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ABSTRACT 

  
The incidence of early-onset colorectal cancer (eoCRC), defined as colorectal cancer 
occurring in young adults under the age of 50, is increasing globally. However, knowledge 
of the etiological factors and characteristics of CRC in young adults is far from complete.  
 
Estimating the impact of pathogenic variants (PVs) in eoCRC predisposition remains an 
active field of research. Therefore the 1st aim was to evaluate the associations of germline 
PVs and family history of CRC with eoCRC. A total of 105 eoCRCs were enrolled (mean age 
at diagnosis of 41.2 ± 6.7 years; 48.6% females, 51.4% males) for genetic testing through 
next-generation sequencing and multiplex ligation-dependent probe amplification. 20% of 
eoCRC carried a germline PV of genes known to be associated with CRC, of which 12.4% of 
mismatch repair genes, 2.9% of BRCA1-2, 3.8% of MUTYH, 0.9% of ATM, 0.9% of SDHAF2. 
One patient exhibited mosaicism of PVs in MSH2/MUTYH genes. 71.4% of eoCRCs didn’t 
have a family history of CRC; 19% of eoCRCs reported having a first degree relative (FDR) 
with CRC and 12.4% had a second degree relative (SDR) with CRC; three patients had both 
a FDR and SDR with CRC and were all Lynch patients. When comparing mutated-eoCRCs 
with non-mutated eoCRCs, no statistically significant differences were found in terms of age 
at diagnosis or sex, location of CRC, presence of FDR with CRC. Mutated eoCRC differed 
significantly from non-mutated eoCRCs in terms of SDRs with CRC (p < 0.001).  
In conclusion, 20% of eoCRCs are caused by germline pathogenic variants (PV) and a 
negative family history does not exclude hereditary cancer syndromes. Therefore, thorough 
family history should be routinely collected for all individuals with eoCRC and all patients 
with eoCRC should be offered multi-gene panel germline genetic testing. Identification of 
LS individuals as well as carriers of other relevant germline PVs (e.g. BRCA2, MUTYH) will 
allow at-risk individuals to take personalised preventive measures for both proband and 
relatives. 
 
Questionable eoCRCs' exogenous risk factors are represented by diet and lifestyle, even 
though a still scant literature is available to date. Moreover, most studies are small, 
heterogeneous, focused exclusively on peculiar dietary and drinking habits of single 
countries without analyzing cooking, processing, and storage techniques. Therefore, our 
2nd aims were to (i) develop a unique and shared semi-quantitative food frequency 
questionnaire (SQFFQ) able to accurately describe dietary and drinking habits of eoCRCs 
and healthy controls of different countries at global level that will be involved in the future 
DEMETRA study (international case-control study evaluating the association of dietary, 
lifestyle and anthropometric factors with eoCRC of countries with different eoCRC incidence); 
(ii) validate the SQFFQ, making data obtained from different dietary questionnaires 
comparable. We designed an ad-hoc, shared, online SQFFQ to investigate the usual 
consumption of 329 foods, grouped into 61 food groups, over the past year. In addition to 
frequency of consumption, the tool investigates the portions habitually consumed using 
validated photographs, household measures, and standard units, as well as types of 
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seasoning and methods of cooking. A special software was then developed to analyze 
responses and link them to food composition tables in order to provide a nutritional 
breakdown of individual and collective diets. The SQFFQ was then validated for repeatability 
by administering it twice, 3 weeks apart, to a sample of 30 young adults under 50 years 
(Internal Validation). To evaluate repeatability, the measurement error for each food group 
was estimated as the percentage change between the estimates of food consumption for 
the same individual. Afterwards, the agreement between the two measurements for each 
food group was measured with Cohen's kappa coefficient. Agreement levels, represented by 
the calculation of Cohen's kappa coefficient, were as follows: 12 food groups showed 
fair/sufficient agreement (Cohen's kappa 20-40), 23 foods exhibited good/moderate 
agreement (Cohen's kappa >40-60), and 22 food groups demonstrated high substantial 
agreement (Cohen's kappa >60). Therefore, the ad hoc designed SQFFQ provides a 
reasonably repeatable measure of dietary intake and can be used to assess the dietary and 
drinking habits of volunteers in this age group. Indeed, most staple foods in the Italian diet, 
including pasta, fruit, vegetables, legumes, eggs, meat, coffee, and tea, are well estimated 
by the SQFFQ. However, as yet described in literature, challenges persist in estimating the 
consumption of foods assumed sporadically (such as snacks) or in small quantities such as 
spices. Definitive conclusions will be drawn after the completion of the ongoing External 
validation, involving 100 volunteers from the same age group. In this phase, the SQFFQ will 
be validated against the gold standard, represented by a 4 days-food diary followed by a 
dietary recall. Once validation is complete, the international, multicenter, case-control study 
will start to evaluate the associations of diet, lifestyle and anthropometric factors with eoCRC 
comparing patients from countries with different incidence of eoCRC.  

Epigenetic changes are crucial in the pathogenesis of CRC, representing the missing link 
between CRC, specific gene expression patterns and the absence of genetic alterations. One 
of the most important epigenetic modifications involved in carcinogenesis is represented by 
an altered expression of microRNAs (miRNAs). Distinct miRNAs could be differentially 
expressed in patients with recurrent vs. non-recurrent eoCRC and used as simple predictive 
biomarkers to select the optimal post-treatment surveillance regimen in managing patients 
with stage I-III eoCRC. Therefore, the 3rd aim was to identify candidate miRNAs that were 
differentially expressed in eoCRC patients with and without recurrence and define which 
patients could benefit most from more aggressive surveillance. We employed a five-layer 
approach for the development of a simple and clinically feasible test that may be translated 
into clinical practice. The first phase of the study (Discovery) consisted in the systematic 
interrogation and profiling of miRNA expression levels in 20 formalin-fixed paraffin-
embedded (FFPE) samples of stage II-III eoCRCs that did (n 10) or did not (n 10) develop 
recurrence in five years following curative-intent surgery. In phase two (Assay 
development), we performed several bioinformatic analyses to identify the best candidate 
miRNAs that were differentially expressed in eoCRCs with and without recurrence and 
provided the highest discriminatory power between the two groups. At the end of phase 
two, we selected 10 best performing miRNAs and quantified their expression via qPCR. This 
third phase utilized 88 FFPE from a larger, independent training cohort of stage I-III eoCRC 
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who received curative-intent surgery (24 recurrent and 63 non-recurrent eoCRCs). Because 
there is no unique and universally accepted normalized miRNA, we employed several 
bioinformatic approaches to rigorously establish the ideal candidate based on intra- and 
inter-group expression stability. In the Assay Training phase, we optimized and trained an 
advanced machine learning algorithm (XGBoost) to predict the development of eoCRC 
recurrence based on RT-qPCR data and performed several interrogations to the model to 
understand its functioning. The optimized XGBoost-based 9-miRNAs risk-assessment model 
demonstrated a high accuracy in predicting recurrence in stage I-III eoCRCs in the training 
cohort with an AUC value of 0.90 (95% CI 83-95%) with a Youden index of 64.9% (CI 95%, 
55%-82%), an accuracy of 81.8% (77-93%), sensitivity 84.0% (65-96%), specificity 81.0% 
(72-98%). We then evaluated the survival characteristics of the XGB model and observed 
that our 9-miRNA model can discriminate effectively between recurrent and non-recurrent 
cases up to 20 years after surgical resection: patients predicted to be at a high risk of 
recurrence by the XGB model had a statistically significant cumulative hazard of disease 
recurrence than those classified as low-risk (p<0.001). Finally, we performed an 
independent validation of our assay in a distinct and ethnically different validation cohort of 
69 FFPE of stage I-III eoCRCs who received curative-intent surgery for eoCRC (9 recurrent 
and 60 non-recurrent). The XGBoost-based risk-assessment model, incorporating 9-miRNAs, 
exhibited good accuracy in predicting recurrence among stage I-III eoCRCs in the validation 
cohort, achieving an AUC value of 0.77 (95% CI 67.0-87.0%), with a sensitivity of 100% 
(88-100%), specificity of 62.9% (55-82%), accuracy 66.7% (59.0-83.0%), and Youden 
index of 62.9% (54-73%). To truly gauge the effects that this assay would have in a real-
world scenario, we performed several decision-curve analyses. We observed a net benefit 
of the surveillance based on our 9-miRNA signature compared to the clinical-based 
surveillance especially in stage I and II high risk eoCRC, representing the subgroups of 
patients that could benefit more from more aggressive post-treatment follow-up strategies. 
Therefore, if confirmed in prospective trials, this 9-miRNA signature could establish the 
fundamentals of personalized medicine. 
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Figure 2: Annual percentage change (APC) in CRC incidence in Europe in young adults aged 20-

39 y, 1990-2016 [7] 

 

This decreasing trend of eoCRCs in Italy, together with a decline of late-onset CRCs 
(loCRCs),  was corroborated by data gathered from 48 Italian cancer registries spanning the 
period from 2003 to 2014, encompassing 60% of the population and nearly 15 million 
individuals aged 20–49 years [8,9] (Fig. 3). 
CRC rates have experienced an increase among subjects born in the US since the 1960s 
[10]. Thereafter, a birth cohort effect is almost evident on a global scale, despite variation 
in population characteristics and screening approaches worldwide. Generation X, 
encompassing those born between 1965 and 1980, witnessed an initial eoCRC rise [11,12], 
with rates continuing to escalate after reaching the age of 50 [13–15]. In particular, 
individuals born in 1965–1969 exhibit a 1.22-fold (95% CI 1.15-1.29) increase in rates, while 
those born in 1975–1979 show a 1.58-fold (95% CI 1.43-1.75) increase, compared to those 
born between 1950 and 1954 [16]. Similar trends were experienced by millennials, born 
between 1981 and 1996, with incidence rates 1.89-fold (95% CI 1.65, 2.51) and 2.98-fold 
(95% CI 2.29, 3.87) higher among individuals born in 1980–1984 and 1990–1994, 
respectively, compared to those born between 1950 and 1954 [16]. 

 

https://paperpile.com/c/3Nn0xe/7gQN
https://paperpile.com/c/3Nn0xe/8tAA+8CqL
https://paperpile.com/c/3Nn0xe/KYk1
https://paperpile.com/c/3Nn0xe/q6Xr+75mO
https://paperpile.com/c/3Nn0xe/UXzw+Pqkh+w53R
https://paperpile.com/c/3Nn0xe/1fdd
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Figure 3: Trends in age specific annual incidence rates per 100000 for CRC (upper panel), colon 

cancer (middle panel) and rectal cancer (lower panel) [5] 

 

It was estimated that approximately 10% of all new diagnoses of CRC are represented by 
eoCRCs and that in the next 10 years, 25% of young onset CRCs will be rectal cancers and 
10–12% colon cancers; moreover, an increase in CRC–related mortality has also been 
described among younger patients in contrast to the steady decline in the incidence of 
loCRCs and related mortality over the past two decades. This prompted the U.S Preventive 
Services Task Force and the American Cancer Society to decrease the recommended age to 
initiate CRC screening from 50 years to 45 years [17-22]. 

 

https://paperpile.com/c/3Nn0xe/fgeh
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1.1.2 Pathophysiology of CRC 
 
CRC is considered a heterogeneous disease in terms of pathophysiological pathway of 
carcinogenesis, prognosis and treatment. Three different pathways of colorectal 
carcinogenesis are recognized: the chromosomal instability (CIN) pathway, the 
microsatellite instability (MSI) pathway, and the CpG island methylator phenotype (CIMP) 
pathway.  
The majority of CRCs stem from the CIN pathway, accounting for approximately 65%–70% 
of sporadic CRCs. The CIN pathway is characterized by alterations of whole or large portions 
of chromosomes, leading to imbalances in chromosome number (aneuploidy), sub-
chromosomal genomic amplifications, and frequent loss of heterozygosity (LOH), that in 
turn result in the over-activation of growth pathways and/or down-regulation of apoptotic 
pathways. As described in 1990 by Fearon and Volgelstein, this colorectal carcinogenesis 
begins with inactivating mutations in the adenomatous polyposis coli (APC) tumor 
suppressor gene (effector in WNT pathway), typically observed in adenomatous polyps, and 
is followed by activating mutations of KRAS (receptor tyrosine kinase signaling). The 
progression to colorectal adenocarcinomas occurs through the accumulation of further 
inactivating mutations in SMAD4 (involved in TGF-beta signaling) and TP53 (responsible for 
cell cycle control) [23,24] (Fig. 4). 
 

 
Figure 4: Multistep genetic model of colorectal carcinogenesis [25] 

 
The MSI pathway, characterized by alterations in the number of microsatellites which are 
short repeated sequences spread throughout the genome, arises from a deficiency in the 
DNA mismatch repair (MMR). This MMR deficiency can be associated with: (i) germline 
pathogenic variants of MMR genes (MLH1, MSH2, MSH6 and PMS2); (ii) biallelic 
hypermethylation of the MLH1 promoter, resulting in MLH1 inactivation; (iii) double somatic 
mutations in MMR genes [26–28].  
The 3rd pathway is the CIMP path, which exhibits gene silencing due to CpG islands 
hypermethylation at the promoter regions of several tumor suppressor genes. This pathway 

https://paperpile.com/c/3Nn0xe/FkBZ+z0Yh
https://paperpile.com/c/3Nn0xe/Cnpq
https://paperpile.com/c/3Nn0xe/upmL+xHsz+S0Zd
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is associated with the serrated colorectal carcinogenesis, with proximal colonic location, 
female gender, old age at diagnosis, poor histology and BRAF mutations [29,30].  
These 3 pathways are not mutually exclusive. CRC can occasionally exhibit features of 
multiple pathways. To address this challenge and facilitate the correlation between CRC cell 
phenotype and clinical behavior for targeted treatments, the CRC Subtyping Consortium 
unified six independent molecular classification systems [31–36], based on gene expression 
data, into a single consensus system with four groups, called Consensus Molecular Subtypes 
(CMS 1-4) [37], based also on epigenomic, transcriptomic, microenvironmental, genetic, 
and clinical characteristics of the tumors (Fig. 5-6).   
 

