgery. 

Functional & psychological outcomes 

The impact of CRC extends beyond its physical aspects, significantly affecting 

functional and psychological outcomes that can influence quality of life. Surgical 

treatment for CRC can lead to lasting changes including stomas (temporary or 

permanent), diarrhea, constipation, incontinence or altered bowel functions, with 

possible complications such as anastomotic leaks, infections or delayed healing, 

further worsening symptoms. These issues often disrupt daily activities, social 

participation, and return to work which can profoundly affect a patient’s sense of 

independence and normalcy. Pelvic surgeries, particularly in rectal cancer, can also 

impair sexual and urinary functions with complications like urinary retention, 

fistulas, or nerve injury exacerbating the adverse symptoms. 

The long-term effects of chemotherapy or radiotherapy also contribute to functional 

outcomes. Chemotherapy-induced peripheral neuropathy, fatigue, and muscle 

weakness can hinder patients’ ability to perform basic daily tasks, while 

radiotherapy can lead to intestinal dysfunction, causing chronic pain, bloating, and 

bowel obstruction. 

CRC diagnosis and treatment can also lead to significant psychological challenges, 

including stress, anxiety, depression, and fear of recurrence. Concern about stomas 

or long-term bowel dysfunction may affect self-esteem, body image, and social 

relationships. Post-traumatic stress is also common, particularly after intensive 

treatments or surgical complications, with some patients experiencing chronic 

symptoms such as intrusive thoughts, hyperarousal, and avoidance behaviors. 

Strong social support from family, friends, or support groups is critical for coping 

with the psychological impact of CRC. Targeted interventions like rehabilitation 

programs, counseling, and cognitive-behavioral therapy can help manage anxiety, 

depression, and stress, improving overall quality of life. 

Postoperative surveillance 

Postoperative follow-up after curative surgery for CRC aims to detect potentially 

treatable recurrences and metachronous neoplasia. Surveillance strategies are 

therefore directed at patients considered fit for further oncological or surgical 

intervention in the event of disease recurrence. 

For patients with radically resected stage II-III CRC without metastases, routine 

follow-up with contrast-enhanced CT of the thorax and abdomen combined with 
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carcinoembryonic antigen (CEA) testing at 12 and 36 months postoperatively is 

recommended in Sweden. Patients with radically resected stage I tumors have a low 

risk of recurrence, and routine surveillance with CT imaging and CEA testing is not 

recommended in this group. Adequate staging at the time of primary treatment is 

essential to identify synchronous metastases. If a complete, high-quality 

colonoscopy was not performed preoperatively, it should be performed as soon as 

possible after surgery, no later than six months postoperatively. Long-term 

surveillance of metachronous adenomas and tumors is recommended with 

colonoscopy at three years after surgery and subsequently every five years, provided 

the patients remain eligible for intervention. Follow-up may be omitted or 

discontinued in patients with significant comorbidity who are unlikely to tolerate 

treatment for recurrence (80).  

Follow-up after resection of metastases varies between guidelines and clinical 

practice. The European Society for Medical Oncology (ESMO) recommends 

relatively intensive surveillance during the first years, with follow-up every three 

months for two years and every six months thereafter, although these 

recommendations are largely based on expert consensus rather than evidence (178). 

In Sweden follow-up after radical resection of metastases is typically less intensive, 

with follow-up every six months for two years and an additional control at three 

years. For patients undergoing cytoreductive surgery with HIPEC for peritoneal 

carcinomatosis, as well as selected patients after liver or lung metastases resection, 

follow-up continues annually for one to three years after the initial two-year period, 

with additional follow-up at four and five years (80). 

The scientific evidence supporting different follow-up strategies is limited. Early 

studies evaluating survival outcomes were heterogeneous and underpowered, and 

their relevance is further reduced by major advances in imaging and treatment of 

metastatic disease over the past two decades. CT of the thorax and abdomen 

combined with CEA testing constitutes the preferred surveillance modality. CEA 

should not be used as a standalone test but interpreted in conjunction with imaging 

findings and longitudinal trends (179). There is no evidence to support routine use 

of MRI or PET imaging (180, 181). Circulating tumor DNA is a promising marker 

for recurrence risk but is not yet sufficiently validated for routine clinical use (182-

184). Large, randomized control trials, including COLOFOL, FACS, and GLIDA, 

have consistently shown that more intensive follow-up does not improve overall or 

cancer-specific survival despite higher detection rates or presence of operable 

recurrences (185-187). Consequently, intensified surveillance is not routinely 

recommended. 

The concept of individualized follow-up based on a patient´s risk profile is 

appealing, yet the scientific evidence supporting the need for more frequent follow-

up in high-risk patients remains insufficient. While current surveillance guidelines 
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are largely based on LOCRC, EOCRC may require more tailored approaches 

because of the distinct features and risk profiles of younger patients. Early 

recurrence patterns in EOCRC suggest the need for careful monitoring, with 

potential for intensified or personalized surveillance in high-risk groups (188). 

Additionally, younger patients may require more personalized follow-up to address 

functional, psychological, and fertility concerns as well as quality-of-life concerns. 
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Aims  

Paper I 

The aim was to examine trends of CRC incidence and tumor localization comparing 

age-groups < 50, 50-79, and ≥ 80 years in Sweden. 

 

Paper II 

The aim was to examine whether postoperative 30-day complications and the rate 

of emergency surgery differed between CRC patients < 50 years compared with 

those diagnosed at older ages. 

 

Paper III 

The aim was to evaluate whether high-frequency follow-up after CRC surgery is 

associated with reduced 5-year overall mortality, cancer-specific mortality, and 

recurrence among patients ≤ 50 years. 

 

Paper IV 

The aim was to investigate age-related differences in YAP1 expression in CRC and 

to examine its association with mitochondrial oxidative phosphorylation, molecular 

subtype, and prognosis, with functional validation in EOCRC-like (≤ 50 years) 

versus LOCRC-like cells (> 50 years). 
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Methods 

Overview of methods 

Table 3. Overview of methods in the included studies 

 Paper I Paper II Paper III Paper IV 

Title Increasing CRC 
incidence in  
individuals aged 
< 50 years – a 
population-based 
study 

Postoperative 
complications 
and emergency 
surgeries in CRC 
patients <50 
years – a 
national cohort 
study 

Follow-up intensity 
after CRC surgery 
in patients aged 
≤50, 50–70 and 
>70 years – a 
subgroup analysis 
within the 
COLOFOL 
randomized control 
trial 

YAP1 drives 
mitochondrial 
reprogramming in 
early onset CRC 
cells through 
TFAM regulation 

Study design Observational 
cohort study 

Observational 
cohort study 

Subgroup analysis 
of a randomized 
control trial 

Transcriptomics 
datasets 
analyses with in 
vitro functional 
validation 

Study 
population 

CRC <50, 50-79, 
≥80 years in 
Sweden 

CRC <50, 50-79, 
≥80 years in 
Sweden 

CRC ≤50, 51–70, 
>70 years in 
Denmark, Sweden 
& Uruguay 

CRC ≤50 & >50 
years 

Study period 1995-2015 2015-2018 2006-2010 2025-2026 

Data sources SCR The Swedish 
Colorectal 
Cancer Registry 

COLOFOL trial 
cohort 

Gene Expression 
Omnibus 
datasets & 
American Type 
Culture Collection 

Outcome Incidence rate Postoperative 
30-day 
complications & 
emergency 
resections 

5-year overall 
mortality, cancer-
specific mortality 
rate, 5-year 
cancer-specific 
recurrence rate 

YAP1-mediated 
metabolic and 
prognostic 
features in  
EOCRC  

CRC, colorectal cancer; EOCRC, early-onset colorectal cancer; SCR, The Swedish Cancer Register; 
RCT, Randomized control trial; SCRCR, The Swedish Colorectal Cancer Registry 
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Paper I 

Study population 

The study was a nationwide, population-based observational study conducted in 

Sweden. The study population comprised all individuals diagnosed with CRC 

during the period from 1995-2015. Analyses were performed at the population level, 

using national registry data. The study population comprised individuals diagnosed 

with CRC adenocarcinoma, whereas cancers of the anus, appendix, and tumors with 

unspecified locations were excluded. 

Data sources & data collection 

Data were obtained from the national health registers administered by the Swedish 

National Board of Health and Welfare. Information on CRC incidence was retrieved 

from the Swedish Cancer Registry (SCR), a compulsory nationwide registry 

established in 1958 to monitor cancer incidence and survival trends in Sweden. The 

register captures approximately 80,000 new malignant tumors per year (excluding 

basal cell carcinoma) and records detailed information on tumor type, morphology, 

date of diagnosis, patient demographics, and tumor extent. Tumors are coded 

according to successive versions of the International Classification of Diseases (ICD 

and ICD-O). The SCR is highly complete and provides the foundation for official 

cancer statistics and epidemiological research in Sweden (189). Mortality data from 

the Swedish Cause of Death Register (SCDR) were available through registry 

linkage but were not analyzed as outcome in this study. 

Statistical analysis 

CRC incidence rates were computed overall and stratified by age-group, sex, and 

tumor localization. Temporal trend analyses were performed using Poisson 

regression models to evaluate changes in incidence over time. Statistical 

significance of observed trends was assessed using estimates from the Poisson 

regression models and their 95% confidence intervals (CIs). Results were presented 

as age-standardized incidence rates and relative changes across the study period. 
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Paper II 

Study population 

This study was a national, population-based cohort analysis including all individuals 

in Sweden who underwent surgical resection for stage I-III CRC between 2010-

2018, as recorded in the Swedish Colorectal Cancer Registry (SCRCR). The cohort 

comprised 33,320 patients. Excluded from the study were patients who did not 

undergo abdominal surgical resection, those with carcinoma of the appendix, and 

patients with missing key data required for analysis (11,896). 