 
Figure 5. Consensus Molecular Subtypes of Colorectal Cancer (CMS1-4): molecular characteristics 

[38] 

https://paperpile.com/c/3Nn0xe/tZFV+RB8P
https://paperpile.com/c/3Nn0xe/8Ek9+0lFJ+eTm7+wzgS+yy2D+BBg1
https://paperpile.com/c/3Nn0xe/Geyb
https://paperpile.com/c/3Nn0xe/rpab
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Figure 6. Consensus Molecular Subtypes of Colorectal Cancer (CMS1-4): clinical associations [38] 

 

 

1.1.3 Clinical and histopathologic characteristics 
 
eoCRC exhibits a distinct anatomical localization, histopathology, and clinical presentation 
compared to loCRC [39]. Approximately 70% of eoCRC manifest in the left colon, primarily 
in the rectum, followed by the left colon (sigmoid and descending colon) [3,40–43]. 
Conversely, loCRCs occur with comparable frequencies in the proximal colorectum.  
eoCRCs typically show a higher proportion of signet ring and mucinous histology [3,40,44], 
along with microsatellite instability (MSI-H) which is strongly associated with poor tumor 
differentiation [45]. In eoCRCs, MSI-H tumors are more frequently associated with germline 
pathogenic variants in mismatch repair (MMR) genes [46–48], as opposed to epigenetic 
silencing of the MLH1 MMR gene, which is prevalent in sporadic MSI-H tumors observed in 
individuals with loCRC. [49]. 
eoCRCs are often diagnosed at advanced TNM stages, typically stages III–IV [50–53]. This 
presentation with a more advanced stage of disease has been attributed to prolonged 
symptoms duration at diagnosis and delayed diagnosis, ranging from 7 to 9 months, as 
compared to loCRC [50,54,55]. However, recent evidence suggest that it might not solely 
be explained by diagnostic delays [50,56]. Indeed, findings from one study indicate that 
stage III/IV eoCRCs often present with alarming symptoms that prompt rapid endoscopic 
evaluation compared to stage I/II eoCRCs [50]. 
 
eoCRC typically presents with hematochezia (46%), iron deficiency anemia (13.0%), and 
weight loss (10.0%) [57–62].  Hematochezia and iron deficiency anemia carry hazard ratios 

https://paperpile.com/c/3Nn0xe/rpab
https://paperpile.com/c/3Nn0xe/8YSh
https://paperpile.com/c/3Nn0xe/K3HN+rrkG+TYFk+9FJW+a4uF
https://paperpile.com/c/3Nn0xe/9FJW+K3HN+r8xF
https://paperpile.com/c/3Nn0xe/lmrm
https://paperpile.com/c/3Nn0xe/EFm5+9l3N+Jsg5
https://paperpile.com/c/3Nn0xe/swzl
https://paperpile.com/c/3Nn0xe/BPeU+yAtw+6q2N+Qdsp
https://paperpile.com/c/3Nn0xe/BPeU+Ljl5+FJ7g
https://paperpile.com/c/3Nn0xe/BPeU+K9s6
https://paperpile.com/c/3Nn0xe/BPeU
https://paperpile.com/c/3Nn0xe/a3rm+uiPk+vbYJ+5Zrt+Y1Sc+0hxi
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of 10.66 and 10.81 for eoCRC, respectively, with a greater risk observed in men and 
individuals aged 40–49 compared to those under 30 years old [63].  
 
Patients with eoCRC referring hematochezia had more rectal cancers, compared with those 
presenting with iron deficiency anemia (38% vs 20%, respectively). A case-control study in 
which 40% of eoCRCs were rectal cancers, weight loss of 5 kg within 5 years was linked to 
increased odds of eoCRC [59]. Additional symptoms at diagnosis include abdominal pain, 
abdominal distention, changes in bowel habits, and fatigue [41,42,55,58,64,65]. In a single-
center study carried out in Italy on a cohort of 54 eoCRCs and 494 loCRCs, 25% eoCRCs 
presented with symptoms at diagnosis, in contrast to only 8.8% of loCRCs (P = 0.01) [41].  
This is the reason why, the recent international guidelines on the management of eoCRC 
(DIRECt) [1] state that symptoms and signs that should prompt evaluation for eoCRC include 
(but are not limited to) any of the following: hematochezia, unexplained iron deficiency 
anemia, or unexplained weight loss. 

 

1.1.4 Diagnosis and treatment 
 
As reported in the DIRECt guidelines, colonoscopy is recommended for the diagnostic 
evaluation of individuals with hematochezia, unexplained iron deficiency anemia, or 
unexplained weight loss. Colonoscopy should be complete to the cecum and of high quality 
and should be ideally within 30 days after referral to a healthcare professional  [1]. 
The use of different diagnostic techniques for symptomatic young individuals remains a 
subject of debate. Recent studies have reported that fecal immunochemical test (FIT) 
performs well in both symptomatic and asymptomatic subjects under 50y [66–68]. 
Nonetheless, a positive FIT always requires a subsequent colonoscopy, potentially leading 
to diagnostic delay and possibly with an increased risk of advanced-stage disease [69,70]. 
Consequently, FIT is not recommended for symptomatic patients. However, using FIT to 
triage young patients exhibiting low-risk symptoms, such as changes in bowel habits or 
abdominal pain, could be considered. Conversely, for individuals presenting high-risk 
symptoms like hematochezia, unexplained iron deficiency anemia, or unexplained weight 
loss, diagnostic colonoscopy remains the preferred approach [62]. 
 
In terms of treatment, the latest guidelines from the National Comprehensive Cancer 
Network (NCCN) advocate identical treatment plans for eoCRC and loCRC, whether in 
curative or palliative contexts [71].  
Segmental colon resection with adequate lymph node dissection is the standard of care for 
patients with non-metastatic colon cancer, even though eoCRCs carry a slightly higher risk 
(1.4%) of metachronous CRC compared with loCRCs (0.6%) [72]. That risk of metachronous 
colon cancer is significantly higher and increases with time in eoCRCs with Lynch syndrome, 
in whom the surgical options include both segmental and extended resection (eg, total 
abdominal colectomy with ileorectal anastomosis). In these syndromic patients, even 
without proved difference in survival for segmental versus extended resection, the latter is 
associated with decreased risk of metachronous CRC [73,74].  

https://paperpile.com/c/3Nn0xe/KeSj
https://paperpile.com/c/3Nn0xe/vbYJ
https://paperpile.com/c/3Nn0xe/uiPk+FJ7g+rrkG+9XAW+xOK6
https://paperpile.com/c/3Nn0xe/rrkG
https://paperpile.com/c/3Nn0xe/g8Ya
https://paperpile.com/c/3Nn0xe/g8Ya
https://paperpile.com/c/3Nn0xe/udTc+ham9+1VLK
https://paperpile.com/c/3Nn0xe/yt3j+ildr
https://paperpile.com/c/3Nn0xe/0hxi
https://paperpile.com/c/3Nn0xe/lDSs
https://paperpile.com/c/3Nn0xe/QVQk
https://paperpile.com/c/3Nn0xe/BPo1+Oupz
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Colonic resection with adequate lymph node dissection is encouraged as the initial approach 
for all patients with locally advanced disease. It is also encouraged, when feasible, for 
patients with metastatic disease with improved 5-year overall survival of 32–46% [75]. 
The current guidelines from DIRECt recommend similar systemic treatment for eoCRC and 
loCRC [1]. Considering that disease recurrence affects 20% of patients with stage II colon 
and rectal cancer, and 35% of those with stage III disease, the primary aim of adjuvant 
treatment is to shorten the therapy duration to minimize the risk of treatment-related side 
effects [76-78]. While the routine use of adjuvant chemotherapy in stage II colon cancer is 
not recommended [79], the standard adjuvant therapy for stage III colon cancer involves 
the combination of fluorouracil plus leucovorin (LV5FU2) with oxaliplatin (FOLFOX) or 
capecitabine and oxaliplatin (CAPOX) [76]. Adjuvant FOLFOX has been linked to a 7.5% 
absolute reduction in the risk of recurrence and a 4.2% absolute reduction in the risk of 
death in stage III eoCRC. On the other hand, patients with MSI-H tumors have a better 
prognosis and do not benefit from a fluoropyrimidine alone [80]. 

Neoadjuvant chemoradiotherapy with fluorouracil as a radiation sensitizer prior to surgical 
resection has been established as the standard treatment approach for locally advanced 
rectal cancer, resulting in enhanced locoregional control and patient compliance, and 
reduced toxicity [81-82]. The standard practice for surgical intervention involves a total 
mesorectal excision, using either a low anterior resection or an abdominoperineal resection 
with a permanent end colostomy, performed through an open, laparoscopic, or robotic 
approach. Nevertheless, rectal resection remains a procedure associated with significant 
morbidity, with postoperative complications reported in 34–58% of patients globally [83,84]. 
Considering this morbidity, Habr-Gama and colleagues [85] were the first to introduce the 
non-operative management for patients with rectal cancer experiencing clinical complete 
response after neoadjuvant chemoradiotherapy. The Authors have demonstrated that 
26.7% of patients with resectable distal rectal cancer treated with neoadjuvant 
chemoradiotherapy had a clinical complete response and underwent observation only; of 
these patients, 2.8% developed an endoluminal recurrence and 4.2% experimented distant 
metastasis. 5-year overall survival was 88% in the resection group versus 100% in the 
observation group and disease-free survival was 83% in the resection group versus 92% in 
the observation group [85].  

 

1.2 Non-modifiable endogenous risk factors   

 

1.2.1 Family history         
 
Family history represents a strong risk factor for eoCRC, increasing the relative risk to 4.21 
(95% CI 2.61–6.79) [86]. This risk factor accounts for approximately 20–30% of eoCRC. 
[47,48,87–90].  
There is a consensus that individuals with a family history of CRC should undergo more 
intensive surveillance than the general population, starting at an earlier age. In particular, 

https://paperpile.com/c/3Nn0xe/F5vG
https://paperpile.com/c/3Nn0xe/g8Ya
https://paperpile.com/c/3Nn0xe/F7Ly
https://paperpile.com/c/3Nn0xe/J24e
https://paperpile.com/c/3Nn0xe/38t4
https://paperpile.com/c/3Nn0xe/XoFT
https://paperpile.com/c/3Nn0xe/sMz9
https://paperpile.com/c/3Nn0xe/W5lF+rl1a
https://paperpile.com/c/3Nn0xe/0UlH
https://paperpile.com/c/3Nn0xe/0UlH
https://paperpile.com/c/3Nn0xe/ShGm
https://paperpile.com/c/3Nn0xe/9l3N+2yx5+rgMc+6OdD+p6MD+Jsg5
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having at least 2 first-degree relatives (FDRs) with CRC and/or at least 1 FDR with CRC 
diagnosed before the age of 50–60 years are associated with a significant increase of CRC 
risk. Therefore, screening colonoscopy should start at 40 years (or 10 years before the 
youngest CRC), allowing prevention of up to 16% of eoCRC [89,91–95].  
Hence, the recently published DIRECTt guidelines on eoCRCs emphasize the significance of 
family cancer history in evaluating risks associated with both syndromic and non-syndromic 
CRC. They recommend that a comprehensive family history be routinely obtained from all 
individuals [1]. Validated risk assessment instruments, such as the Colon Cancer Risk 
Assessment Tool and the PREMM5, can facilitate the collection of family history data and 
aid in identifying patients who may benefit from germline genetic testing [96,97]. 
Specifically, the PREMM5 tool enables the determination of the probability of a pathogenic 
variant (PV) or likely pathogenic variant (LPV) in a Lynch syndrome (LS) gene.  
Nevertheless, the DIRECt guidelines recommend that all patients with eoCRC should be 
offered multi-gene panel germline genetic testing and genetic counseling for those with a 
positive germline finding. Genetic testing should be performed before treatment to maximize 
clinical utility, if feasible and without delaying treatment. Germline genetic testing for 
eoCRCs should include at a minimum: APC, BMPR1A, EPCAM, MLH1, MSH2, MSH6, MUTYH, 
POLD1, POLE, PMS2, PTEN, SMAD4, STK11, and TP53. If available and not cost-prohibitive, 
it should also include the following genes that could change clinical management: BRCA1, 
BRCA2, ATM, CHEK2, PALB2, BRIP1, BARD1, CDKN2A, CDH1, RAD51C, and RAD51D. Finally, 
it should also include the following genes associated with polyposis and CRC: AXIN2, 
GREM1, MLH3, MSH3, MBD4, NTHL1, RNF43, and RPS20 [1]. 
 

1.2.2 Hereditary Cancer Syndromes                                  

 
With the introduction of next-generation sequencing (NGS), multigene panel testing has 
been implemented across various cohorts of cancer patients, including those diagnosed with 
eoCRC, revealing that 16–20% of eoCRC can be attributed to hereditary CRC syndromes 
[47,88,98] (Fig. 7).  
Indeed, a study enrolling 450 eoCRCs at 51 hospitals in Ohio and using a multigene panel 
of 25 genes identified germline PVs in 16% of eoCRC; approximately half of them had LS 
[47]. It is noteworthy that one third of the mutated patients did not meet guideline-based 
criteria for genetic testing.  
Another study involving 759 patients with eoCRC showed a 17.5% prevalence of germline 
PVs [42]. 
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Figure 7: Prevalence of germline pathogenic variants in eoCRCs [99] 

 
Among eoCRC patients, 2%–16% have LS, and up to 14% have PV/LPVs in other cancer 
susceptibility genes [46–48,98,100,101].  
LS is the most common genetic disease among eoCRCs and is associated with PVs/LPVs of 
the DNA-mismatch repair (MMR) genes (MLH1, MSH2, MSH6, PMS2), as well as EPCAM 3’ 
deletions. It is associated with a lifetime CRC risk of 40–80% and a mean age of CRC onset 
of 44-52 years. The PVs in MMR genes result in dMMR and MSI-H, being of therapeutic 
importance in patients with metastatic colorectal cancer, since those with dMMR or MSI-H 
are candidates for first line treatment with an immune checkpoint inhibitor [102]. 
Colorectal polyposis syndromes account for 2%–3% of eoCRC and include familial 
adenomatous polyposis (FAP, associated with PV/LPV in APC), MUTYH-associated polyposis 
(MAP, associated with biallelic PV/LPV in MUTYH), juvenile polyposis (JP, associated with 
PV/LPV in SMAD4, BMPR1A), and Peutz-Jeghers syndrome (PJS, associated with PV/LPV in 
STK11). Patients with FAP have approximately 100% risk of CRC, which results near to 69% 
in those with attenuated FAP (AFAP) [103,104]. In MAP, CRC risk is around 19% by age of 
50 y and increases to 43% by age of 60 y [105,106]. Finally, PJS subjects carry a 39% risk 
of CRC [106,107], while JP a 10–38% lifetime risk of CRC [103,108]. 
While studies on the newer genes associated with polyposis and CRC (GREM1, POLE, POLD1, 
AXIN2, MSH3, MLH3, MBD4, RNF43, and RPS20) are still scant, research on other highly 
actionable and high-penetrance genes that were not previously associated with CRC (TP53, 
BRCA1, BRCA2, and PALB2) has shown a higher prevalence than some of the known 
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polyposis genes [109–111]. There is also emerging evidence that ATM may be a CRC 
susceptibility gene [112].  
The majority of hereditary CRC syndromes exhibit variability in terms of penetrance and 
expressivity [93,113,114] that, at least partially, is associated with different dietary habits 
[115–117]. Only a few preliminary studies have explored this hypothesis [118–120] with  
underwhelming results as shown in two studies involving LS cohorts [119,120]. CRC risk is 
not uniformly distributed among the four MMR genes [121–123] and diet could potentially 
explain disease variability in those genes associated with a lower risk of CRC. Therefore, 
there is still a need for well-designed and adequately powered studies in this area. 
 
 

1.3 Modifiable exogenous risk factors 
 
As hereditary gastrointestinal tumor syndromes contribute to only a small portion of eoCRCs, 
it’s essential to explore the exogenous risk factors to gain a deeper understanding of eoCRC 
pathogenesis. Risk factors such as alcohol consumption, physical activity, red and processed 
meat, and adherence to a Western diet are widely recognized as loCRC risk factors [124–
130]. However, to date, a very small number of well-designed studies have investigated 
dietary, lifestyle, and anthropometric risk factors for eoCRC and its precursors [59,131–
137]. 
 

1.3.1 Diet 
 
Imperiale et al. conducted the first multi-center retrospective case–control study [138] 
evaluating the association of dietary habits and advanced colorectal neoplasia (ACRN) in 
North America. The research used the 1998 block food-frequency questionnaire, a validated 
food-frequency questionnaire (FFQ) analyzing 28 nutrients, including total calories, daily fat 
consumption in grams per day, folate consumption in micrograms per day, percent of 
calories from fat, protein, and carbohydrates. Twenty ACRN, of which 11 eoCRCs, were 
compared with 54 age-matched controls without observing differences in any of the 28 
nutrients of the questionnaire (Fig. 8).  
Another multi-center case–control study carried out on an Italian/Swiss population of 329 
eoCRCs and 1361 age-matched controls [134] used a validated FFQ to assess the usual 
consumption of 78 foods [139]. The study revealed a significant increase in eoCRC risk 
associated with high intake of processed meat, with an OR 1.56 for high tertile of intake 
compared to the lowest one. Conversely, high consumption of vegetables (OR 0.4), citrus 
fruit (OR 0.61) and fish (OR 0.78) significantly reduced eoCRC risk (Fig. 8). A high tertile 
intake of red meat, bread and cereals, fruit, and olive oil did not reach statistical significance.  
On the other hand, Archambault et al., in their analysis of data from 13 population-based 
studies encompassing 3767 eoCRCs and 4049 age- and sex-matched controls, have 
demonstrated that red meat is a risk factor for eoCRC (OR 1.10) [140], while no significant 
differences were observed regarding fruit, vegetable, processed meat, and total dietary fiber 
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intake. However, a significant reduction of eoCRC risk associated with being vegetarian, 
consuming a non-high fat diet and rice/rice powder was reported by a Pakistani single-
center case–control study [141] evaluating few dietary and alcohol habits as non-
quantitative data on 74 eoCRCs and 148 age- and gender-matched controls (Fig. 8).  
Chang et al. [142], in a retrospective case–control study recruiting 175 eoCRCs, showed 
that higher consumption of sugary drinks (7 per week; OR 2.99), desserts (3–6 per week; 
OR 2.28), fast food (2 per week; OR 1.84) and canned food (3 per week; OR 1.70), along 
with a higher Western-like dietary pattern score (OR 1.92) were linked with an increased 
eoCRC risk. Conversely, there were no significant differences in the consumption of fruits, 
vegetables, high-fiber foods, red meat, or processed meat between the two cohorts.  
The first multicenter prospective cohort study using a quadrennial FFQ was performed by 
Zheng et al. [137]. They aimed at evaluating the association of dietary pattern with the risk 
of early-onset high-risk adenomas (eoHRA), considered as eoCRC precursor. A total of 375 
eoHRAs were identified during colonoscopy surveillance within the Nurses’ Health Study II 
(NHS II), with the highest quintile of Western diet as eoHRA risk factor (OR 1.67) and the 
highest quintile of prudent diet as a protective factor (OR 0.69) (Fig. 8). Indeed, two dietary 
patterns, termed the ‘healthy’ pattern (rich in fruits, vegetables, whole grains or legumes, 
fish, and low-fat dairy products) and the ‘unhealthy’ or ‘Western dietary’ pattern (high in 
red and processed meat, sugary drinks, refined grains, and desserts), have been identified 
as exogenous factors influencing the prevention or predisposition to eoCRC [143]. The 
Western diet stands out as one of the most significant risk factors for loCRC [141,144,145], 
and it is also associated with the development of high-risk rectal adenomas later in life if 
started during adolescence [146]. Conversely, the Mediterranean diet has shown a 
protective effect against CRC development [147,148], a finding supported by evidence from 
the Italian segment of the EPIC cohort [149].   
Another prospective study interrogating the NHS II female cohort was conducted by Hur et 
al. [150]. In contrast to Zheng et al. [137], they examined the relative risk of eoCRC 
associated with sugar-sweetened beverages (SSBs) during both adulthood and adolescence 
(13–18 years), observing a doubled risk of eoCRC in women who consumed 2 servings of 
SSBs per day during adulthood, with a 16% higher risk for each serving/day increase. The 
risk of eoCRC increased by 32% for each serving/day increment of SSBs during adolescence. 
Conversely, the research found that replacing each serving/day of SSB in adulthood with 
coffee, low-fat milk, or total milk was associated with a 17–36% lower risk of eoCRC (Fig. 
8). This result is consistent with findings reported by three meta-analyses of observational 
studies, which described the protective effect of milk and dairy products on loCRC [151,152]. 
Calcium is the main protective nutrient of dairy products, It possibly act through binding to 
secondary bile acids and ionized fatty acids, thus reducing their carcinogenic effects on the 
colorectal epithelium [153] and promoting both differentiation in normal cells and apoptosis 
of transformed cells through cell signaling modulation [154]. 
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Figure 8. Protective and deleterious effects of diet in early-onset colorectal cancer. eoCRC—early-

onset colorectal cancer; Met–meta-analysis; OR—odds ratio; RR—relative risk; SSB—sugar-sweetened 
beverage. * p < 0.05; ** p < 0.01; *** p < 0.001 [155] 

 
 
Regarding the deleterious effect of alcohol on eoCRC (Fig. 9), few studies analyzed alcohol 
habits using standardized measurement units, while the remaining ones used the unit of 
“any alcohol intake”.  
Rosato et al. [134], showed a significant increase in eoCRC risk with alcohol consumption 
of 14 drinks per week (OR 1.56); Kim et al. [132] confirmed alcohol intake of 20 g per day 
as an exogenous risk factor for ACRN (including 14 cases of eoCRC) in the 30–39 y group 
(OR 1.34); Archambault et al. [140] suggested that eoCRC may be significantly associated 
with heavier alcohol use of more than 28 g per day of alcohol (OR 1.25).  
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On the other hand, the detrimental effect of “any alcohol intake” was reported by a 
population-based cohort study on 5710 eoCRCs aged 25–49 from the Explorys Database 
(OR 2.46) [60].  
Moreover, two meta-analysis were performed on eoCRC populations, producing results 
consistent with those of nine meta-analyses of observational studies on loCRCs [156–164]. 
The first meta-analysis, performed by Breau and Ellis on a cohort of young-onset colorectal 
adenomas and cancer (yCRAC) diagnosed in young adults under 50 [165], suggested  an 
association between advanced yCRAC and alcohol intake with a pooled OR of 1.46, even 
though the three studies [132,166,167] employed different criteria to define excessive 
alcohol consumption.  
The second meta-analysis, conducted by O’Sullivan et al. and including 14 studies, 
confirmed the enhanced risk of eoCRC with higher alcohol consumption compared to 
abstinence, with a relative risk of 1.71 [86].  
In contrast to the aforementioned findings, Imperiale et al. discovered no disparities in 
alcohol intake between ACRN cases and controls [138], a conclusion echoed by Chang et 
al. [142] (Fig. 9). Glover et al. conducted a retrospective analysis of data from 26 healthcare 
systems across 50 US states, revealing no correlation between eoCRC risk and alcohol abuse 
(not specified further) [168].  
Intestinal dysbiosis is considered the putative mechanism of colorectal carcinogenesis 
associated to chronic alcohol abuse. Ethanol has been observed to decrease the abundance 
of Bacteroidetes and Firmicutes, while increasing Proteobacteria and Actinobacteria, thus 
resulting in intestinal hyperpermeability, increased translocation of Gram-negative 
endotoxins, and systemic inflammation [169,170]. Moreover, gut dysbiosis may intensify 
ethanol oxidation, leading to increased levels of intracellular acetaldehyde contributing to 
carcinogenesis [171]. 
 
The existing literature on the involvement of diet and alcohol in the pathogenesis of eoCRC 
consists mostly of retrospective observational studies marked with significant heterogeneity. 
Many studies encompassed not only a population of eoCRC but also included precursors of 
eoCRC. Most of the aforementioned studies were conducted in the US, on small patient 
samples or exclusively focused on either male or female populations. Only a limited number 
of studies explored the presence of hereditary gastrointestinal syndromes, thus hindering 
the assessment of possible interactions with genetic predispositions. Furthermore, some 
authors concentrated solely on specific dietary and lifestyle factors and used different, non-
shared questionnaires that primarily assessed selected food groups, without considering 
cooking, processing, and storage techniques.  
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Figure 9. Deleterious effects of alcohol in early-onset colorectal cancer. eoCRC—early-onset 

colorectal cancer; Met—metaanalysis;OR—odds ratio; RR—relative risk. * p < 0.05; ** p < 0.01; *** p < 
0.001 [155] 

 

1.3.2 Physical activity                                                      
 
It is well known that reduced physical activity, leading to a sedentary lifestyle, increases the 
likelihood of loCRC [172,173], primarily through gut dysbiosis [174,175]. Research has 
demonstrated that regular exercise increases the Bacteroidetes-to-Firmicutes ratio in rat 
models [176,177], while moderate physical activity has been associated with a greater 
presence of beneficial bacterial species in active women, including Faecalibacterium 
prausnitzii, Roseburia hominis, and Akkermansia muciniphila [174].  
Conversely, the literature available on physical activity as an exogenous risk factor for eoCRC 
is more limited. Moreover, physical activity or sedentary lifestyle were evaluated using 
different activity or inactivity indexes among all the available studies.   
Nguyen et al. [133] analyzed weekly TV viewing time. They observed a significant 1.69-fold 
rise of eoCRC RR within the NHS II cohort when individuals reported weekly TV viewing 
times of ≥14 h. Additionally, there was a marginally significant elevation in RR of 1.12 for 
weekly TV viewing between 7.1 and 14 hours. This association was more pronounced for 
rectal cancer (RR 2.44 for weekly TV viewing times of ≥14 h) (Fig. 10). Furthermore, 
individuals with BMI ≥ 25, those engaging in less physical activity (<15 metabolic 
equivalents of task-hours per week), and ever-smokers displayed an elevated risk of eoCRC. 
A population-based cohort study [178] examined leisure-time physical activity at age 20 or 
later, showing that the absence of such activity was associated with areas of elevated  
mortality from eoCRC among US women.  
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Chang et al. [142] investigated both sedentary time (hours per day) and physical activity 
(hours per week). They found that spending more time inactive (10 h per day compared to 
less than 5 h per day) was associated with a significantly enhanced risk of eoCRC with an 
OR 1.93 and engaging in less physically activity (< 3.5 h per week) showed a tendency 
towards a higher risk of eoCRC, although this association did not reach statistical 
significance. 