Data sources and data collection 

Data were obtained from the SCRCR, a national quality registry that prospectively 

collects detailed clinical information on all diagnosed colorectal adenocarcinomas 

in Sweden. The register includes two components: one for rectal cancer (recorded 

from 1995) and one for colon cancer (recorded from 2007) (190, 191). Reporting to 

the registry is nearly complete, with coverage between 2008 and 2015 of 98-99%, 

and most cases are reported within 12 months of diagnosis (192). The SCRCR 

contains information on patient demographics, tumor characteristics, preoperative 

staging, radiology, perioperative and postoperative surgical details, pathology 

reports, and follow-up. Data are registered continuously during treatment and 

follow-up, and the number of variables has expanded over time to address evolving 

clinical research questions. The registry supports quality improvement, evaluation 

of national care guidelines, and research to improve treatment outcomes and reduce 

regional differences in care. 

Statistical analysis 

Patient characteristics, tumor characteristics, surgical details, and outcomes were 

compared across age groups using bivariate analyses. The analysis of variance 

(ANOVA) method was employed for continuous variables, and the chi-square test  

was used for categorical variables. To assess the association between age group and 

postoperative 30-day complications, a multivariable logistic regression model was 

used which estimates the odds of experiencing any postoperative 30-day 

complication. The model was adjusted for potential cofounders including sex, tumor 

localization, neoadjuvant (chemo)radiotherapy, and American Society of 

Anesthesiologists (ASA) score. Adjusted odds ratios (ORs) with 95% CIs were 

reported. 
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Paper III 

Study population 

The study is a subgroup analysis of patients enrolled in the COLOFOL randomized 

trial, a multicenter study conducted at 24 hospitals in Sweden, Denmark, and 

Uruguay between 2006 and 2010. A total of 2,509 patients were included in the 

intention-to-treat analysis. Eligible patients had undergone surgical resection with 

curative intent (R0 resection) for colorectal adenocarcinoma, with or without 

neoadjuvant treatment according to national guidelines. Inclusion criteria comprised 

stage II or stage III disease, age < 76 years at the time of surgery, and confirmation 

of a neoplasia-free colon and rectum within three months post-surgery. All 

participants were required to have preoperative imaging of the liver and lungs. 

Carcinoembryonic antigen (CEA) levels were measured one month after surgery, 

and patients with elevated postoperative values were included only after exclusion 

of residual or metastatic disease. Exclusion criteria included local resection only, 

known hereditary CRC syndromes, limited life expectancy due to comorbidity, 

inability to provide informed consent or adhere to follow-up, participation in 

conflicting clinical trials, or history of malignancy other than non-melanoma skin 

cancer. 

Data sources and data collection 

Data for the study were obtained from the COLOFOL randomized trial, in which 

patients were allocated in a 1:1 ratio to low-frequency or high-frequency 

postoperative follow-up after curative CRC surgery (185). The present study is a 

post hoc subgroup analysis performed within the established trial cohort and was 

not part of the original protocol. Clinical data were prospectively collected 

according to the trial protocol and included patient demographics, tumor 

characteristics, treatment details, and follow-up investigations.  

Follow-up procedures differed by randomization group. Patients in the high-

frequency group underwent contrast-enhanced CT of the thorax and abdomen and 

serum CEA at 6, 12, 18, 24, and 36 months post-surgery, while those in the low-

frequency group were assessed at 12 and 36 months. Surveillance data were 

obtained through scheduled clinical visits and included imaging results, CEA levels, 

symptom reporting, and documentation of recurrence and survival outcomes. 

Follow-up continued for three years, with recurrence and mortality outcomes 

tracked up to five years. 
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Statistical analysis 

Baseline patient, tumor, and treatment characteristics were summarized using 

descriptive statistics and compared across predefined age groups. The incidence of 

the outcomes 5-year overall mortality, cancer-specific mortality rate, and 5-year 

cancer-specific recurrence rate was analyzed using time-to-event methods, 

accounting for competing risks when applicable. Risk differences were assessed 

using appropriate statistical tests, and effect estimates were reported with 95% CIs.  

Associations with outcomes were evaluated using multivariable regression models, 

adjusting for age at surgery, sex, stage, tumor localization, planned postoperative 

chemotherapy, history of diabetes, cardiovascular disease, cerebrovascular disease, 

pulmonary disease, and smoking. The proportional hazards assumption was 

assessed, and because it was not fully met, the reported hazard ratios are interpreted 

as average effects over the follow-up period. To account for differences across 

participating centers, additional models including center-level random effects were 

applied.  

Paper IV 

Study population 

Three independent CRC cohorts from the publicly available Gene Expression 

Omnibus (GEO) were included in the bulk RNA-sequencing data analysis, 

comprising a total of 811 patients along with a gene set from the Molecular 

Signature Database (MSigDB), containing 200 genes. For functional validation, 

four human CRC cell lines (three EOCRC-like and one LOCRC-like) were obtained 

from the American Type Culture Collection (ATCC). 

Data sources and data collection 

Bulk RNA-sequencing data 

Gene expression data from three GEO cohorts (GSE39582 [n=579], GSE17536 

[n=177], and GSE17537 [n=55]) were retrieved from publicly available research 

databases, which contain anonymized tumor samples and molecular data collected 

and used in previous CRC studies. Available clinical variables, including sex, tumor 

stage, and MSI status, were obtained from dataset annotations and original 

publications.  

The hallmark oxidative phosphorylation (OXPHOS) gene set was obtained from the 

MSigDB, a publicly available, validated database of predefined gene sets 
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representing established biological pathways. No new patient data or biological 

material were collected for the bulk RNA-sequencing data. 

Functional validation 

Human CRC cell lines were obtained from the ATCC, a certified international cell 

bank of authenticated cell lines originally derived from surgically resected human 

tumors. Cell lines derived from patients aged ≤ 50 years (HT-29, ATCC® HTB-

38™; SW480, ATCC® CCL-228™; HCT116, ATCC® CCL-247™) were 

classified as EOCRC-like, whereas the cell line derived from a patient < 50 years 

(Caco-2, ATCC® HTB-37™) was classified as LOCRC-like. The HT-29 cell line 

was derived from a 44-year-old female with colonic adenocarcinoma; SW480, from 

a 50-year-old male with colonic adenocarcinoma; HCT116, from a 48-year-old male 

with colonic adenocarcinoma; and Caco-2, from a 72-year-old male with colonic 

adenocarcinoma. Cells were grown under standard conditions as recommended by 

the supplier. All experiments were conducted using cells at low passage numbers, 

meaning they had been sub-cultured only a few times since being obtained from 

ATCC, and all cultures were confirmed to be free of mycoplasma. 

Non-targeted and YAP1-targeted small interfering RNAs (siRNAs) were purchased 

from Dharmacon, a commercial supplier of synthetic RNA molecules for gene 

silencing (catalog numbers: D-001206-13-20 and M-012200-00-0010). 

The YAP1 inhibitor Verteporfin was obtained from Sellack Chemicals. All 

antibodies were purchased from commercial suppliers: Cell Signaling Technology 

(YAP, TFAM), Santa Cruz Biotechnology (GAPDH, β-actin), Thermo Fisher (Goat 

anti-Rabbit IgG (H+L), Alexa Fluor™ 488, Goat anti-Mouse IgG (H+L), Alexa 

Fluor™ 555), Sigma (DAPI), and Dako (Goat Anti-Rabbit Immunoglobulins/HRP, 

Goat Anti-Mouse Immunoglobulins/HRP). These antibodies and inhibitors were 

ordered from their respective suppliers’ websites. 

Bulk RNA-sequencing data analysis 

Differential gene expression analysis 

To identify genes differentially expressed between EOCRC and LOCRC, the Linear 

Models for Microarray Data (limma) package in R was used. Linear models were 

applied to gene expression data from each GEO cohort, with age-group as the 

primary variable of interest. Where available, models were adjusted for potential 

confounders including sex, tumor stage, and MSI status. To improve the accuracy 

and statistical power of the results, empirical Bayes moderation was applied, to 

stabilize variance estimates across genes. The Benjamini-Hochberg method was 

used to control for multiple testing across all genes,  and genes with an adjusted p-

value (false discovery rate, FDR) < 0.05 and an absolute log2 fold change > 0.5 

were considered significantly differentially expressed.  
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To confirm the reliability of the findings, the primary analyses were repeated across 

three independent GEO cohorts. A meta-analysis was conducted using random-

effects models in the metafor package (v 4.4-0) to combine effect sizes from the 

individual datasets. The degree of heterogeneity between studies was assessed using 

I2 statistics and Cochran’s Q test. Effect sizes and their corresponding confidence 

intervals for each cohort, as well as pooled estimates, were visualized using forest 

plots. 

 

Gene set enrichment & correlation analysis 

To identify biological pathways associated with YAP1 expression, gene set 

enrichment analysis (GSEA) was performed using gene expression data from each 

GEO dataset. Genes were ranked by their Spearman correlation with YAP1 

expression. Enrichment was assessed using four gene set categories: (1) Hallmark 

pathways from MSigDB, (2) Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways including a custom set of 60 core genes involved in OXPHOS, (3) genes 

regulating mitochondrial biogenesis (TFAM, NRF1, PPARGC1A, PPARGGC1B), 

and (4) a YAP1 target gene set (CTGF, CYR61, ANKRD1, AREG). Except for the 

Hallmark OXPHOS gene set obtained from the MSigDB, the other gene sets were 

selected based on prior biological knowledge and published studies. Enrichment 

analysis was performed using the fgsea package in R with 10,000 permutations, and 

pathways with an FDR < 0.05 and normalized enrichment score (NES) > 1.5 were 

considered significantly enriched. 