 

 
Figure 10. Protective and deleterious effects of physical activity in early-onset colorectal 

cancer. eoCRC—early-onset colorectal cancer; OR—odds ratio; PA—physical activity; RR—relative risk. * p 
< 0.05; ** p < 0.01 [155]. 

 
Archambault et al. [140] analyzed moderate/vigorous physical activity (MVPA), without 
findings significant differences in eoCRC with MVPA <1 h/w. 
Imperiale et al. [138] evaluated regular exercise, without providing further details. The 
Authors observed a reduction in eoCRC risk for active individuals (OR 0.39) (Fig. 10), 
although this reduction was not statistically significant, likely due to the small sample 
including 20 ACRN, with 11 of these classified as eoCRCs.  
An Italian/Swiss case–control study assessed occupational and leisure-time physical activity 
(hours per week) both at 30–39 years, as time spent mainly sitting, mainly standing, 
intermediate, heavy, strenuous PA. They failed to identify a statistically significant reduction 
in eoCRC risk [134] (Fig. 10).  
Finally, a South Korean multi-center retrospective cross-sectional study produced similar 
non-significant results [132], with an OR for ACRN of 0.66 for regular exercise defined as 
moderate or vigorous physical activity 3 times per week in the 20–29 years cohort and an 
OR of 0.98 in the 30–39 years cohort.  
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1.3.3 Obesity                
 
Obesity is a widely recognized risk factor for different diseases, including loCRC [172]. It is 
involved in colorectal carcinogenesis through different mechanisms: hyperinsulinism and 
metabolic syndrome [179,180], changes in the intestinal microbiota [181-182], epigenetic 
alterations [183,184].  
While the systematic literature regarding the association between diet, physical activity, and 
the onset of eoCRC is still limited, several high-quality studies on overweight/obesity as risk 
factors for eoCRC have been published in recent years (Fig. 11), showing a clear trend 
toward an association between excess body weight and eoCRC. 
One of the first was published in 2016 by Kim et al., who retrospectively assessed body 
mass index (BMI) in 564 cases of ACRN, of which 25 were eoCRCs [131]. Patients with 
BMI ≥ 25 kg/m2 showed a significant 1.23-fold increase in multivariate OR for ACRN.  
These findings were later confirmed in a homogeneous cohort of eoCRCs [132], in which 
having a BMI ≥ 25 kg/m2 in both the 20–29 y age group (OR 2.46) and 30–39 y age group 
(OR 1.33) was linked with a significant increase in eoCRC risk. Furthermore, abdominal 
obesity was identified as the primary contributor to this risk with an OR of 2.26.  
Liu et al. [136] investigated eoCRC risk associated with increased BMI in the NHS II, 
categorizing BMI into two risk groups: ‘overweight’ (BMI 25–29.9 kg/m2) and ‘obese’ 
(BMI  30 kg/m2). They found a significantly elevated eoCRC risk in both groups, with RR of 
1.37 and 1.93, respectively. The Authors also demonstrated that weight gain after the age 
of 18, either between 20–39.9 Kg or over 40 Kg, were associated with significant increases 
in eoCRC risk, with fold increases of 1.65 and 2.15, respectively.  
Syed et al. [60], analyzing patients from the Explorys database, confirmed the association 
between BMI over 30 kg/m2 and eoCRC, demonstrating a significant 2.88-fold increase in 
multivariate OR. Similar results were obtained by Sanford et al. [185] and Glover et al. [168], 
who found, respectively, a 1.39-fold and 1.82-fold increased eoCRC risk for obese patients 
with BMI over 30 kg/m2. 
A 2020 cohort study by Hussan et al. [186] reported an increase in young adults with obesity 
in the 20–49 year age group undergoing CRC resections. 
Additionally, Chen et al. investigated metabolic syndrome in eoCRC [187], showing a 
significant 1.25-fold increase in multivariate OR for eoCRC.   
It was also observed that a BMI over 30 kg/m2 was a greater risk factor for eoCRC localized 
at colon site (OR 1.56) [188].  
Three meta-analyses have been published on this risk factor. The first meta-analysis by 
Breau and Ellis [165] included four studies enrolling advanced yCRAC [132,166,167,189], 
reporting a pooled OR of 1.26 for BMI over 25 kg/m2. Conversely, the one conducted by Li 
et al. [190], analyzing six studies [60,191–195] enrolling eoCRCs, found a 1.38-fold 
increased risk of eoCRC in patients with BMI ≥ 25 kg/m2 compared to normal weight 
individuals, with a higher risk observed when BMI was above 30 kg/m2. The last meta-
analysis, comprising 14 studies involving eoCRCs [86], confirmed BMI ≥ 30 kg/m2 as a risk 
factor in this young population (RR 1.54).  
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Figure 11. Protective and deleterious effects of obesity in early-onset colorectal cancer. AO—

abdominal obesity; BMI—Body mass index; eoCRC—early-onset colorectal cancer; Met—meta-analysis; OR—
odds ratio; RR—relative risk; SSB—sugar sweetened beverage; WG—weight gain. * p < 0.05; ** p < 0.01; 

*** p < 0.001 [155]. 

 
On the other hand, a US single-center retrospective case–control study [135] failed to 
demonstrate a statistically significant difference in the multivariate OR for BMI above 25 
kg/m2 (0.98- fold) compared to age-matched healthy controls. Furthermore, the 
Italian/Swiss study by Rosato et al. [134] reported a slight reduction in the risk of eoCRC 
with a BMI above 25 kg/m2, but this reduction was not statistically significancant (OR 0.91) 
(Fig. 11). Similarly, a US multi-center retrospective case–control study identified a significant 
0.69-fold decrease in the multivariate OR for eoCRC among both overweight and obese 
subjects and surprisingly a significant 1.87-fold increase in eoCRC risk among underweight 
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individuals [59]. In a prospective cohort study comparing eoCRCs with loCRCs [196], young 
patients affected by CRC were found to be less likely overweight/obese compared to loCRCs 
(OR 0.56 and 0.66 respectively). Finally, Chang et al. [142] confirmed a significant inverse 
correlation between obesity and eoCRC, both in early adulthood and 2 years before 
diagnosis (OR of 0.43 and 0.59, respectively). 

                                  

1.3.4 Smoking                                                           

 
As obesity, smoking is a widely recognized significant risk factor involved in loCRC 
development [197,198]. Increasing evidence also indicate an association with eoCRC (Fig. 
12), even using different measurement unit.  
Various studies have investigated smoking status, defining it solely as either smoking or 
never smoking, without considering the number of cigarettes smoked or the number of 
pack-year.  
Khan et al. [141], in a population of 148 CRC patients with a mean age of 41.47 ± 15.48 
years among whom 22 were categorized as CRC under 25 years old, observed a significantly 
increased risk associated with smoking in the entire patient cohort (OR 2.12).  
Similar results were described in eoCRC populations. Indeed, Syed et al. [60] reported a 
significant 2.46-fold increase in eoCRC risk for smokers; Sanford et al. [185] demonstrated 
a significant 1.51-fold change in OR for current/former smokers; Low et al. [59] showed a 
modest but significant 1.10-fold increase in eoCRC risk for current smoking, and a significant 
0.82-fold decrease in OR for former smoking; Glover et al. [168], in a population of eoCRC 
under 40 years, reported an OR of 2.675 for smoking, not further specified. Whilst smoking 
trended as a risk factor (RR 1.35) according to O’Sullivan et al., the correlation did not reach 
significance [86].  
Kim et al. obtained comparable findings in their two studies; however, their research was 
conducted on ACRN cohorts. In the first study [131] they found a statistically significant 
association between ACRN and current smoking (OR 1.37). The second one [132] 
demonstrated a significantly increased multivariate risk of ACRN for current or former 
smokers only in the 30–39 y group (OR 1.30). Conversely, Krigel et al. failed to demonstrate 
current smoking as a risk factor for eoCRC in a small sample of 48 ACRN [62].  
The meta-analysis by Breau and Ellis on yCRAC [165] analyzed current and regular smoking, 
demonstrating an association with advanced yCRAC, with a pooled OR of 1.56.  
Chang et al. [142] in addition to finding no differences in eoCRC risk between ever- vs. 
never-smoking, evaluated also smoking habits in pack-years. They observed that smokers 
in the first tertile of pack-years had a significantly increased risk compared to never smokers 
(OR 1.94).  
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Figure 12. Protective and deleterious effects of smoking in early-onset colorectal cancer. 

eoCRC—early-onset colorectal cancer; Met—meta-analysis; NFS—not further specified; OR—odds ratio; RR—
relative risk. * p < 0.05; *** p < 0.001 [155]. 

 
 
On the other hand, Imperiale et al. failed to demonstrate any significant effect of smoking, 
even if not further specified, on the risk of eoCRC [138]. Agazzi et al. reported that both 
current and former smoking were not significantly associated with adenomas and eoCRC, 
even after accounting for bias related to the pooling of eoCRC and adenomas cases [199]. 
Similarly, Schumacher et al. [188] reported no significant association with eoCRC for the 
two cohorts of current and former smokers [188].  
Archambault et al. [140] also evaluated smoking habits in pack-years among current and 
former smokers, confirming that there were no significant differences between eoCRCs and 
healthy age and sex-matched controls. 
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Finally, Himbert et al. showed that eoCRCs were significantly more likely to be never smokers 
compared to loCRCs (OR 1.55) [196]. 
 
 

1.4 Epigenetics and CRC 

 
Epigenetics, firstly described by the biologist Conrad H. Waddington in 1942, is defined as 
heritable alterations in gene expression that do not result from permanent changes in the 
DNA sequence. CRC grows as a result of the gradual accumulation of genetic and epigenetic 
alterations in precursor lesions, such as adenomatous and serrated lesions. Epigenetic 
modifications play a pivotal role in the pathogenesis of several cancers, including CRC [200], 
bridging the gap between certain CRC cases, specific gene expression patterns and the lack 
of genetic alterations. 
 

 
 

Figure 13. Principles of epigenetics [203] 
The discovery of epigenetic changes has not only improved our understanding of CRC pathophysiology but 

has also allowed the discovery of new disease biomarkers and therapeutic targets. 

 
The most important epigenetic changes involved in carcinogenesis include aberrant DNA 
methylation, abnormal histone modifications and altered expression of non-coding RNAs 
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(ncRNA), including microRNAs (miRNAs) and long ncRNA (lncRNAs). Global hypomethylation 
has been demonstrated to induce chromosomal instability (CIN) in CRC [201], while miRNAs 
act by preventing protein expression and influencing numerous cancer related pathways at 
the post-transcriptional level, impacting all stages of CRC [202] (Fig. 13). These epigenetic 
alterations operate in a coordinated fashion to influence gene expression. The identification 
of epigenetic changes has not only improved the comprehension of colorectal carcinogenesis 
but has also facilitated the discovery of novel biomarkers and therapeutic targets. 

 

1.4.1 DNA methylation 
 
The most important DNA methylation process involves the transfer of a methyl group (CH3) 
at the C5 position of the cytosine at CpG dinucleotides by DNA methyltransferases (DNMTs), 
yielding 5-methylcytosine [204].  
DNA methylation changes encompass DNA hypomethylation in tipically unmethylated 
regions of the genome, and DNA hypermethylation occurring in CpG islands of gene 
promoters (Fig. 13). The latter is linked with the suppression of tumor suppressor genes 
within cancer cells, including CDKN2A, MLH1 and APC genes, consequently promoting 
cancer progression [205–209].  
Genome-wide hypomethylation constitutes an early event in colorectal carcinogenesis, 
manifesting across various stages of disease, from early adenomas to adenocarcinomas and 
distant metastases [210,211]. It has been linked to proto-oncogene activation in CRC. When 
occurring at the level of antisense promoters located downstream in repetitive elements 
such as long interspersed element 1 (LINE-1), which are typically silenced under 
physiological conditions [211], it triggers the activation of these LINE-1 elements. 
Consequently, they act as retrotransposons through a ‘cut- and-paste’ mechanism, inserting 
themselves in distant fragile sites and inducing genomic instability. Considering that up to 
17% of the human genome comprises LINE-1 elements, their hypomethylation serves as a 
proxy for global DNA hypomethylation and is associated with eoCRC and poor prognosis, 
thereby making LINE-1 a potentially significant biomarker [212,213]. 

 

1.4.2 Histone modifications 
 
In non-dividing cells, DNA is naturally wound around histones, forming nucleosomes. These 
nucleosomes are further combined with other nuclear proteins to construct chromatin. Each 
histone protein has a tail abundant in lysine and arginine, serving as sites susceptible to 
post-translational alterations. These modifications can impact gene expression, thus 
contributing to both physiological processes and cancer development [214].  
Genetic mutations associated with histone modifications involve different histone modifiers, 
including histone deacetylases (HDACs) - histone acetyltransferases (HATs) and histone 
methyltransferases (HMTs) - histone demethylases (HDMs), catalyzing post-translational 
modification of the histone tails (Fig. 13).  
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HDACs and HATs are responsible for histone acetylation and deacetylation, respectively, and 
were associated with CRC pathogenesis [215]. Histone acetylation neutralizes the positive 
charge on the histone tails, thus reducing the interaction DNA-histones and the compaction 
status of chromatin [216]. Therefore, when hyperacetylation occurs at the level of histones 
associated with proto-oncogenes, it activates gene expression. Conversely, when 
hypoacetylation involves histones linked with tumor suppressor genes, it silences these 
genes [217]. 
HMTs and HDMs are enzymes responsible for catalyzing histone methylation and 
demethylation, respectively. This catalytic activity determines whether gene expression is 
activated or repressed, depending on which lysine/arginine residues undergo methylation. 
Abnormal levels of HMTs or HDMs, either overexpression or underexpression, can disrupt 
the global histone methylation status. Consequently, this alteration may affect the 
expression of oncogenes or tumor suppressor genes, thereby facilitating the development 
or progression of cancer [218].  