To examine the relationship between YAP1 expression and OXPHOS pathway 

activity, Spearman correlation analysis was performed using the same GEO 

datasets. OXPHOS activity was estimated for each tumor sample in the GEO 

datasets by calculating the mean expression of the 200 genes in the Hallmark 

OXPHOS gene set from MSigDB, generating a single pathway activity score per 

sample (higher scores indicate higher OXPHOS activity). Correlation analyses were 

conducted separately for EOCRC and LOCRC groups, and statistical significance 

was assessed using permutation testing.  

Consensus molecular subtype classification 

To examine potential differences in CRC subtypes between EOCRC and LOCRC, 

CMS classification was performed on gene expression data from the GSE39582 

dataset from GEO using the CMScaller algorithm. This tool applies a random forest 

classifier to assign each tumor sample to one of four CMS based on their gene 

expression profiles: CMS 1 (MSI Immune), CMS2 (Canonical), CMS3 (Metabolic), 

and CMS 4 (Mesenchymal). Prior to classification, gene expression data were 

converted from gene symbols to Entrez IDs using the org.Hs.eg.db annotation 

package to ensure consistency. The CMScaller algorithm was then applied to assign 

each tumor sample with the closest CMS subtype. Samples for which the algorithm 
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was uncertain about the classification were excluded from further subtype-specific 

analyses. 

Functional validation analysis 

To experimentally validate the findings from the bulk RNA sequencing analysis, 

functional validation was conducted using both pharmacological and genetic 

silencing of YAP1. 

YAP1 inhibition – pharmacological silencing 

The drug Verteporfin was used on HT-29 and SW480 cells (EOCRC-like), as well 

as Caco-2 cells (LOCRC-like) to assess the effects of pharmacological YAP1 

silencing on mitochondrial morphology (via mitochondrial visualization) and 

protein expression levels (via Western blotting). 

siRNA transfection – genetic silencing 

Non-targeted or YAP1-targeted siRNA (Dharmacon) was transfected into HT-29 

and SW480 cells (EOCRC-like) using standard transfection protocols. The siRNA 

molecules were designed to specifically bind to the mRNA of the YAP1 gene, 

leading to genetically silencing of YAP1 and inhibition of protein production. This 

approach was used to further assess the effect of genetic YAP1 silencing on 

mitochondrial morphology (via mitochondrial visualization), protein expression 

levels (via Western blotting), and protein localization (via immunofluorescence). 

Mitochondrial visualization 

Mitochondrial morphology was assessed to determine how YAP1 silencing 

(pharmacologically and genetically) affects mitochondrial dynamics, particularly 

fission and fusion. Under stress conditions, such as those in cancer, mitochondrial 

dysfunction can lead to excessive fragmentation, elongated tubular structures 

becoming punctate, spherical organelles, resulting in the loss of interconnected 

reticular architecture of the mitochondria. These morphological changes can affect 

cellular energy production and contribute to disease progression. MitoTracker™ 

Red CMXRos stain was used to stain mitochondria, enabling visualization of 

structural mitochondrial changes in cells. Following treatment of cells with the drug 

Verteporfin or siRNA targeting YAP1, mitochondria were labeled and analyzed to 

observe any alterations in shape or structure. Imaging was performed using confocal 

microscopy, and changes in mitochondrial morphology were quantified using 

imageJ software. 

Western blotting 

Western blotting was used to investigate protein levels of key markers following 

both pharmacological and genetic YAP1 silencing in HT-29 and SW480 cells 

(EOCRC-like) and in Caco-2 cells (LOCRC-like). This technique detects and 
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quantifies specific proteins of interest, providing insight into the effects of YAP1 

inhibition on downstream cellular processes, particularly those related to 

mitochondrial function and energy metabolism.  

After YAP1 silencing, protein extracts were prepared from treated cells, and the 

protein concentration was determined. The same quantities of protein were loaded 

onto SDS-PAGE gels, transferred to PVDF membranes, and probed with primary 

antibodies targeting the protein of interest. Secondary antibodies allowed 

chemiluminescent detection, and protein bands were visualized and quantified using 

a ChemiDoc imaging system. Densitometric analysis was performed, and protein 

levels were normalized to corresponding loading controls for reliable comparisons 

across experimental conditions. 

Immunofluorescence 

Immunofluorescence staining was employed to visualize the subcellular location 

and expression of specific proteins following genetic YAP1 depletion in SW480 

cells (EOCRC-like). This provides valuable insight into how YAP1 silencing affects 

mitochondrial dynamics and function. Cells were fixed and made permeable to 

enable antibody access to intracellular structures. Primary antibodies targeting 

proteins of interest were applied, followed by secondary antibodies labeled with 

fluorescent dyes for detection. Fluorescently labeled antibodies were then visualized 

using confocal microscopy, and images of specific regions of interest were captured. 

Fluorescence intensity was quantified using ImageJ software, enabling assessment 

of changes in protein distribution between experimental conditions.  

Statistical analysis 

Statistical analyses for both bulk RNA-sequencing data and functional validation 

were conducted using R (v4.3.0) and Graphpad Prism (v10.0), respectively. Limma 

was used to find all genes differentially expressed between EOCRC and LOCRC 

groups. Parametric tests, non-parametric tests and meta-analysis were performed to 

focus on YAP1 across independent cohorts. Parametric tests (Student’s t-test, 

ANOVA) were used when data met normality assumptions, and non-parametric 

tests (Mann-Whitney U, Kruskal-Wallis) were used when these assumptions were 

not met. For RNA-sequencing data, more detailed statistical analyses, including 

methods for normalization and correction for multiple testing, are described above. 

For all tests, p-values < 0.05 were considered statistically significant. In cases of 

multiple comparisons, appropriate corrections (e.g., Bonferroni or FDR) were 

applied where necessary. 
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Definitions 

Age-groups were used to stratify CRC cases into predefined age categories: < 50 

years, 50-79 years and ≥ 80 years at diagnosis (papers I and II). In paper III, age-

groups were defined as ≤ 50 years, 51-70 years, > 70 years, and in paper IV as 

EOCRC (ages ≤ 50 years) and LOCRC (ages > 50 years). 

Tumor location was classified by primary site: proximal colon cancer (caecum, 

ascending colon, transverse colon, splenic flexure), distal colon cancer (descending 

colon, sigmoid colon) and rectal cancer (< 15 centimeters from the anal verge) 

(papers I, II, III, IV). In paper II, for tumors spanning multiple segments, the location 

was defined by the tumor center or deepest invasion according to T stage. 

Emergency surgery was defined as a non-elective resection performed due to acute 

presentation (e.g., obstruction, perforation/abscess, or bleeding) (paper II). 

Postoperative 30-day complications were characterized as any surgical or medical 

adverse events requiring treatment that occurred during the index hospital stay or 

within 30 days after CRC surgery, including events after discharge to home (paper 

II). 

Cardiovascular disease included a diagnosis of acute myocardial infarction, 

hypertension or other heart diseases (paper III). 

CRC-like cells are cell lines derived from CRC patient tumor tissue and cultured in 

the laboratory under optimal conditions. These cells retain molecular and genetic 

characteristics of the original tumor (paper IV). 
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Ethical considerations 

For study I, data were obtained from the SCR, a publicly available database that 

registers all primary malignant tumors in Sweden. As a health data register, the SCR 

operates under the Health Data Register Act (1998:543) and associated regulations 

(2001:709), which govern the types of information that can be included and the 

obligations of healthcare providers to submit data. The registry is regulated by the 

Swedish National Board of Health and Welfare,  which ensures that the necessary 

ethical guidelines are followed. Since the data used in this study is fully anonymized 

and publicly available, no additional ethical approval or informed consent was 

required. 

For study II, data were obtained from the SCRCR, which collects data that is 

gathered with the patient’s permission. The study was approved by the Stockholm 

Regional Ethical Review Board, Sweden (Dnr: 2017/2295-32). 

For study III, ethical approval was obtained by the Uppsala Regional Ethical Review 

Board, Sweden (Dnr: 2004 M-453), the Frederiksberg and Copenhagen Scientific 

Committee (KF 01-194/04), and the Ethics committee of the Faculty of Medicine at 

the University of the Republic, Uruguay (Exp. No. 074140-094530-06). All 

participants provided written informed consent following their primary surgical 

CRC resection. 

For study IV, ethical approval was not required, as this study used publicly available 

data and commercially sourced reagents. The GEO and MSigDB datasets used in 

this study contain anonymized data from previous research, with no personal or 

identifiable information involved. The ATCC cell lines were obtained from publicly 

available repositories, where cell lines are typically immortalized or established 

from human tissues. These cell lines have been ethically sourced by the suppliers, 

and the necessary informed consent and ethical approval were obtained by the 

institutions that originally collected the biological material. Additionally, reagents 

from Dharmacon, Selleck Chemicals, Cell Signaling Technology, Santa Cruz 

Biotechnology, Thermo Fisher and Dako are laboratory products and do not include 

the collection of human samples. 
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Main results  

Paper I 

Crude & age-standardized incidence 

• A significant overall increase in CRC incidence was observed in Sweden, 

with the crude incidence rate (unadjusted for confounders) rising by 31%, 

from 48.1 per 100,000 in 1995 to 63.1 per 100,000 in 2015. 

• The age-standardized incidence rate increased by 20 % from 33.37 to 40.09 

per 100,000 between the same years. The smaller increase compared with 

the crude rate reflects the ageing Swedish population, yet it still indicates a 

true rise in incidence beyond demographic changes. 

• When comparing the crude incidences between the year 1995 and 2015 we 

can observe an increased crude incidence rate of CRC across all age-groups, 

tumor locations, and both sexes, except for rectal cancer in women of all 

ages and men ≥ 80 years. The largest relative increases were observed in 

individuals < 50 years (Table 4). 

 

Table 4. Crude incidence rate of CRC between 1995 and 2015 

 Data source: Adapted from Gutlic et al. International Journal of Colorectal Disease. doi: 10.1007/s00384-
019-03312-3. © 2019 Springer Nature. Adapted with permission. 

 Women Men 

Age group Tumor Site Crude incidence rate Crude incidence rate 

<50 Proximal 1.81 2.22 

Distal  1.34 1.91 

Rectal 0.98 1.72 

50-79 Proximal 1.31 1.17 

Distal 1.18 1.44 

Rectal 0.93 1.03 

≥80 Proximal 1.62 1.22 

Distal 1.18 1.07 

Rectal 0.82 0.90 
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Outcome & Poisson Regression 

• Colon cancer: Poisson regression modelling adjusted for age, sex, tumor 

location and time showed significant increases in colon cancer incidence 

across all age groups, with the most pronounced increases in individuals < 

50 years (Table 5). 

o Among men < 50 years, proximal colon cancer increased by 41% 

per decade (IRR 1.41, 95% CI 1.26-1.58), and distal colon cancer 

by 53% per decade (IRR 1.53, 95% CI 1.34-1.74).  

o Among women < 50 years, proximal colon cancer increased by 

27% per decade (IRR 1.27, 95% CI 1.13-1.44), and distal colon 

cancer by 29% per decade (IRR 1.29, 95% CI 1.14-1.45).  

o Among women ≥ 80 years, a substantial increase of proximal colon 

cancer by 29% per decade was also observed (IRR 1.29, 95% CI 

1.25-1.34). 

• Rectal cancer: Poisson regression modelling showed varying trends in rectal 

cancer (Table 5). 

o Among men < 50 years, rectal cancer increased by 30% per decade 

(IRR 1.30, 95% CI 1.18-1.43).  

o Among women ≥ 80 years, rectal cancer decreased by 8% per 

decade (IRR 0.92, 95% CI 0.88-0.96) and in men ≥ 80 years by 7% 

per decade (IRR 0.93, 95% CI 0.89-0.98).  

o No significant changes in rectal cancer incidence were observed for 

women < 50 years or for individuals aged 50-79 years. 

Table 5. Incidence rate ratio of CRC over the time period 1995-2015 

Data source: Adapted from Gutlic et al. International Journal of Colorectal Disease. doi: 10.1007/s00384-
019-03312-3. © 2019 Springer Nature. Adapted with permission. 

 Women Men 

Age group Tumor Site IRR (95 % CI) p-value IRR (95 % CI) p-value 

<50 Proximal 1.27 (1.13 ; 1.44) <.0001 1.41 (1.26 ; 1.58) <.0001 

Distal  1.29 (1.14 ; 1.45) <.0001 1.53 (1.34 ; 1.74) <.0001 

Rectal 1.07 (0.96 ; 1.19) 0.21 1.30 (1.18 ; 1.43) <.0001 

50-79 Proximal 1.21 (1.18 ; 1.25) <.0001 1.15 (1.12 ; 1.19) <.0001 

Distal 1.14 (1.10 ; 1.18) <.0001 1.23 (1.19 ; 1.26) <.0001 

Rectal 0.99 (0.96 ; 1.02) 0.46 1.02 (0.10 ; 1.05) 0.08 

≥80 Proximal 1.29 (1.25 ; 1.34) <.0001 1.14 (1.09 ; 1.19) <.0001 

Distal 1.12 (1.06 ; 1.19) <.0001 1.13 (1.07 ; 1.19) <.0001 

Rectal 0.92 (0.88 ; 0.96) 0.0005 0.93 (0.89 ; 0.98) 0.0051 
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Paper II 

Descriptive analysis 

• A total of 33,320 CRC patients who underwent surgical resection between 

2010 and 2018 were included: 1557 (4.7%) were < 50 years, 23,582 (70.8%) 

were 50-79 years, and  8,181 (24.6%) were ≥ 80 years. 

• Patients < 50 years were more likely to present with rectal and distal colon 

cancer, had a higher proportion of obesity (body mass index > 30 kg/m2), 

lower ASA scores (I-II), more advanced pTNM stage (III), were more likely 

to receive preoperative chemoradiotherapy, had longer operating times, and 

were more likely to receive a temporary stoma compared to patients aged 

50-79 and ≥ 80 years (p<0.001). 

• Patients < 50 and 50-79 years were more likely to undergo minimally 

invasive surgery (28.1% and 28.6% respectively), compared to those ≥ 80 

years (25.5%). Patients < 50 years underwent a higher proportion of left 

hemicolectomies and anterior resections, reflecting the predominance of 

distal and rectal cancer in this age-group. Colectomies were also more 

common in the youngest age group (p<0.001). 

Outcomes 

• Patients < 50 years had fewer overall postoperative 30-day complications 

(p=0.050) and less emergency resections (p<0.001) compared with the two 

older age-groups.  

• Despite lower overall complications, both patients < 50 and 50-79 years had 

higher proportions of surgical complications compared to patients ≥ 80 

years (16.5% and 16.9%, versus 14.1% respectively, p<0.001). 

• Anastomotic leakage and intra-abdominal infections were more frequent in 

patients < 50 years (5.7% and 3.5%, respectively) than in the 50-79 and ≥ 

80 age-groups (<0.001). Wound infections were also more common in 

patients < 50 and 50-79 years (5.3%) compared to the oldest age-group 

(3.7%)(p<0.001). 

Logistic Regression 

• Logistic regression, if not adjusting for confounders, showed 32% lower 

odds of emergency surgeries in patients < 50 years compared with those ≥ 

80 years (crude OR 0.68, 95% CI 0.56-0.83) (table 6). 



56 

Table 6. Logistic regression comparing age group vs emergency surgeries 

 

• Logistic regression adjusting for gender, tumor location, neoadjuvant 

chemoradiotherapy, ASA score, BMI, and pTNM stage showed 28% higher 

odds of emergency surgeries in patients < 50 years compared with those ≥ 

80 years (adjusted OR 1.28, 95% CI 1.02-1.60) (Table 7). 

Table 7. Logistic regression comparing age group vs emergency surgeries adjusted for gender, tumor 
location, neoadjuvant chemoradiotherapy, ASA score, BMI, and pTNM stage. 

 

• Logistic regression, if not adjusting for confounders, showed 13% lower 

odds of overall postoperative 30-day complications in patients < 50 years 

compared with those ≥ 80 years (crude OR 0.87, 95% CI 0.77-0.98) (Table 

8). 

Table 8. Logistic regression comparing age group vs postoperative 30-day complications 

 

• Logistic regression adjusting for gender, tumor location, neoadjuvant 

chemoradiotherapy, ASA score, BMI, and pTNM stage showed 18% lower 

odds of overall postoperative 30-day complications in patients < 50 years 

compared with those ≥ 80 years (adjusted OR 0.82, 95% CI 0.71-0.94) 

(Table 9). 

Table 9. Logistic regression comparing age group vs postoperative 30-day complications adjusted for 
gender, tumor location, neoadjuvant chemoradiotherapy, ASA score, BMI, and pTNM stage. 

Age group Crude OR (95% CI) P value 

< 50 0.68 (0.56; 0.83) <0.001 

50-79 0.59 (0.54; 0.64) <0.001 

≥ 80 years 1.00 <0.001 

Age group Adjusted OR (95% CI) P value 

< 50 1.28 (1.02; 1.60) 0.037 

50-79 0.89 (0.80; 0.98) 0.029 

≥ 80 years 1.00 0.001 

Age group Crude OR (95% CI) P value 

< 50 0.87 (0.77; 0.98) 0.024 

50-79 0.96 (0.91; 0.98) 0.045 

≥ 80 years 1.00 0.050 

Age group Adjusted OR (95% CI) P value 

< 50 0.82 (0.71; 0.94) 0.003 

50-79 0.87 (0.82; 0.93) <0.001 

≥ 80 years 1.00 <0.001 



57 

Paper III 

Descriptive analysis 

• A total of 2,509 patients with stage II-III CRC who underwent curative 

surgery were included, of whom 183 were aged ≤ 50 years, 1,714 were aged 

51-79 years, and 612 were aged > 70 years.  

• Intensive follow-up (high-frequency CT and CEA measurements) did not 

significantly reduce 5-year overall mortality for patients ≤ 50 years 

compared with standard follow-up (8.3% vs. 8.4%; risk difference 0.2%, 

95% CI -8.0% to 8.3%). 

• Similarly, cancer-specific mortality was not reduced by high-frequency 

follow-up in patients ≤ 50 years (7.1% vs. 7.4%; risk difference 0.3%, 95% 

CI -7.4% to 8.0%). 

• The 5-year cancer-specific recurrence risk for patients ≤ 50 years was lower 

in the high-frequency group (12.9%) than in the standard group (21.0%), 

but this difference was not statistically conclusive (risk difference 8.1%, CI 

-2.6% to 18.7%). 