 

1.4.3 non-coding RNAs 
 
Since their discovery in the early 1990s, it is now well known that 98% of the non-coding 
RNAs (ncRNAs), that can be spliced after transcription without being translated into proteins, 
play crucial roles in regulating gene expression in the context of both normal physiological 
development and the pathogenesis of virtually all diseases including CRC pathogenesis 
[219,220]. NcRNAs can be categorized into two groups based on their size: (i) small ncRNAs 
with less than 200 nucleotides, including microRNAs (miRNAs), piwi-interacting RNAs 
(piRNAs), and small nucleolar RNAs (snoRNAs); (ii) long non-coding RNAs (lncRNAs) with 
more than 200 nucleotides (Fig. 13) [221].  
 

1.4.3.1 microRNAs 
 
miRNAs are short (18–25 nucleotides in length), single stranded RNAs that act as post-
transcriptional repressors by binding to complementary sequences in the 3'-untranslated 
regions (UTRs) of their target mRNA, thus regulating the translation of more than 60% of 
protein-coding genes, including those involved in cell proliferation, differentiation and 
apoptosis. In detail, after the miRNA gene’s transcription by RNA polymerase II, the double-
stranded pri-miRNA is processed to the pre-miRNA by Drosha–DGCR8in the nucleus and 
then translocated to the cytoplasm by exportin 5. Subsequently the RNase III enzyme DICER 
cuts the hairpin loop, resulting in a double-stranded miRNA–miRNA. Finally, the RNAinduced 
silencing complex (RISC) mediates the interaction of one of the miRNA’s strands with the 
target mRNA, leading either to translational inhibition or mRNA degradation (Fig. 13) [202].  
In 2002 Croce et al. described for the first time the role of miRNAs in cancerogenesis, 
reporting a reduction of miRNA-15 and miRNA-16 expression in patients with chronic 
lymphocytic leukemia [222]. Since then, a great number of miRNAs have been discovered 
to be deregulated in other malignancies, including CRC [223]. They act either by regulating 
specific individual target mRNAs, or as broad regulators of gene expression mediating the 
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expression of hundreds of genes simultaneously. Their expression can be altered through 
different genetic alterations, such as point mutations, deletions, amplifications and 
translocations, as well as through DNA hypermethylation and hypomethylation [224,225]. 
miRNAs result mostly overexpressed in different cancers, although they can be both 
upregulated or downregulated in tumor tissues. Finally, they can either inhibit the expression 
of tumor suppressor genes (oncogenic miRNAs), or of oncogenes (tumor-suppressive 
miRNAs, ts-miRNAs) [226].  
Distinct deregulated miRNAs, regulating all relevant signaling pathways, have been 
discovered acting during each step of the canonical and serrated colorectal carcinogenesis 
(Fig. 14): 

• miRNA143 and miRNA31: the activation of the RAS–RAF–MEK pathway, which 
enhances the proliferation of colorectal cancer cells and reduces response to 
treatments, occurs through the downregulation of miRNA-143 [227] and/or 
upregulation of miRNA-31 [228]. Therefore, miRNA-143 is not only a promising 
biomarker for early diagnosis but could also be useful as a potential anti-cancer drug 
in patients with KRAS activating mutations who are resistant to anti-EGFR therapy. 

• miRNA-21: the most frequently overexpressed miRNA in CRC, favors cancer 
progression by downregulating the expression of phosphatase and tensin homologue 
(PTEN), preventing phosphatidylinositol-3,4,5-trisphosphate (PIP3) 
dephosphorylation and hyperactivating the phosphoinositide 3-kinase (PI3K) – AKT 
pathway. This, in turn, contributes to cell cycle progression, invasion and metastasis 
[229]. miRNA-21 can also reduce apoptosis by downregulating the programmed cell 
death protein 4 (PDCD4) [230].  

• miRNA-34a: in physiological conditions, in case of DNA damage, p53 keeps the cell 
cycle at the G1-S checkpoint to allow DNA repair or to induce apoptosis if repair is 
not possible and, in a positive feedback loop, increases the expression of miRNA-34a, 
that in turn enhances p53 activity [231]. Moreover, miRNA-34a directly targets 
mothers against decapentaplegic homologue 4 (SMAD4), a key effector in 
transforming growth factor- β (TGFβ) signaling. Thus, the downregulation of miRNA-
34a associated with colorectal cancerogenesis induces a reduction of p53 activity and 
consequently of DNA repair and enhances TGFβ signaling resulting in epithelial–
mesenchymal transition (EMT) and tumor cell invasion [232,233]. 

• miRNA29a: in CRC cells, miRNA-29a decreases the expression of E- cadherin in 
epithelial cells. This leads to a loss of contact inhibition, which induces cell growth, 
migration and invasion via β-catenin–T cell transcription factor (TCF) signaling [234].  

• miRNA-135: directly downregulates adenomatous polyposis coli (APC), which, under 
normal conditions, is responsible for β-catenin proteolysis, resulting in downstream 
activation of the WNT–β- catenin pathway [235].  

• miRNA126: When tumors grow rapidly, hypoxia stimulates the formation of new 
blood vessels through angiogenesis, which is crucial for tumor survival and is 
regulated by the vascular endothelial growth factor (VEGF) pathway. VEGF is a direct 
target of miRNA-126, which reduces neo-angiogenesis. However, miRNA126 is 
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downregulated in CRC [236], leading to neo-angiogenesis and development 
of  metastasis in both tissue samples and serum from patients with CRC [237,238] 

 

 
Figure 14. Role of miRNAs and lncRNAs in regulating important signaling pathways relevant to 

CRC [203] 

 
 
Given their stability in different biological samples such as tissue, blood and stools (the small 
size and the hairpin-loop structure protect them from RNase degradation) and the 
availability of routine laboratory techniques for their identification and quantification (such 
as microarrays and quantitative reverse transcription PCR [RT-qPCR]), miRNAs represent 
attractive biomarker candidates for early diagnosis and prognosis of CRC as well as 
prediction of cancer recurrence in order to personalize surveillance and/or assign more 
aggressive and targeted therapies. For this reason, in the past decade a great number of 
studies investigating miRNAs in CRC has been performed. 
The first study on comprehensive miRNA expression profiling was conducted by Ng et al 
[239], demonstrating that high expression of miR-92a and miR-17-3p on tissue and plasma 
samples could discriminate CRCs from healthy controls (sensitivity 64% and 89%; specificity 
70% and 70%; AUC 0.72 and 0.89 for each miRNA, respectively). Upregulation of miRNA-
92a in both tissue and blood was also associated with shorter overall survival, showing its 
prognostic potential as biomarker [240]. 
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Another oncogenic miRNA, considered one of the promising non-invasive biomarkers for 
early CRC diagnosis, is miRNA-21, which was identified as differentially expressed in 30 
CRCs  tissues compared to the adjacent normal mucosa [241]. These results were 
subsequently confirmed in an independent validation set of plasma samples (20 CRCs and 
20 healthy controls) with 90% sensitivity and specificity. Another recent study [242] 
identified miRNA-21 as differentially expressed also in patients with advanced adenomas 
(sensitivity 91.1% and 81.1%; specificity 81.1% and 76.7%; AUC 0.92 and 0.81, for cancer 
and adenoma detection, respectively). In a meta- analysis of 16 studies conducted between 
2010 and 2014 that included more than 1000 patients with CRC [243], the overall sensitivity 
and specificity of miRNA-21 for early CRC diagnosis was 64% and 85%. miRNA-21 was also 
reported to be a good prognostic biomarker in both tissue and blood samples [243,244] and 
the most frequently reported miRNA predictive biomarker for response to treatment in at 
least three different clinical settings, including response to neoadjuvant chemoradiotherapy 
in advanced rectal cancer and response to both neoadjuvant and adjuvant chemotherapy in 
advanced CRC [245–247]. 
Using a unique approach involving small-RNA sequencing in 48 pairs of frozen CRC tissue 
samples and ten different CRC cell lines, Sun et al. [248] identified miRNA-21, miRNA-143, 
miRNA-148a, miRNA-194, miRNA-192, miRNA-200b, miRNA-200c, miRNA-10b, miRNA-26a 
and miRNA-145 as the top ten differentially dysregulated miRNAs in CRC; miRNA-21 and 
miRNA-143 were the two most abundantly expressed and had key pathophysiological roles 
in this malignancy. 
It soon became clear that a signature of two or more miRNAs could be potentially more 
accurate as diagnostic biomarkers compared to the use of a single miRNA. Indeed, a study 
by Liu et al. [249] showed an excellent performance of a serum- based 4-miRNA signature 
(miRNA-21, miRNA-29a, miRNA-92a and miRNA-125b) to diagnose CRC, with an AUC of 
0.95, a sensitivity of 85% and a specificity of 99%. However, this study included only 85 
patients and lacked an independent validation cohort. Another 2-miRNA panel (miRNA-223 
and miRNA-92a) was analyzed in more than 200 blood samples from CRC patients showing 
good accuracy with a sensitivity of 97%, a specificity of 75% and an AUC of 0.91 for CRC 
detection [250]. Similarly, in a 2019 study including almost 300 CRCs, a plasma- based 6-
miRNA signature (miR-19a, miR-19b, miR-15b, miR-29a, miR-335 and miR-18a) accurately 
differentiated healthy controls from patients with CRC and advanced adenomas, with an 
AUC of 0.92 and a sensitivity and specificity of 85% and 90%, respectively [251]. 
Conversely, studies analyzing the role of signatures of two or more miRNAs as biomarkers 
of early recurrence, survival and treatment response remain limited. miRNA-31, as well as 
miRNA-143 and miRNA-145 (which are usually co-expressed), have been reported as good 
tissue biomarkers for prediction of response to different treatments, whereas plasma based 
miRNA-106a has been reported to be predictive of response to adjuvant chemotherapy in 
metastatic CRC [252]. 
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1.4.3.2 long non-coding RNAs 
 
Long non-coding RNAs (lncRNAs) can influence gene and protein expression through 
different molecular mechanisms [253] (Fig. 13). They can enhance or repress transcription 
by recruiting transcription factors or by decoying transcription factors and preventing their 
recruitment to transcriptional start sites, respectively. lncRNAs can restore translation by 
‘sponging’ miRNAs that would otherwise prevent translation of their corresponding mRNA. 
They can also directly inhibit translation.  
Through those mechanisms, lncRNAs are involved in cell proliferation, differentiation, 
apoptosis and stem cell self-renewal, having roles in many cancer-related pathways, 
including colorectal cancerogenesis, such as the WNT, epidermal growth factor receptor 
(EGFR), transforming growth factor- β (TGFβ) and p53 signaling pathways [254,255]. 
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AIMS 
 
To define the endogenous and exogenous risk factors associated with such an increase in 
eoCRC incidence and to unravel the pathogenesis of eoCRC, we formulated the following 
hypothesis and focused on the subsequent aims: 
 

i. Hypothesis: 15-20% eoCRCs are caused by germline pathogenetic variants (PVs), the 
most frequent of mismatched repair genes causing Lynch syndrome, and a negative 
family history does not exclude hereditary cancer syndromes. 
Aim: to evaluate the association of germline pathogenetic variants and family history 
of CRC with eoCRC. 

 
ii. Hypothesis:  After performing a systematic review [155] on the role of diet and 

lifestyle factors associated with eoCRC, we understood that only a scant literature is 
still available on these risk factors, particularly regarding dietary risk factors and 
physical activity. Most studies are small, observational, retrospective, heterogeneous, 
focused exclusively on peculiar dietary and drinking habits of single countries without 
analyzing cooking, processing, and storage techniques, or used different activity or 
inactivity indexes. On the other hand, a growing number of recent, high-quality 
studies appears to demonstrate a consistent association between obesity, tobacco 
smoking, alcohol abuse and eoCRC even if none of the studies used international 
indexes like pack years or alcohol units.  
Preliminary results: We performed a single-center case-control study enrolling 47 
eoCRCs and 71 HCs. We analyzed body mass index, smoking habits, physical activity, 
eating and drinking habits through non-detailed questions, covering the previous 5 
years. We found that fresh meat (p = 0.003), processed meat (p< 0.001), dairy 
products (p = 0.013), and smoking (p = 0.0001) were significantly associated with 
eoCRC compared to controls, while other variables did not differ significantly 
between  the two groups [256]. 
Aims:  

▪ To develop a unique and shared semi-quantitative food frequency 
questionnaire (SQFFQ) able to accurately describe dietary and drinking habits 
of eoCRCs and healthy controls of different countries at global level that will 
be involved in the future DEMETRA study (international case-control study 
evaluating the association of dietary, lifestyle and anthropometric factors with 
eoCRC of countries with different eoCRC incidence).  