Outcomes and Cox Regression 

• In Cox regression analyses adjusting for sex, age at surgery, tumor location, 

stage, planned postoperative chemotherapy, smoking, and comorbidities, 

there were no significant differences between high- and low frequency 

follow-up in overall mortality (adjusted Hazard Ratio [HR] 1.2, 95% CI 0.4-

3.5), cancer-specific mortality (adjusted HR 1.3, 95% CI 0.4-4.4), or 

cancer-specific recurrence-risk (adjusted HR 0.7, 95% CI 0.3-1.5) for 

patients ≤ 50 years. Similarly, lack of benefit from intensified follow-up 

was observed in patients aged 51-70 and > 70 years (Table 10). 

Table 10. Intention-to-treat: Cox regression analyses 

Outcome Age-group Adjusted HR high-frequency 
group (95% CI) 

Overall mortality ≤ 50 years 1.2 (0.4; 3.5) 

Overall mortality 51-70 years 0.9 (0.7; 1.2) 

Overall mortality > 70 years 0.8 (0.6; 1.2) 

Cancer-specific mortality ≤ 50 years 1.3 (0.4; 4.4) 

Cancer-specific mortality 51-70 years 0.9 (0.7; 1.2) 

Cancer-specific mortality > 70 years 0.9 (0.6; 1.4) 

Cancer-specific recurrence risk ≤ 50 years 0.7 (0.3; 1.5) 
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Data source: Adapted from Gutlic et al. International Journal of Colorectal Disease. doi: 10.1007/s00384-
026-05096-9. © 2026 by the authors. Licensed under CC BY 4.0. 

Paper IV 

Bulk RNA-sequencing data 

Differential gene expression analysis 

• YAP1 mRNA expression was consistently higher in EOCRC (≤ 50 years) 

than LOCRC (> 50 years) across all three GEO datasets; statistical 

significance was reached only in the GSE39582 dataset (p=0.011), 

containing the largest number of patients (EOCRC n=78; LOCRC=506) 

(Figure 7). 

• Combined analysis of all 797 patients (EOCRC n=103; LOCRC=694) 

confirmed a modest but statistically significant elevation of YAP1 (EOCRC 

median 7.92 vs LOCRC median 7.84, p=0.024. 

• Random-effects meta-analysis confirmed a consistent positive direction of 

effect across all three datasets, demonstrating higher YAP1 expression in 

EOCRC compared to LOCRC in each cohort. The pooled effect size was 

small (standard mean difference=0.30) and did not reach statistical 

significance (p=0.30). However, the absence of meaningful heterogeneity 

between studies (I2=0), indicates that the observed pattern was reproducible 

across independent patient cohorts. 

• Overall, YAP1 is modestly but consistently elevated in EOCRC, supporting 

an age-associated trend. 

Gene set enrichment analysis 

• OXPHOS was the most prominently enriched metabolic pathway in the 

Hallmark analysis, showing the strongest statistical significance and the 

highest proportion of genes correlated with YAP1 among Hallmark 

pathways. 

• KEGG analysis independently confirmed OXPHOS enrichment as the top 

YAP1-correlated pathway, supporting mitochondrial reprogramming as a 

consistent YAP1-driven feature in EOCRC. 

Survival analysis 

Cancer-specific recurrence risk 51-70 years 1.3 (1.0; 1.6) 

Cancer-specific recurrence risk > 70 years 1.1 (0.7; 1.5) 
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• Patients were divided into high- and low-YAP1 expression groups based on 

the median value. High YAP1 expression was associated with significantly 

reduced overall survival across two independent probe sets targeting 

different regions of the YAP1 transcript (224894_at: HR 1.64, p=0.00027; 

213342_at: HR 1.42, p=0.0031) (Figure 8). 

 

 

Figure 8. Kaplan-Meier survival curves stratified by YAP1 expression levels using two different probe 
sets. Data source: From the author’s unpublished manuscript. 

 

CMS classification 

• EOCRC showed enrichment for the CMS4 mesenchymal subtype (~45%) 

compared with LOCRC (~35%), accompanied by a relative reduction in 

CMS2 canonical epithelial tumors. 

• Within EOCRC, YAP1 expression did not differ significantly between 

CMS subtypes (ANOVA p=0.14), indicating that elevated YAP1 is not 

restricted to a specific CMS group. 

• Survival analysis restricted to CMS4 tumors revealed that CMS4 with high 

YAP1 expression conferred markedly worse prognosis than in unselected 

CRC (probe 224894_at: HR 2.18, 95% CI 1.44-3.29, p=0.00015; probe 

213342_at: HR 1.67, 95% CI 1.11-2.22, p=0.011) (Figure 9). 
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Figure 9. Kaplan-Meier survival curves restricted to CMS4 colorectal cancer stratified by YAP1 
expression levels using two independent probe sets. Data source: From the author’s unpublished 
manuscript. 

 

Functional validation 

Pharmacological inhibition of YAP1 

• Western blot analysis demonstrated higher YAP1 protein levels in SW480 

and HT-29 cells (EOCRC-like) than in Caco-2 cells (LOCRC-like). 

• Treatment with Verteporfin dose-dependently suppressed TFAM 

(mitochondrial transcription factor A) protein levels in HT-29 cells 

(p=0.004), whereas Caco-2 cells showed minimal TFAM changes, 

indicating a stronger YAP1-TFAM coupling in EOCRC-like cells (Figure 

10). 

 

Figure 10. Western blot analysis and denistometric quantification demonstrating pharmacological 
YAP1 inhibition effects on TFAM protein abundance in HT-29 and Caco-2 cells. Data source: From the 
author’s unpublished manuscript. 
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• Confocal imaging of MitoTracker-stained cells revealed that YAP1 

inhibition induced mitochondrial fragmentation, converting tubular 

networks into punctate spherical organelles (p<0.001), suggesting that 

YAP1 regulates both mitochondrial biogenesis and network architecture. 

Genetic inhibition of YAP1 

• RNA interference-mediated YAP1 depletion in HT-29 and SW480 

(EOCRC-like) cells significantly reduced TFAM protein levels (HT-29: 

p=0.005; SW480: p=0.002), recapitulating effects seen with 

pharmacological inhibition and confirming YAP1 as a transcriptional 

regulator of mitochondrial biogenesis. 

• Confocal imaging revealed that YAP1 knockdown induced profound 

mitochondrial fragmentation (p<0.001), similar to that induced by 

Verteporfin treatment. Quantitative analysis showed reduced mitochondrial 

length, branching, and network complexity, consistent with the fragmented 

phenotype (Figure 11). 

 

Figure 11. Confocal microscopy imaging and morphometric quantification of mitochondrial architecture 
in SW480 cells following genetic siRNA-mediated YAP1 knockdown. Data source: From the author’s 
unpublished manuscript. 

 

• Dual-channel immunofluorescence (TFAM and TOMM20) showed that 

YAP1 depletion reduced TFAM colonization within mitochondria, causing 

aberrant cytoplasmic distribution and impaired mitochondrial import 

(p=0.002), suggesting that YAP1 regulates both TFAM abundance and 

mitochondria’s ability to transcribe genes needed for energy production. 
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Discussion 

General discussion 

Increasing incidence of EOCRC 

The population-based study demonstrated a significant increase in the incidence of 

CRC in Sweden between 1995 and 2015. The crude incidence rate of CRC rose by 

31%, while the age-standardized incidence increased by 20% during the study 

period. While the smaller increase in the age-standardized rates compared to the 

crude rates reflects the ageing of the Swedish population, the fact that the age-

adjusted incidence still rose suggests a genuine increase in CRC incidence beyond 

demographic shifts. 

A key finding of this study is the considerable increase in EOCRC, particularly in 

the colon. This rise is consistent with recent global trends indicating a similar pattern 

of increasing CRC incidence among younger populations (11). The significant 

increase in CRC among younger individuals could be partly attributed to potential 

changes in risk factors, including increasing rates of obesity, physical inactivity, and 

unhealthy dietary habits. 

Interestingly, the incidence of rectal cancer showed mixed trends. While men < 50 

years experienced a 30% increase in rectal cancer incidence rate per decade, the 

incidence rate in those ≥ 80 years declined by 7-8% per decade. This divergence 

might reflect differences in diagnostic practices or access to healthcare. Specifically, 

the observed decline in rectal cancer incidence in older populations could be due to 

improvements in healthcare availability, including more proactive diagnostic 

measures and early detection efforts. Although a national screening program was 

not yet fully implemented in Sweden during the study period, studies have 

demonstrated the efficacy of screening in reducing CRC burden (72, 73). The lack 

of significant changes in rectal cancer incidence among women < 50 years and 

individuals aged 50-79 years suggests that the incidence is not uniform across all 

subgroups. 

These findings highlight the importance of public health addressing the rising 

incidence of EOCRC through targeted prevention strategies and the consideration 

of earlier screening. They also point out the need for increased symptom awareness 

in younger populations, alongside the role of lifestyle factors such as diet and 

physical activity. 
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Impact of neoadjuvant therapy on postoperative complications 

In study II, patients < 50 years had fewer overall postoperative 30-day complications 

compared with older age-groups. However, they demonstrated higher rates of 

specific surgical complications, particularly anastomotic leakage, intra-abdominal 

and wound infections. This suggests that while younger patients have fewer medical 

comorbidities and better overall physiological reserve, they may be at increased risk 

for certain surgery-related adverse events. 