▪ To validate the SQFFQ, making data obtained from different dietary 
questionnaires comparable.  
 

iii. Hypothesis: MicroRNAs (miRNAs) perform a variety of biological functions and, most 
importantly, they regulate gene expression at the transcriptional level. By virtue of 
their ability to finely regulate cellular processes, cancer cells exploit this feat to their 
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advantage to develop more aggressive traits. Therefore, given the uniquely 
aggressive nature of eoCRC, which has a unique tendency to recur more commonly 
than loCRC, the overarching hypothesis of this project is that eoCRC increases its 
aggressiveness and has a higher likelihood of disease recurrence because of 
biological processes that are intrinsically regulated and fine-tuned by microRNAs. We 
hypothesize that miRNAs may be differentially expressed in surgical specimens 
collected from patients who will develop recurrent vs. non-recurrent CRC in the 
following five years. Selection of the optimal post-treatment surveillance regimen for 
the appropriate patient subgroups, remains the most challenge in managing patients 
with stage I-III eoCRC. 
Aim: to identify candidate miRNAs that were differentially expressed in eoCRC 
patients with and without recurrence and define which patients could benefit most 
from more aggressive surveillance 
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MATERIALS AND METHODS 

 

3.1 Genetic risk assessment 
 
All individuals consulted for eoCRC at IRCCS San Raffaele Scientific Institute, a tertiary 
academic medical center in Milan (Italy), were considered eligible. Based on the 
recommendations initially from the US Multi-Society Task Force on CRC and finally from the 
Delphi Initiative for Early-Onset Colorectal Cancer (DIRECt) International Management 
Guidelines [1], we defined eoCRC patients as those diagnosed between 18 and 49 years of 
age. 
Patients with eoCRC were prospectively enrolled from January 2020 to December 2023 at 
the GASTRO PER ME (GASTROintestinal PERsonalized MEdicine) outpatient clinic, a 
multidisciplinary program dedicated to gastrointestinal tumor syndromes.  
All patients with eoCRC were offered next-generation sequencing analysis (NGS; analyzed 
genes: APC, BMPR1A, BRCA1, BRCA2, CDH1, CHEK2, EPCAM, MLH1, MSH2, MSH6, MUTYH, 
PALB2, PMS2, PTEN, SMAD4, STK11, TP53) and multiplex ligation-dependent probe 
amplification (MLPA; analyzed genes: BRCA1, BRCA2, CDH1, MLH1, MSH2, MSH6, PMS2, 
PALB2) for genes associated with CRC, after receiving tailored information about genetic 
testing and providing written informed consent. Germline test results, as part of clinical 
procedures, were revealed to study participants or their physicians for clinical decisions.  
Their family history of cancers and clinicopathological data were collected in a clinical 
research database, after written informed consent. This study was reviewed and approved 
by the IRCCS San Raffaele Scientific Institute Institutional Review Board (Protocol 
BIOGASTRO/2011, Version n. 2, 17/10/2013).  

 

3.2 DEMETRA project 
 
An international, multicenter, retrospective case-control study called DEMETRA (Diet obEsity 
sMoking Epigenetics geneTics biomaRkers physical Activity) was designed to evaluate the 
associations of dietary, lifestyle and anthropometric factors between eoCRCs and HCs in 
countries with increasing vs stable/decreasing eoCRC incidence.  
This study was reviewed and approved by the IRCCS San Raffaele Scientific Institute 
Institutional Review Board (Protocol DEMETRA 2020.001, Version 2.0, 01/09/2022) and is 
registered on ClinicalTrials.gov with ID NCT05732623. 
 
The DEMETRA project comprises three phases: 

i. The development of an online platform [accessible at the link: 
https://demetraproject.it/admin/login.php], designed to be easily accessible for 
young participants via smartphone or PCs, even from the comfort of their homes. 
This platform includes a newly created, unique and detailed semi-quantitative food 
frequency questionnaire (SQFFQ), tailored for this study, to be shared among 
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different countries, along with preexisting validated questionnaires assessing smoking 
habits, physical activity and inactivity, and anthropometric factors. 

ii. The validation study for the SQFFQ 
iii. The international case-control study. 

 

3.2.1  Development of the online DEMETRA Platform 
 
The online platform was divided in two sections: 

i. one completed by doctors, concerning clinical data: 
▪ date of eoCRC diagnosis, symptoms at diagnosis, eoCRC localization, type of 

surgery and date (if performed), chemoterapy and radiotherapy (if performed), 
histological diagnosis, eoCRC TNM classification and stage, vital status and 
duration of follow-up, family history of CRC and other cancers (uterus, ovary, 
stomach, small intestine, urinary tract/bladder/kidney, bile ducts, brain, pancreas, 
skin tumors), type of germline pathogenetic variant (if performed). 

ii. one completed by patients, concerning: 
▪ anthropometric data and lifestyle habits: date of birth, sex, race, Ashkenazi jew, 

ethnicity, country, education, rural/urban area, weight (kg)/height (m)/BMI 
(kg/m2) at the time of eoCRC diagnosis and at 18 years old, waist circumference 
(cm), smoking status (tobacco, e-cigarette, e-liq) at the time of eoCRC diagnosis 
and at 18 years old, home blood pressure levels (mmHg), fasting blood glucose 
(mg/dl), sitting time, moderate-to-vigorous physical activity (MVPA), regular 
consumption of aspirin/NSAID, calcium and folate supplements, oral contraceptive 
agents, post-menopausal hormones and years of consumptions,  

▪ Dietary and drinking habits through the ad hoc designed and shared SQFFQ, 
developed in collaboration with the epidemiologists involved in the EPIC study and 
colleagues from the other countries in order to include international dietary habits. 
To obtain an accurate description of the dietary and drinking habits of eoCRCs 
and healthy controls of different countries at global level that will be involved in 
the future international case-control study, called DEMETRA study, different 
dietary assessment instruments were applied to capture the wide range of food 
and drinks characterizing the different populations at global level. The SQFFQ is 
a semi-quantitative tool that investigates the usual consumption of 329 foods, 
grouped into 61 food groups and classified using the same criteria (groups and 
subgroups) as the EPIC Italy study [257]. The SFFQ explores dietary habits over 
the past year. In addition to frequency of consumption, the tool investigates the 
portions habitually consumed using validated photographs, household measures, 
and standard units where appropriate. Information collected will also concern 
types of seasoning, and methods of cooking. In addition to the groups of foods 
and beverages typically consumed in most countries, the SFFQ includes questions 
about dietary habits typical of few countries (e.g. consumption of reindeer meat, 
etc.) as well as emerging dietary habits in that young age group (e.g., high-protein 
foods, sushi, etc.).  

https://paperpile.com/c/3Nn0xe/pOer
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Hence, to obtain an accurate description of the dietary and drinking habits of 
eoCRCs and healthy controls of different countries at global level that will be 
involved in the future international case-control study, different dietary 
assessment instruments were applied to capture the wide range of food and drinks 
characterizing the different populations at global level. A special software was 
developed to analyze responses and link them to food composition tables in order 
to provide a nutritional breakdown of individual and collective diets. 

 
 

3.2.2 The SQFFQ’s Validation study 

 
The validation of the SQFFQ, developed to investigate dietary and drinking habits of young 
adults from different countries, will consist of two phases: 

- Internal validation, aimed at assessing the repeatability of the SQFFQ, in which the 
same volunteer will compile the SQFFQ twice; 

- External validation, with the aim of making data obtained from different dietary 
questionnaires comparable, in which the SQFFQ will be compared with the gold 
standard, represented by the 4-days food diary.  

 
3.2.2.1 Internal validation: SQFFQ’s repeatability 

 
Repeatability was evaluated by administering the SQFFQ twice, 3 weeks apart, to the same 
subject, the second time under similar conditions and in the same season of the year.  
A sample of 30 young adults under 50 years (mean age 35.1 y ± sd 7.71; 63,3% females, 
33.3% males, 3% preferred not to answer) was recruited for internal validation to faithfully 
represent the population of eoCRCs involved in the upcoming case-control study and to 
reflect their habits. 
To evaluate repeatability, the measurement error for each food group X was estimated as 
the percentage change between the estimates of food consumption for the same individual. 
Designating the first administration of the SQFFQ as Q1 and the second administration as 
Q2, the measurement error (E), expressed as a percentage, was computed using the 
following formula: 
 𝐸 % =  (XQ1 −  XQ2)XQ2  

  
Afterwards, the agreement between the two measurements for each food group X was 
measured with Cohen's kappa coefficient.  
The tertiles of the distribution of each food group X were calculated. For each food group 
X, the measurement of the quantity consumed was considered concordant if XQ2 and XQ1 
belonged to the same tertile and non-concordant otherwise. The Cohen's kappa was then 
calculated using the following formula:  
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𝐾 =  observed concordant proportion − concordant proportion by chance1 −  concordant proportion by chance  

 
Cohen's kappa values were evaluated according to Landis and Koch [258]:  

▪ Equal to 0: The observed agreement is the same as that expected by chance. 
▪ Between 0.01 and 0.20: Slight agreement between the two measurements. 
▪ Between 0.21 and 0.40: Fair agreement between the two measurements. 
▪ Between 0.41 and 0.60: Moderate agreement between the two measurements. 
▪ Between 0.61 and 0.80: Substantial agreement between the two measurements. 
▪ Greater than 0.80: Almost perfect agreement between the two measurements. 

 
3.2.2.2 External validation: SQFFQ’s validity 

 
In this phase, the SQFFQ will be validated against the reference method and gold standard, 
represented by a 4-days food diary in a cohort of 100 subjects from the same age group as 
the internal validation. The reference method consists of four food records compiled over 
four consecutive days, with two recorded during the week and the other two during the 
weekend. 
 
The 4-days food diary, containing all the instructions for correct completion, will be 
distributed on Thursdays to 5 subgroups of 20 volunteers each. Volunteers will complete the 
food diary, providing detailed descriptions of all food and drink consumed over the following 
4 days: Friday, Saturday, Sunday, and Monday. On the subsequent Tuesday and Wednesday, 
the compiled 4-days food diaries will be submitted to dietitians, who will contact the 
participants via Zoom or in-person for an interview. The dietitians will assess the proper 
completion of the diary, seeking additional details on what was reported by the volunteers 
(e.g., the type of milk used – skimmed or not skimmed, fully or partially skimmed, if not 
specified; the type of sugar used in the coffee – brown or white sugar or natural/artificial 
sweetner, if not specified; etc). During the interview, a food atlas [259] with standardized 
photos of foods will be provided to quantify the portions of all food consumed, along with 
the recipes.  
The day after completing the 4-days food diary, volunteer will fill out the online SQFFQ after 
receiving detailed instructions from the researchers. 
Qualitative and quantitative data extracted from the 4-days food diary will be entered into 
the RedCap system and statistically compared with data extracted from the online SQFFQ.  

 

 

 

 

 

 

https://paperpile.com/c/3Nn0xe/leUW
https://paperpile.com/c/3Nn0xe/ngIa
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3.3 Genome-wide discovery and identification of a miRNA 

signature  

 

3.3.1 Patients cohorts 

 
This project involved 177 patients collected in a large, multicenter, international global effort 
to represent a diverse population that would comprehend American, European, and Asian 
patients in similar parts. 
Samples were collected from a retrospective, multicenter repository of formalin-fixed 
Paraffin-Embedded (FFPE) specimens from patients with stage I-III eoCRC and were divided 
into three distinct cohorts. All patients underwent standard endoscopic and surgical 
treatments, and the tumor staging was evaluated according to the TNM grading system 
(seventh edition) and Japanese guidelines, according to their nationality.  
Patients with inflammatory bowel disease and hereditary CRC syndromes were excluded.  
 
The biomarker Discovery cohort comprised 20 FFPE samples from patients with stage II-III 
eoCRC, enrolled at three Japanese institutions (Kumamoto University, Tokyo Medical and 
Dental University [TMDU], and University of Tokyo), and consisted of 10 recurrent and 10 
non-recurrent eoCRCs with a median follow-up of 41.4 months (IQR, 21.75-61.1). 
 
Two clinical independent, non-overlapping, and ethnically distinct cohorts were used assay 
training and validation.  The first clinical cohort (herein referred to as Training cohort) 
consisted of 88 FPPE samples from patients with stage I-III eoCRC, enrolled at Hospital 
Clinic, Barcelona, Spain, and consisted of 25 recurrent and 63 non-recurrent eoCRCs. The 
median progression-free survival of the entire training cohort was of 67.5 months, and it 
was shorter for the recurrent group (14 months) vs. the non-recurrent group (92.9 months).   
The second clinical cohort (herein referred to as Validation cohort) included 69 FFPE samples 
from patients with stage I-III eoCRC enrolled at four Japanese Institutions (Kumamoto 
University, TMDU, National Cancer Center Hospital, and University of Tokyo), and consisted 
of 9 recurrent and 60 non-recurrent eoCRCs.  
 
Clinicopathologic parameters of the three cohorts are provided in Table 1. 
 
The study was carried out in accordance with the Declaration of Helsinki and was approved 
by the ethical committee of each center. A written informed consent was obtained from all 
patients for their willingness to participate in this study. 
 