One possible explanation is the higher proportion of more advanced stage at 

diagnosis in younger patients, frequently necessitating more aggressive treatments, 

such as neoadjuvant chemotherapy and radiotherapy. The greater use of neoadjuvant 

treatment in this group may negatively affect tissue quality, potentially increasing 

the susceptibility to impaired anastomotic healing and infectious complications. 

These findings highlight the need to consider treatment-related tissue effects when 

evaluating postoperative risk in EOCRC patients. 

Tumor location and surgical complexity 

Younger patients more frequently presented with rectal and distal colon cancers, 

consistent with previous trends (193). These tumor locations often require more 

complex resections, which may explain the longer operation times observed in the 

younger age group. In rectal cancer, anastomotic leakage occurred more often in 

younger patients (7.3%) than in the oldest age-group (4.8%), although this 

difference was not statistically significant (p=0.084). For colon cancers, younger 

patients had a statistically higher anastomotic leakage rate (5%) compared with 

patients aged 50-79 years (4.3%) and > 80 years (3.4%)(p=0.004).  

Although minimally invasive surgery was more common in younger patients – an 

approach generally associated with reduced postoperative morbidity – the higher 

proportion of advanced disease, greater use of neoadjuvant therapy, and 

predominance of left-sided and rectal tumors may collectively contribute to 

increased surgical complexity and specific complication risks. This underscores the 

importance of individualized perioperative risk assessments and surgical planning 

in patients with EOCRC. 

The role of obesity in postoperative complications 

Additionally, younger patients had a higher proportion of obesity, which may have 

contributed to the increased proportion of anastomotic leakage, intra-abdominal 

infections and wound infections. Obesity is a well-known risk factor for 

postoperative complications, as it can substantially impair tissue healing and 

increase the risk of complications (194). Obesity reduces blood flow to tissues, 

impair oxygenation, and nutrient delivery, which can slow wound healing and 

increase the risk of postoperative complications like anastomotic leakage and 

infections. Moreover, the chronic low-grade inflammation associated with obesity 

weakens immune responses, making it harder to control infections after surgery. 
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Given these risks, preoperative optimization strategies, including weight 

management and prehabilitation, are crucial in reducing complications and 

improving surgical outcomes in this population. 

Advanced tumor stage and emergency surgery 

In unadjusted analyses, older patients had higher rates of emergency surgeries, 

potentially reflecting delayed presentation or age-related factors. However, after 

adjustment for potential confounders, including gender, tumor location, neoadjuvant 

therapy, ASA score, BMI, and tumor stage, patients < 50 years had higher odds of 

undergoing emergency surgeries.  

The apparent discrepancy suggests that although emergency procedures were 

numerically more common in older individuals, younger patients were at increased 

relative risk once differences in baseline characteristics were accounted for. A 

potential explanation is the higher prevalence of advanced stage at diagnosis among 

younger patients, which may reflect more aggressive tumor biology or diagnostic 

delay. Such a factor could increase the likelihood of acute presentations requiring 

urgent surgical intervention. 

High-intensity follow-up & CRC recurrences 

Previous research have suggested that younger patients with CRC tend to present 

with more aggressive disease and may experience higher risk of recurrence 

compared to older adults (188). This raises the question whether intensive 

surveillance could yield survival benefits for this population. However, the findings 

of study III indicated that high-frequency follow-up, including more intensive CT 

imaging and CEA measurements, did not significantly improve overall mortality, 

cancer-specific mortality, or cancer-specific recurrence compared to standard 

follow-up for patients ≤ 50 years. Similar findings were noted across older age 

groups as well.  

The lack of observed benefits in our study could be a result of several factors. First, 

while high-frequency follow-up did show a lower recurrence rate in patients < 50 

years (12.9% vs. 21.0%), the difference was not statistically significant. This 

suggests that the observed reduction in recurrence could be due to random variation 

rather than a true effect. Additionally, the sample size and follow-up duration in our 

study may not have been sufficient to detect a more substantial impact. Studies with 

smaller sample sizes are often underpowered, which can obscure meaningful 

differences. Further research with a larger cohorts may be needed to more accurately 

assess the potential benefits of intensive follow-up in younger CRC patients.  

Furthermore, the lack of significant benefit from high-intensity follow-up may be 

explained by the timing of CRC recurrences. Most recurrences typically occur 

within the first two or three years following surgery, and many might be detected 

by symptoms prior to next scheduled follow-up. In such cases, intensive follow-up 

may offer limited advantages particularly if the recurrence is symptomatic, occurs 
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in a location difficult to visualize with standard imaging, or is too small to detect. 

This highlights the need for more nuanced approach to follow-up that accounts for 

the clinical presentation and the timing of recurrence, as well as the imitations of 

imaging for early detection. 

Stage II versus stage III & follow-up intensity 

Younger patients more frequently present with stage III disease, and it is plausible 

that those patients might have higher baseline  risk of recurrence. Although tumor 

stage is a central prognostic factor and could plausibly modify the effect of 

surveillance intensity, our study did not include a stratified analysis comparing stage 

II and stage III disease within the age groups. Importantly, even if such analysis had 

been performed, the relatively small number of younger patients in our cohort would 

likely have limited the statistical power to detect meaningful differences between 

follow-up strategies. Consequently, it remains uncertain whether surveillance 

intensity should be tailored according to age. Larger studies are needed to determine 

whether selected high-risk subgroups, such as younger patients with stage III 

disease, drive benefit from intensified surveillance. 

During the initial period of the COLOFOL trial there was no national surveillance 

program in Sweden, and follow-up regimens varied widely, ranging from no follow-

up to annual check-ups for five years. In 2016, Swedish national guidelines were 

updated to recommend a low-frequency follow-up regimen similar to that used in 

the COLOFOL-trial (80). However, it is noteworthy that this regimen is less intense 

than those recommended by international guidelines such as those from the National 

Comprehensive Cancer Network (NCCN) and the American Society of Clinical 

Oncology (ASCO), which might advocate for more frequent follow-up assessments 

especially in high-risk patients such as younger individuals (195-197). 

YAP1 and its role in EOCRC 

In study IV, we explored the molecular underpinnings of EOCRC, focusing 

specifically on the role of YAP1, a critical regulator of the Hippo pathway that 

influences cellular proliferation, survival, and metabolism, which may play an 

important role in the pathogenesis of EOCRC. We found that YAP1 expression was 

significantly elevated in EOCRC compared to LOCRC. Previous studies have 

suggested a link between YAP1 overexpression and aggressive cancer phenotypes 

(198). Notably, the higher levels of YAP1 in EOCRC-like cells are consistent with 

previous observations that EOCRC tends to be diagnosed at a later stage and with 

more aggressive disease (116). Moreover, we observed a higher prevalence of the 

CMS4 mesenchymal subtype compared with LOCRC, which is associated with 

more advanced disease and poorer prognosis. CMS4 tumors are typically more 

aggressive due to features such as stromal activation, epithelial-mesenchymal 

transition (EMT) and metabolic reprogramming that support tumor invasion and 

therapy resistance (113). These results suggest that YAP1 promotes more aggressive 
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disease, potentially through its regulation of mitochondrial function and the 

OXPHOS pathway. 

YAP1 and metabolic reprogramming in EOCRC 

GSEA identified OXPHOS as the top metabolic pathway associated with YAP1 

expression in EOCRC. Recent studies have emphasized the importance of 

mitochondrial metabolism in cancer progression, and its association with Hippo 

signaling (199, 200). Our data suggests that YAP1 regulates mitochondrial 

biogenesis, as evidenced by TFAM expression upon YAP1 inhibition. This 

indicates that YAP1 may drive mitochondrial dysfunction, supporting cancer cell 

survival and proliferation in EOCRC. 

Implications of YAP1 as a prognostic biomarker 

Elevated YAP1 was associated with poorer overall survival in CRC patients, 

consistent with prior research linking YAP1 overexpression to worse prognosis 

(201). Interestingly, we observed that the prognostic impact of YAP1 was 

particularly pronounced in the CMS4 mesenchymal subtype, underscoring its role 

in driving aggressive tumor behaviors, such as metastasis and therapeutic resistance. 

Given these findings, YAP1 emerges as a potential prognostic biomarker and 

therapeutic target in EOCRC, particularly through its regulation of mitochondrial 

pathways such as OXPHOS and TFAM, which may offer promising therapeutic 

strategies in EOCRC. 

Methodological considerations 

Overall methodology 

In study II, crude rates initially that patients < 50 years had fewer emergency 

surgeries compared to older age groups. However, after adjusting for gender, tumor 

location, ASA score, neoadjuvant chemoradiotherapy, BMI and pTNM stage, 

logistic regression revealed that patients < 50 years had significantly higher odds of 

emergency surgery compared with patients ≥ 80 years. This phenomenon, known as 

Simpson’s paradox or confounding reversal, occurs when a crude association 

appears protective, but adjustment for relevant confounders uncovers the true 

direction of risk.  

Protective factors in younger patients, such as lower ASA score (indicating better 

overall health), predominance of distal or rectal tumors (may be less likely to present 

emergently), were counterbalanced by risk factors including more advanced tumor 

stage and higher BMI. Consequently, despite their generally heathier profile, 

patients < 50 years are at disproportionately higher risk of emergency surgery once 
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these confounders are accounted for. The apparent decrease in crude odds reflect 

the masking effect of advanced-stage disease in younger patients, highlighting the 

aggressive nature of EOCRC. In contrast, patients 50-79 years still had slightly 

lower odds of emergency surgery compared to the oldest age group when adjusting 

for confounders, which is consistent with the general pattern that very elderly 

patients are more likely to present emergently due to frailty and comorbidities. 