 
 
 
 
 



42 

 

Table 1. Clinicopathologic parameters of the three cohorts 

 
Discovery 

cohort 
n (%) 

Training 

cohort 
n (%) 

Validation 

cohort 
n (%) 

N. 20 88 69 

Age 
≤ 45 years 10 (50) 50 (57) 35 (51) 

40-50 years 10 (50) 63 (72) 51 (74) 

Sex 
Males 7 (35) 46 (52) 36 (52) 

Females 13 (65) 42 (48) 33 (48) 

Tumor location 
Proximal 5 (25) 26 (30) 50 (72) 

Distal 15 (75) 62 (70) 19 (28) 

T stage 

T1 0 (0) 7 (8) 11 (16) 
T2 0 (0) 16 (18) 11 (16) 
T3 14 (70) 49 (56) 31 (45) 
T4 6 (30) 16 (18) 16 (23) 

Lymph node invasion 
Yes 12 (60) 51 (58) 47 (68) 
No 8 (40) 37 (42) 22 (32) 

Vascular 

invasion 

Yes 11 (55) 33 (38) 33 (48) 
No 9 (45) 10 (11) 35 (51) 

Unavailable 0  (0) 45 (51) 1 (1) 

Lymphatic 
invasion 

Yes 13 (65) 28 (32) 24 (35) 
No 7 (35) 16 (18) 45 (65) 

Unavailable 0 (0) 44 (50) 0 (0) 
Grade  

of  

differentiation 

Well-moderate 16 (80) 74 (84) 59 (86) 
Poor 4 (20) 9 (10) 4 (6) 

Unavailable  0 (0) 5 (6) 6 (8) 

CEA 

Low < 5 ng/mL 14 (70) 58 (66) 0 (0) 
High ≥ 5 ng/mL 6 (30) 10 (11) 0 (0) 

Unavailable 0 (0) 20 (23) 69 (100) 

Adjuvant 

chemotherapy 

Yes  8 (40) 17 (19) 17 (25) 
No  10 (50) 48 (55) 49 (71) 

Unavailable 2 (10) 23 (26) 3 (4) 
 
 

3.3.2 Nucleic acid isolation and miRNA expression analysis 
 
The following techniques were used, thanks to the collaboration with the Department of 
Molecular Diagnostics & Experimental Therapeutics, Beckman Research Institute of City of 
Hope, USA: 

- Nucleic acid extraction. Total RNA was isolated from FFPE samples using AllPrep 
DNA/RNA/miRNA Universal Kit (Qiagen, Valencia, CA, USA), as per manufacturer’s 
instruction. 

- High-throughput genome-wide small RNA sequencing. Construction of next-
generation sequencing libraries for miRNA from FFPE was performed using a modified 
protocol for the Truseq Small RNA Kit (Illumina) with 200 ng total RNA input. The 
quality of individual libraries was assessed using a High Sensitivity DNA Kit (Agilent). 
Libraries were size selected individually (~148 nt) by gel electrophoresis using a 
Pippin HT instrument (Sage Science). Efficiency of size selection was assessed using 
a High Sensitivity DNA Kit. Libraries were equimolar-pooled; pooled libraries were 
quantitated via qPCR using a KAPA Library Quantification Kit, Universal (KAPA 
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Biosystems) prior to sequencing on an Illumina HighSeq 2500 with single-end 35-
base read lengths at an average of 10 million reads per sample. For preprocessing, 
Illumina small RNA-seq 3' adapters were trimmed using cutadapt software. Post-
trimming, all retained sequences were confirmed to contain high-quality scores and 
peaks concentrated at 22 nt, representing miRNAs.  

- Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays. In 
the Training and Validation cohorts, miRNA expression was assessed by quantitative 
reverse transcription PCR (RT-qPCR) on a StepOne Real-Time PCR System (Applied 
Biosystems, Foster City, CA) using the following miRNA Taqman probes purchased 
from ThermoFisher Scientific (assay ID): hsa-let-7g-5p (#002282), hsa-miR-125b-2-
3p (#002158), hsa-miR-125b-5p (#000449), hsa-miR-142-3p (#000464), hsa-miR-
15b-3p (#002173), hsa-miR-30e-5p (#000421), hsa-miR-365a-3p (#001020), hsa-
miR-410-3p (#001274), hsa-miR-654-3p (#002239), and hsa-miR-99a-5p 
(#000435). The relative expression of target miRNAs was determined and normalized 
using snRNA U6b by 2-ΔCt and were further log2 transformed. 

 

3.3.3  Statistical analysis 
 
3.3.3.1. Candidate miRNA selection 
 
Preprocessed reads were aligned to a human reference genome (human genome build 38) 
and annotated using GENCODE miRNA annotation. miRNAs that were differentially 
expressed between patients with vs. without recurrence of eoCRC were identified using 
DESeq2. Volcano plots, representing the differential gene expression versus the statistical 
significance of said difference, were generated with the “EnhancedVolcano” package in R 
(V1.20.0, Bioconductor release V.3.18 [260]), and miRNAs were selected based on a 
|log2(FoldChange)| ≥ 0.5 in the expression level and a p value < 0.05. Subsequent 
biomarker prioritization was performed using Cox-LASSO regression, by eliminating 
parameters with a coefficient of 0. The remaining candidates were then progressively ranked 
based on their individual AUC values and the top 10 performing miRNAs were selected as 
the final candidates. For further analysis on the expression patterns of these miRNAs, 
additional analyses were performed, including the following.  
 
3.3.3.2. Candidate miRNA sequencing data analysis 
 
Ridgeline plots produce partially overlapping line plots to visualize changes in distribution 
between groups. They were generated with “ggridges” in R (V.0.5.5 [261]) to visualize the 
differences in gene expression profiles for the top 10 performing candidate miRNAs. The 
expression values were initially transformed via a z-normalization with the scale function of 
R (Formula 1) before plotting. 𝑍 = 𝑋𝑖 −  𝜇  𝜎    
 

(Formula 1) 

https://paperpile.com/c/3Nn0xe/xwOm
https://paperpile.com/c/3Nn0xe/rghN
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Heatmaps were generated in R with the “pheatmap” package (V.1.0.12 [262]) using an 
unsupervised approach for column clustering (“hclust” hierarchical clustering) with the Ward 
D2 method. Unlike Ward D, the Ward D2 criterion values are on a scale of distances, 
whereas the Ward D method employs a scale of distances squared  [263]. This approach, 
in R, minimizes the energy distance between cluster groups (Formula 2).  
 𝑒(𝐴, 𝐵) =  𝑛1𝑛2𝑛1 + 𝑛2 ( 2𝑛1𝑛2 ∑ ∑|𝑎𝑖 − 𝑏𝑗| − 2𝑛12

𝑛2
𝑗=1

𝑛1
𝑖=1 ∑ ∑|𝑎𝑖 − 𝑎𝑗| −  2𝑛22

𝑛1
𝑗=1

𝑛1
𝑖=1 ∑ ∑|𝑏𝑖 − 𝑏𝑗|𝑛2

𝑗=1 )𝑛2
𝑖=1  

 
Visual processing was performed with the Viridis package of R, using the “magma” option 
to improve readability and create perceptually-uniform graphs (V.0.6.4  [264]). Hazard 
ratios of recurrence were computed fitting a cox proportional hazard model on the 
expression data, with confidence intervals computed with the coxph function of the survival 
package in R (V. 3.5 [265]) (Formula 3). 
  𝐻𝑅 =  𝑃1 − 𝑃 

 
Forrest plots were then generated in the ggplot2 environment using the ggforestplot 
package [266] and, for ease of visualization, the confidence intervals were visually limited 
to a maximum value of 15 and a minimum value of 0.05.  
 

3.3.3.3. Machine learning approach (XGBoost) 

 
EXtreme Gradient Boosting (XGB) is a scalable, distributed, highly efficient and versatile, 
gradient-boosted decision tree machine learning method that provides parallel tree boosting 
[267]. XGB currently represents the leading machine learning library for regression, 
classification, and ranking problems, thanks to its ability to perform parallel computation on 
a single machine, a feature that increases its efficiency by over 10 fold, compared to other 
gradient boosting methodologies. Moreover, XGB creates a very large number of decision 
trees, all of which contribute to the final model performance and its ability to predict an 
event accurately. The advantage of this method, compared to others, lies in its extreme 
versatility, which provides XGB with the capacity to draw meaningful conclusions even from 
minimal differences between the independent variables that predict the outcome of interest.  
XGB works by optimizing the objective function at iteration t to minimize the following 
parameter (formula 4) ℒ (𝑡) =  ∑ 𝑙(𝑦𝑖𝑛1

𝑖=1 , 𝑦̂𝑖(𝑡−1) +  𝑓𝑡(𝑥𝑖)) +  Ω(𝑓𝑡) 
 
At its core, XGBoos works as a function of functions: the loss function “l” is a function of 
CART learners, a sum of the current tree plus the previous additive trees. More specifically, 
the loss function “l” uses a Taylor approximation such that 

(Formula 3) 

(Formula 4) 

(Formula 2) 

https://paperpile.com/c/3Nn0xe/bDo0
https://paperpile.com/c/3Nn0xe/9tMV
https://paperpile.com/c/3Nn0xe/suCm
https://paperpile.com/c/3Nn0xe/xFP3
https://paperpile.com/c/3Nn0xe/aN68
https://paperpile.com/c/3Nn0xe/qi5f
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 𝑓(𝑥) ≈ 𝑓(𝑎) + 𝑓′(𝑎)(𝑥 − 𝑎) 
 
Where f(x) represents the loss function “l”, “a” is the predicted value at the initial step (or 
at t-1 for subsequent iterations), and (x-a) is the new learner we need to apply at the 
subsequent step t. Using this approach, XGB can progressively write the objective loss 
function as a series of new added learners. By progressively increasing the number of learner 
functions, XGB can effectively represent a greedy learning approach. When a second/order 
Taylor approximation is then applied to the aforementioned formula, we obtain formula 6 
 ℒ̅ (𝑡) =  ∑[𝑔𝑖𝑛

𝑖=1 𝑓𝑡(𝑥𝑖) + 12 ℎ𝑖𝑓𝑡2(𝑥𝑖)] +  Ω(𝑓𝑡) 
 
After the first learner is built, the next builders needs to improve on the quality of its 
predecessor learner model t-1. This is accomplished by measuring the quality of a tree 
structure “q” with a scoring function (Formula 7) 
 ℒ̅ (𝑡)(𝑞) = − 12 ∑ (Σ𝑖∈𝐼𝑗𝑔𝑖)2Σ𝑖∈𝐼𝑗ℎ𝑖 + 𝜆𝑇

𝑗=1 +  γT 

 
The scoring formula 7 returns the minimum loss value for a given tree structure. In other 
words, the original loss function “l” is evaluated by using the optimal weight values and, for 
any given tree structure, we can calculate the optimal weights in leaves.  
 
In practical terms, each tree learner is built in three subsequent steps, which the XGBoost 
package can conveniently perform in a time-efficient manner. In the first step, the algorithm 
starts with a single root, which contains all the training dataset. It will then use the loss 
function to evaluate each possible split loss reduction over all features and values per value. 
At the end of this second step, each possible split is evaluated by the gain function (formula 
8). The split with the highest gain metric is then selected out of the entire landscape of 
splits. If the best-performing, highest-gain split is greater than zero, the branch may be kept 
and the process repeated to grow another sub-branch. If the gain is negative, then the 
branch is stopped from growing and that part of the decision tree is trimmed. 
  𝐺𝐴𝐼𝑁 =  𝐿𝑂𝑆𝑆(𝑓𝑎𝑡ℎ𝑒𝑟 𝑖𝑛𝑠𝑡𝑎𝑛𝑐𝑒𝑠) − [𝐿𝑂𝑆𝑆(𝑟𝑖𝑔ℎ𝑡 𝑏𝑟𝑎𝑛𝑐ℎ) + 𝐿𝑂𝑆𝑆(𝑙𝑒𝑓𝑡 𝑏𝑟𝑎𝑛𝑐ℎ)] 
 
However, an algorithm that removes a branch only in negative gain circumstances is 
generally referred to as an “exactly greedy algorithm”. Such an approach has the tendency 
to over-fit the model to the training cohort, and therefore there are some measures that can 
be taken to limit overfitting (discussed below). This allowed for a successful independent 
validation.  
 

(Formula 5) 

(Formula 6) 

(Formula 7) 

(Formula 8) 
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3.3.3.4. XGB model building, parameters hyper-tuning, and application 

 
For this specific project, we used the XGBoost package in R (v1.7.6.1) [267] to predict a 
dichotomous outcome of 5-year recurrence-free survival. The independent (predictor) 
variables were the log2-transformed ΔCt values of the 10 candidate microRNAs. The XGBoost 
was allowed to learn for a maximum of 5000 iterations or until no further additional gain 
was possible.  
The first feature optimization to limit overfitting concerns the learning rate parameter “eta” 
(or ““). Eta regulates the step size at which the optimizer function updates the weights. 
Lower learning rates result in slower and more accurate updates, therefore limiting 
overfitting, and for this project  was set at 1%. The second parameter to optimize 
represents the “max_depth” function, which controls the maximum depth of the trees in the 
model (that is to say, how many branches). While XGBoost allows for a maximum of 8 for 
this parameter, this greedy approach often leads to overfitting, therefore a max depth of 4 
was applied to this model. The third parameter, “subsample”, refers to the fraction of 
observations (ie, patients) used for each tree, which was optimized at 75%. The fourth 
parameter, “colsample_bytree” controls the fraction of features (ie, miRNAs) used in each 
tree, which represents the only parameter we kept at 100%. The fifth parameter, “gamma” 
represents the most aggressive parameter optimization to limit overfitting. Gamma 
represents the gain threshold against which each tree is measured. As explained above, 
XGBoost eliminates branches whose gain is negative. To limit overfitting, one can decide to 
use a more aggressive trimming strategy where only branches with a higher gain are kept 
and the others are removed. We approached this project highly pruning strategy by setting 
gamma=5. Finally, performance monitoring during training for early stopping was set up 
using the “eval_metric” parameter equal to “auc”. 
 