In study III, the selection of the survival endpoint is a critical methodological 

consideration, particularly in age-stratified analyses. Five-year overall survival 

reflects mortality from any cause and provides a comprehensive and objective 

measure that does not rely on accurate classification of cause of death. It is therefore 

robust and clinically meaningful, especially in real-world population-based studies. 

However, 5-year overall survival may be substantially influenced by competing 

mortality risks, particularly in older populations with a higher prevalence of 

comorbidities. In contrast, cancer-specific survival measures deaths attributed to 

CRC and aims to isolate the oncological impact of the disease. This endpoint may 

be particularly informative when comparing outcomes across age groups, as it 

reduces bias introduced by non-cancer-related mortality.  

When studying EOCRC, cancer-specific survival may therefore provide a clearer 

assessment of tumor-related prognosis, whereas overall survival captures the overall 

clinical burden of disease. Ideally, both endpoints should be reported to allow 

comprehensive interpretation of age-related survival differences.  

Internal validity 

Internal validity is the degree to which a study accurately establishes a cause-and-

effect relationship between variables, without being influenced by confounding 

factors or biases. 

In study I, internal validity is strong because it uses nationwide, population-based 

data from the SCR, which is comprehensive, highly reliable, and provides high-

quality data on CRC cases diagnosed between 1995 and 2015. This enhances the 

internal validity of the study, as it reduces the likelihood of selection bias, given that 

the entire population of CRC patients within the study period is included, regardless 

of healthcare availability, socioeconomic status, and other additional factors that 

might influence diagnosis. Regarding confounders, the study used Poisson 

regression to adjust for key variables such as age, sex, tumor location, and time. 

This helps control for potential confounding effects of these factors on the observed 

trends in CRC incidence. 

As in study I, the internal validity of study II is strengthened by the use of a large, 

population-based cohort from the SCRCR, which includes comprehensive, high-

quality data on patient demographics, tumor characteristics, treatment, and surgical 

outcomes. This dataset allows for reliable conclusions regarding the association 
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between age, treatment strategies, and surgical outcomes. Applying multivariable 

logistic regression to account for potential confounders additionally improves the 

study’s internal validity. However, residual confounding cannot be fully excluded, 

as some unmeasured factors may influence postoperative outcomes. 

Study III was initially conducted as a randomized controlled trial, the gold standard 

for establishing causal relationships. Randomization minimizes selection bias, 

ensuring that the groups receiving high-frequency follow-up versus low-frequency 

follow-up were compatible at baseline. Data collection was prospectively planned 

and standardized, ensuring consistency in how follow-up was carried out. The 

protocol for follow-up assessment was meticulously defined, reducing variability in 

follow-up procedures. The study adjusted for several potential confounders, which 

also strengthens internal validity. However, in spite of these strengths, the post hoc 

nature of the subgroup analysis may introduce limitations to internal validity. Since 

the analysis was not part of the original protocol, it was not prespecified, making it 

more prone to Type I error (false positives) and potentially overfitting in statistical 

models due to a relatively small sample size in some subgroups (e.g., patients ≤ 50 

years). These issues may limit the robustness of the findings, and further 

confirmatory studies would be necessary to draw definitive conclusions. 

In study IV, internal validity is generally strong due to the use of well-established 

in vitro models, such as EOCRC-like (SW480, HT-29) and LOCRC (Caco-2) cell 

lines. These cell lines enable controlled experiments, ensuring that the observed 

effects are directly attributed to specific manipulation of YAP1. Additionally, the 

study employed both pharmacological and genetic silencing of YAP1, which 

strengthens the findings by validating the results through independent methods. The 

combination of multiple methods, including Western blotting, immunofluorescence, 

and mitochondrial visualization, further strengthens the study’s internal validity by 

reducing the likelihood that the observed effects were due to a single method’s 

limitations. 

External validity 

External validity indicates how well the results of a study can be applied or 

generalized to other populations, settings, or conditions outside the study. 

The external validity of Study I is strong, as it includes a comprehensive, nationwide 

cohort. However, these results may not be directly generalizable to other countries 

with different healthcare systems, screening programs, or risk factors. 

Likewise, the external validity or generalizability, of study II is high due to the 

population-based nature of the cohort, which includes a large, nationally 

representative sample of CRC patients from Sweden. As a result, the findings can 

be applied to the broader population of CRC patients undergoing surgery, especially 

in countries with similar health care systems and cancer management practices. 
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However, the results may not be directly applicable to regions with significantly 

different treatment protocols, healthcare infrastructure, or population demographics. 

Study III included patients from multiple countries, improving its generalizability 

across different healthcare systems and populations. The study population was 

drawn from a large, real-world trial (COLOFOL), which increases applicability to 

routine clinical practice. However, the study focused on patients with stage II-III 

CRC who underwent curative surgery, and the findings may not apply as well to 

patients with more advanced stages of cancer. In addition, the study did not include 

patients > 75 years, which may limit the generalizability of the results to older 

populations. While older adults are frequently underrepresented in clinical trials, it 

is important to note that many older individuals are fit and healthy. 

Study IV’s external validity has both strengths and limitations. The use of publicly 

available GEO datasets strengthens the generalizability of the findings to other CRC 

populations. However, the relatively small number of EOCRC patients in these 

datasets compared to older cohorts may affect the robustness of the results, 

especially for this age group. Additionally, since the GEO datasets combine data 

from multiple studies, the patient population may not fully represent the diverse 

real-world EOCRC population. Furthermore, while the gene expression data in 

GEO are highly valuable for identifying molecular signatures, these data often lack 

important demographic and clinical details (e.g., age, sex, geographic location, 

treatment regimens, disease staging), which limits the ability to fully interpret the 

biological findings in clinical contexts. 

Strengths & limitations 

Paper I 

One of the limitations of this study is that it is observational in nature, which means 

it cannot establish causality between observed trends in CRC and potential risk 

factors. A key strength of this study lies in its use of comprehensive, nationwide 

registry data, which provides a large, representative sample of CRC cases across a 

20-year period. The SCR is a well-established, high-quality dataset that captures 

nearly all cases of CRC in Sweden, assuring both broad coverage and 

generalizability within the Swedish population. Additionally, the use of Poisson 

regression models provided a reliable statistical framework used for analyzing 

temporal trends while adjusting for confounders, resulting in more accurate and 

reliable estimates of changes in CRC incidence. 

Paper II 

The study uses data from over 33,000 patients, which provides a robust sample size 

that enhances the precision and reliability of the findings. The large cohort also 
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lowers the risk of bias in participant selection and improves how well the study 

cohort reflects the broader population. The SCRCR is a well-established, high-

quality registry with near-complete reporting, maintaining the accuracy and 

comprehensiveness of the data used in this study. The study employed logistic 

regression to control for key confounding variables, providing more accurate 

estimates of the associations found. However, there still might be unmeasured 

variables that could influence the outcomes. Despite the high quality and 

completeness of the SCRCR, there is always a possibility of underreporting or 

missing data, particularly for postoperative complications, which could introduce 

bias into the results. The study focuses on postoperative 30-day complications, 

which provides valuable insight into short-term outcomes but do not capture long-

term complications or survival data, which are also critical for evaluating surgical 

success. While emergency surgeries were analyzed, the definition and 

categorization of “emergency” versus “elective” procedures may vary across 

institutions, producing potential inconsistencies in the data. 

Paper III 

The post hoc nature of this subgroup analysis introduces probable biases. This 

reduces the certainty with which conclusions can be drawn from the study, 

especially when interpreting results from smaller subgroups. The sample size of 

patients ≤ 50 years was relatively small (183 patients), which limits the statistical 

power of the analyses within this subgroup. Although the original study was 

randomized, it was not possible to blind physicians or patients, leading to detection 

bias. For instance, patients in the high-frequency follow-up group may have 

received more intensive care or attention, influencing both the detection of 

recurrences and reporting of clinical outcomes. 

Paper IV 

While this study provides important knowledge into the role of YAP1 in EOCRC, 

several limitations should be acknowledged. First, our findings are based on in vitro 

experiments, and the extent to which these translate to in vivo models remains to be 

established. Future studies could explore the role of YAP1 in preclinical animal 

models, which could help validate our findings and assess the therapeutic efficacy 

of YAP1 inhibitors. Additionally, while our survival analysis used publicly 

available data, the lack of detailed clinical annotations (such as treatment regimens 

and comorbidities) limits our ability to fully interpret the prognostic significance of 

YAP1 across different patient cohorts. Therefore, prospective clinical studies are 

necessary to further evaluate YAP1 as a prognostic biomarker and therapeutic 

target. Furthermore, while we focused on mitochondrial dysfunction, future 

research needs to explore the broader cellular processes regulated by YAP1 in 

EOCRC, including its impact on cellular adhesion, invasion, and resistance to 

chemotherapy. Investigating these processes could provide a deeper understanding 
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of how YAP1 may contribute to the aggressive nature of EOCRC and guide the 

development of targeted therapies. 

One of the strengths of this paper is the use of large, publicly available datasets from 

the GEO, which allowed for an extensive and statistically robust comparison of gene 

expression between EOCRC and LOCRC. By analyzing three different GEO 

cohorts, the study was able to identify consistent patterns of YAP1 overexpression 

in EOCRC, increasing the reliability and generalizability of the findings. Another 

strength lies in the multi-faceted experimental approach, which combined bulk RNA 

sequencing, functional validation in EOCRC-like cell lines, and clinical survival 

analysis. 
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Conclusions 

• CRC incidence in Sweden significantly increased between 1995-2015, 

particularly of colon cancer among individuals < 50 years, with rectal 

cancer also rising in men < 50 years.  

• The rising trends in EOCRC emphasize the need for increased symptom 

awareness in younger populations and support consideration of earlier CRC 

screening in Sweden. 

• Patients < 50 years with CRC are more likely to present with rectal and 

distal colon cancer, more advanced stages, and obesity.  

• Despite experiencing fewer overall postoperative 30-day complications, 

patients < 50 years had higher rates of specific surgical complications, 

including anastomotic leakage, intra-abdominal infections, and wound 

infections. 

• When adjusting for confounders, patients <50 had higher odds of 

undergoing emergency surgery compared with older patients, underscoring 

the complexity of EOCRC. 

• Intensified follow-up with more frequent CT imaging and CEA 

measurements did not significantly improve overall survival, cancer-

specific survival, or recurrence risk in patients ≤ 50 years, nor in older age 

groups.  

• Elevated YAP1 expression in EOCRC was linked to mitochondrial 

reprogramming, particularly via oxidative phosphorylation and 

mitochondrial dynamics. Functional inhibition of YAP1 confirmed its 

regulatory role in mitochondrial function and morphology.  

• High YAP1 expression was associated with poor prognosis in CMS4 

mesenchymal tumors, highlighting YAP1’s potential as a therapeutic target. 
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Future perspectives 

The rising incidence of EOCRC in the Western world poses a major challenge in 

clinical practice and public health, highlighting the need for further research aimed 

at providing prevention, treatment, and surveillance strategies. This thesis sheds 

light on several key areas, particularly through the analysis of national registry data, 

population-based cohorts, clinical outcomes, and molecular analyses. While the 

current findings give important insights into incidence, surgical outcomes, follow-

up, and molecular characteristics of EOCRC, several critical avenues remain for 

future research to gain deeper insight into understanding, preventing and treating 

this disease. 

Paper I highlighted the significant rise of EOCRC incidence in Sweden. This trend 

calls for urgent attention to early detection methods, tailored prevention strategies, 

and the development of screening protocols targeted at younger individuals. Since 

EOCRC tends to present with more aggressive clinical features, future research 

needs to focus on refining risk stratification models to identify individuals at higher 

risk. 

In paper II, we observed differences in surgical outcomes between EOCRC and 

LOCRC, including variations in postoperative complications and emergency 

surgeries. The younger cohort presented with more advanced tumors and higher 

rates of surgical complications, despite fewer overall complications. Research into 

tailored perioperative care and surgical approaches for EOCRC patients, 

considering their unique clinical profiles, will be critical for improving surgical 

outcomes. 

The findings from paper III, suggested that intensified follow-up may not provide 

significant benefits for EOCRC patients in terms of survival or recurrence, raising 

the need for a more refined approach to surveillance. Future research should 

concentrate on determining which patient groups truly benefit from high-frequency 

follow-up and whether new biomarkers or imaging techniques could improve 

detection of recurrence in this group. 

In paper IV, elevated YAP1 expression was linked to mitochondrial dysfunction and 

poor prognosis in EOCRC, particularly in the CMS4 subtype. Future studies should 

continue to focus on exploring the role of YAP1 in EOCRC, as well as other key 

molecular pathways, to identify potential therapeutic targets. Given the aggressive 
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nature of EOCRC, research into molecular stratification could enable more 

personalized treatment approaches and better survival outcomes. 

Given the global increasing burden of EOCRC, international collaboration is 

essential. Multi-center studies and large-scale cohort data and collaborative efforts 

will help inform global strategies for better prevention, detection, and treatment of 

EOCRC. While substantial progress has been made, EOCRC remains a complex 

and evolving challenge. Continued research, focusing on early detection, 

personalized treatment, surveillance, and the molecular underpinnings of EOCRC, 

will play an important role in improving patient outcomes and addressing the rising 

incidence of EOCRC. 
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Populärvetenskaplig sammanfattning 

Cancer i tjock- och ändtarmen (kolorektalcancer, KRC) är den tredje vanligaste och 

näst mest dödliga cancerformen i välden, inklusive Sverige. KRC kan uppstå var 

som helst i tjocktarmen (kolon) eller i den sista delen av tarmen (ändtarmen, 

rektum). Symptomen varierar beroende på tumörens placering och kan inkludera 

förändrade tarmvanor, blod i avföringen, magont, känsla av ofullständig 

tarmtömning, trötthet eller oförklarlig viktminskning. Många människor upplever 

dock inga symptom i de tidiga stadierna, vilket gör att sjukdomen upptäcks först när 

den är mer avancerad. Tack vare screening med avföringsprov samt koloskopi kan 

cancer upptäckas tidigare, ibland innan tumören ens har utvecklats till cancer. I 

Sverige har man nu infört befolkningsbaserad screening för åldrarna 60-74 år men 

detta inkluderar inte yngre patienter under 60 år. 

Trots att majoriteten av fallen diagnosticeras hos äldre vuxna, har en oroande trend 

visat att yngre individer alltmer drabbas av KRC. De som är under 50 år vid diagnos 

benämns ofta ”Early-Onset Colorectal Cancer (EOCRC)”. Trots att EOCRC utgör 

en liten del av alla KRC-fall, har antalet fall ökat markant de senaste decennierna. I 

USA förutspås andelen av alla fall KRC-fall som gäller EOCRC överstiga 10% år 

2030. Denna utveckling är fortfarande inte helt förstådd, och det finns ett växande 

behov av att undersöka de bakomliggande orsakerna. Tidigare forskning har främst 

fokuserat på äldre vuxna men denna avhandling undersöker den ökande trenden och 

de specifika egenskaperna hos EOCRC. 

Det första delarbetet i avhandlingen fokuserade på incidensen av KCR under en 

period från 1995 till 2015 i Sverige. Studien visade att incidensen av KRC bland 

personer yngre än 50 år har ökat med hela 53% per decennium mellan 1995 och 

2015, särskilt för tjocktarmscancer. Detta är en oroande trend, då den indikerar att 

fler unga drabbas jämfört med tidigare. Det är av stor vikt att förstå varför denna 

grupp ökar så dramatiskt, och delarbete I understryker behovet av riktad forskning 

för att få en djupare förståelse för EOCRC. 

I det andra delarbetet undersöktes egenskaperna, behandlingen och komplikationer 

efter kirurgi hos EOCRC. Studieresultaten visade att yngre patienter (under 50 år) 

tenderade att ha mer avancerade stadier av cancer vid diagnos, och att de ofta fick 

mer cellgifts- och strålbehandling innan operation jämfört med äldre individer. Trots 

detta var de övergripande komplikationerna vid kirurgi färre bland yngre patienter, 

men en högre andel av de yngre patienter fick allvarliga kirurgiska komplikationer, 
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så som fler andel anastomotiska läckage av tarmkopplingen och infektion jämfört 

med äldre patienter. Att förstå dessa skillnader är viktigt för att kunna ge bättre 

kirurgisk uppföljning och behandling till denna specifika patientgrupp. Det är också 

viktigt att identifiera faktorer som bidrar till de högre kirurgiska komplikationerna 

hos unga för att förbättra behandlingsstrategier. 

På senare år har stora framsteg gjorts både kirurgiskt och onkologiskt när det gäller 

behandlingen av återfall av KRC, vilket har ökat möjligheterna till bot och 

överlevnad. Det tredje delarbetet undersökte effekten av intensiv uppföljning efter 

kirurgi i en subgruppsanalys av patienter från COLOFOL-studien, en randomiserad 

multicenterstudie som jämförde effekten av hög- och lågfrekvent postoperativ 

uppföljning hos patienter med stadium II-III KRC. Resultaten visade att intensiv 

uppföljning, inte ledde till signifikant förbättrad överlevnad för patienter under 50 

år, vare sig när det gällde total överlevnad eller cancerspecifik överlevnad. Man fann 

heller inget signifikant resultat när det gäller återfallsfrekvensen i den högfrekventa 

gruppen. Behov av vidare forskning behövs för att identifiera de mest effektiva 

metoderna för uppföljning. 

I det fjärde delarbetet analyserades de genetiska och biologiska skillnaderna mellan 

KRC-tumörer hos unga och äldre patienter, med fokus på en specifik gen, YAP1. 

Resultaten visade att YAP1, som är en gen involverad i celltillväxt och överlevnad, 

uttrycks högre i tumörer från yngre patienter. Denna höjning av YAP1 kan spela en 

viktig roll i den ökade aggressiviteten hos dessa tumörer. Vidare analyser visade att 

YAP1:s aktivitet vad kopplad till en ökad aktivitet i de mitokondriella vägarna 

(oxidativ fosforylering), vilket tyder på att YAP1 inte bara är en regulator av tillväxt 

utan också kan påverka energiproduktionen i tumörceller. Dessa resultat öppnar för 

nya forskningsvägar kring behandlingsstrategier som kan förbättra och skräddarsy 

terapier för unga KRC-patienter, särskilt genom att fokusera på de specifika 

molekylära mekanismerna som driver tumörernas aggressivitet i denna åldersgrupp. 

Sammanfattningsvis visar denna avhandling att KRC hos yngre individer är ett 

växande problem, och att det finns både kliniska och biologiska skillnader mellan 

unga och äldre patienter som behöver utforskas mer ingående. För att kunna ge dessa 

patienter bästa möjliga behandling och uppföljning krävs mer forskning som kan 

hjälpa oss att förstå sjukdomens unika egenskaper i denna åldersgrupp. 
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