After fitting the XGBoost to the classification problem, the XGBoost package allows to 
retrieve some feedback in terms of how the model was constructed and how each 
independent variable contributed to the overall model structure. This allows to explain and 
visualize the inner workings of the machine learning algorithm by virtue of three main 
metrics: gain, cover, and frequency. Gain refers to the relative contribution of the 
corresponding feature (ie, miRNA) to the model, after measuring the contribution of that 
feature to each tree in the model. The model then returns the percentage gain that is 
contributed to the model by each feature and ranks the miRNA by virtue of their percentage 
contribution to the model. A higher gain metric implies that that feature (miRNA) is more 
important for generating the final prediction. In fact, gain represents the improvement in 
accuracy that is brought by a feature when it sits on a branch. The cover metrics, instead, 
pertains to the quality and applicability of the split. Coverage represents the relative number 
of observations (patients) that are related to that feature (miRNA). For example, given 100 
observations, 10 features, and 10 trees, if feature 1 is used to decide the leaf node for 50, 
15, and 10 observations in three trees, the metric for said feature will be 50+15+10=75. 
This calculation will be repeated for all the features and the cover will be expressed as a 
percentage for all the features’ cover metric. MicroRNAs with higher cover values positively 

https://paperpile.com/c/3Nn0xe/qi5f
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affect a higher number of patients. Finally, frequency is a simpler way to measure gain, as 
it counts the number of times a feature is used in all the generated trees, and therefore it 
is of lesser importance than gain. Gain, cover, and frequency metrics were obtained from 
the XGBoost package in R. To visually represent these features, we plotted the gain, cover, 
and frequency metrics as radar plots, using the radarchart function of the “fmsb” package 
in R (V.0.7.5) [268].  
Although gain, cover, and frequency explain the importance of each feature, they do not 
provide a deeper insight into how each feature influences the model prediction for each 
individual observation (ie, patient). In fact, machine learning models such as XGBoost are 
so complex, powerful, and accurate, that they often become similar to black boxes where it 
becomes virtually impossible to understand how such predictions were made. In an effort 
to reach machine learning explainability and interpretability, SHAP values (SHapley Additive 
exPlanations) measure how much each featrure contributes to the model’s prediction 
because they symulatenously inform you on (1) which features are the most important, (2) 
how they affect the final outcome, and (3) they do so for each patient. SHAP values originate 
from a game theory approach to machine learning, where each feature is considered as a 
player and is assigned an importance value representing its contribution to the model’s 
output. Therefore, SHAP values provide a more nuanced approach to explain the inner 
working of a model and showcase the importance and contribution of each feature to the 
final model. Features with a positive value positively impact the prediction, while those with 
negative values have a negative impact, and the magnitude is a measure of how strong the 
effect is. SHAP values have several advantages compared to other methods as tools for 
interpreting machine learning algorithms. First, SHAP values are additive, herefore the 
contribution of each feature to the final model is computed independently. Second, SHAP 
values have local accuracy, which means that they add up to the difference between the 
expected model output (the true patient status) and the actual output (the machine learning 
prediction) for any given input. Third, SHAP values are zero for missing values and for values 
of irrelevant importance, which makes sure that missing data does not distort the 
interpretation of data (ie, SHAP values do not have issues with missingness). Finally, SHAP 
values remain consistent across the model, unless a feature changes. SHAP values were 
obtained using the shap.prep function of the “SHAPforxgboost’ package for R (V 0.1.3. 
[269]) and then plotted as a beeswarm plot and, for selected patients, as forceplots to 
further explain how each feature contributed to the final prediction. Finally, we drew a 
collapsed view of all the decision trees by collapsing the decision forest into a single decision 
tree using the “xgb.plot.multi.trees” function of the XGBoost package in R. This decision 
tree provides an estimation of how much each feature contributes to the split that occurs at 
each node. As such, the collapsed decision tree is not accountable for individual decisions, 
but it provides a birds-eye view of where each feature contributes to the model in most 
trees. 
 
3.3.3.5 Training and validation cohort results processing  
 
The performance of the XGBoost model in both training and validation cohorts was 

https://paperpile.com/c/3Nn0xe/wdKj
https://paperpile.com/c/3Nn0xe/7XJo
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benchmarked on the area under the receiver operator curve (AUC) using the pROC package 
in R (V. 1.18.5  [270]) Sensitivity, specificity, and accuracy were evaluated after threshold 
optimization based on Youden index using the cutpointr package in R (V 1.1.2 [271]). 
These are specifically calculated as follow:  
- Sensitivity = TP / (TP + FN) 
- Specificity = TN / (TN + FP) 
- Positive predictive value = TP / (TP + FP) 
- Negative predicted value = TN / (TN + FN) 
- Correct classification rate = (TP + TN) / (TP + TN + FP + FN) 
 
To plot the distribution of the XGB-derived predictions, we created raincloud plots using the 
“RaincloudPlots” package in R (V2 [272]) and waterfall plots using the ggbarplot function of 
ggplot2 in R.  
 
To further understand the ability of our model to perform optimal classification of recurrent 
vs. non-recurrent cases in both the training and validation cohorts, we plotted the Youden 
index at each cutpoint using the plot_metric function of the cutpointr package. Finally, we 
measures the prediction error of our machine learning algorithm using bootstrap 
aggregating to calculate the out-of-bag estimated Youden (plot function of cutpointr 
package). This procedure involves subsampling with replacement.  
 
3.3.3.6 Survival evaluation 
 
Recurrence free survival data were initially analyzed using the swimplot package in R (V 
1.2.0 [273]). Kaplan-Meier survival probability curves were drawn using the “survival” 
package in R (V 3.5 [274]). P values for survival differences were analyzed with log rank 
test. Similary, cumulative hazard plots were generated in R with the ‘survivial’ package and 
p values calculated with a log rank test. The majority of the patients received a follow-up of 
at least up to 5 years (median 85.4, 95% confidence interval [CI] 68.87-104.75), unless 
they died. 
 
3.3.3.7 Decision curve analysis and net benefit analysis  
 
To evaluate the population impact of adopting a risk prediction instrument into clinical 
practice, we implemented a series of decision curve strategies using the “DecisionCurve” 
package in R (V 1.4 [275]). For Net Benefit Analysis plots, we estimated the net benefit 
curves with bootstrapped confidence intervals using an opt-in policy for a case-control study 
design. A model based on our miRNA signatures, derived from the XGB approach, was tested 
against three possible scenarios: a test-all approach (where every patient with stage I-III 
eoCRC would receive additional endoscopic surveillance after treatment for the foreseeable 
future), a test-non approach (where patients would not be redirected to a more intensive 
endoscopic surveillance approach) and, finally, a clinical approach (where patients would be 
redirected to an intensive endoscopic surveillance approach based on their clinic-

https://paperpile.com/c/3Nn0xe/V0EL
https://paperpile.com/c/3Nn0xe/kyox
https://paperpile.com/c/3Nn0xe/wWnb
https://paperpile.com/c/3Nn0xe/UK5t
https://paperpile.com/c/3Nn0xe/imzx
https://paperpile.com/c/3Nn0xe/jlkQ
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pathological features). This clinical approach was derived by fitting a logistic regression 
model based on six features (age, biological sex (male, female), tumor localization (right, 
left), tumor grade (high, intermediate, low), vascular invasion (yes, no), and lymphatic 
invasion (yes, no)). We then plotted the Net Benefit curves of the four models to estimate 
which model would provide the greatest clinical effects in a population. Finally, since we 
wanted to estimate how the model would affect clinical practice, we estimated how many 
patients with stage I-III eoCRC would be considered high-risk vs. how many future recurrent 
cases would be identified at progressively higher high-risk thresholds. These graphs of 
clinical impact were built in R using the “plot_clinical_impact” function of the 
“DecisionCurve” package. For stage-specific subanalysis, we evaluated the net benefit of 
each model for each stage. 
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RESULTS 

 

4.1 Endogenous risk factors 
 
To evaluate the association of family history of CRC with eoCRC and to assess the prevalence 
of germline PVs through NGS-based multigene panels testing and MLPA, genetic counseling 
was offered to all 110 eoCRCs initially recruited. Five eoCRCs refused to undergo genetic 
testing and were subsequently excluded from the study.  
A total of 105 eoCRC individuals were enrolled, with a mean age at diagnosis of 41.2 ± 6.7 
years; 48.6% were females, and 51.4% were males. 
It was found that 20% of eoCRC carried a germline PV of genes known to be associated 
with CRC (Tab. 2). Specifically, 13 eoCRCs had PVs of MMR genes (12.4%) responsible of 
LS, 3 eoCRCs had BRCA1-2 PVs (2.9%) responsible of Hereditary breast and ovarian cancer 
syndrome, 4 eoCRCs had MUTYH PVs of which 3 were heterozygous and 1 homozygous, 
with the latter responsible of MAP (3.8%). Additionally, 1 eoCRC individual had a PV in the 
ATM gene (0.9%), and 1 had an SDHAF2 PV (0.9%); one patient exhibited mosaicism of 
PVs in MSH2/MUTYH genes. 
Overall, 71.4% of eoCRCs didn’t have a family history of CRC. 19% of eoCRCs reported 
having a first degree relative (FDR) with CRC and 12.4% had a second degree relative (SDR) 
with CRC; three patients had both a FDR and SDR with CRC and were all LS patients. 
In detail, 33.3% mutated eoCRCs had a FDR with CRC (mean age 46 ± 12.6 y) and 38.1% 
had a SDR with CRC (mean age 50 ± 17.3 y). Conversely, 15.5% non-mutated eoCRCs 
referred a FDR with CRC (mean age 66.4 ± 8.3 y) and 6% reported a SDR (mean age 69.8 
± 7.5 y). 
When comparing mutated-eoCRCs with non-mutatetd eoCRCs, no statistically significant 
differences were found in terms of age at diagnosis or sex, location of CRC, presence of FDR 
with CRC (Tab. 2). Mutated eoCRC differed significantly from non-mutated eoCRCs in terms 
of SDRs with CRC (p < 0.001).  
 
Table 2. Patients’ data and risk factors 

 Overall 

(n/%) 

eoCRC with 

PV (n/%) 

eoCRC without 

PV (n/%) 

P-

value 

N. 105 21 84 / 
Age at diagnosis 

median [IQR] 

43.00  
[38.00, 47.00] 

40.00  
[36.00, 46.00] 

43.50  
[39.00, 47.00] 

0.116 

Sex F 51 (48.6) 9 (42.9) 42 (50) 0.630 
M 54 (51.4) 12 (57.1) 42 (50) 

Relatives 

with CRC 

FDR 20 (19) 7 (33.3) 13 (15.5) 0.116 
SDR 13 (12.4) 8 (38.1) 5 (6) <0.001 

Germline PVs  21 (20) /  
eoCRC site Right colon 34 (32.4) 9 (42.9) 25 (29.8) 

0.400 Left colon 34 (32.4) 7 (33.3) 27 (32.1) 
Rectum 37 (35.2) 5 (23.8) 32 (38.1) 
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4.2 Exogenous risk factors: DEMETRA project 

 

4.2.1 Internal Validation: SQFFQ’s repeatability 

 
To evaluate the repeatability of the SQFFQ developed to investigate dietary habits in a 
population of young adults, the SQFFQ was administered twice, 3 weeks apart, to a sample 
of 30 young adults under 50 years. 
Table 3 shows the calculated measurement error (E), expressed as a percentage, between 
the consumption estimates from the two administrations (Q1 and Q2) of the SQFFQ. For 40 
out of 67 food groups, the difference between the two SFFQs is less than 20%. The greatest 
percentage differences were found, as expected, for food groups with sporadic consumption 
(snacks, barbecue sauces, ketchup, mayonnaise) or consumed in minimal quantities 
(spices). 
 
Table 3. Measurement error (E%)  
 

  
 1st completion of SQFFQ 2nd completion of SQFFQ E E% 

  Q1    Q2      

Food group code 
Mean

(g) 
Std. 
Dev. 

Min Max 
Mean

(g) 
Std. 
Dev. 

Min Max 
Q2-
Q1 

Q2-
Q1/Q2 

Potatoes 0101 11,99 9,14 1,57 31,50 11,95 8,10 - 27,40 0,04 0,00 
Sweet potatoes 0102 5,41 6,98 - 19,83 4,89 6,82 - 27,40 0,52 0,11 

Vegetables 0200 7,60 5,11 0,23 20,89 7,45 5,99 0,03 26,72 0,16 0,02 
Leafy vegetables 

(except 

cabbages) 

0201 39,70 38,04 4,18 171,8
6 

33,45 22,35 3,18 104,9
2 

6,25 0,19 

Other vegetables 0202 40,63 34,93 4,20 151,1
5 45,54 34,76 5,78 138,3

1 
-

4,91 -0,11 

Root vegetables 0203 25,02 20,44 1,57 67,13 32,34 26,04 3,47 122,9
5 

-
7,33 -0,23 

Cabbages 0204 19,82 20,00 - 69,40 21,19 23,16 - 112,7
0 

-
1,37 

-0,06 

Onion, garlic 0207 14,76 13,82 - 57,29 14,81 11,33 - 46,13 
-

0,05 -0,00 

Stalk vegetables, 

sprouts 
0208 13,40 15,00 - 62,79 15,72 20,92 - 

112,7
0 

-
2,31 -0,15 

Legumes 0301 15,16 14,11 - 62,86 12,89 11,59 - 34,29 2,27 0,18 

Citrus fruits 
04010

1 45,74 48,68 - 
208,4

1 52,34 54,34 2,68 
207,8

4 
-

6,60 -0,13 

Fruits 
04010

3 
195,5

7 195,94 17,5
1 

962,5
0 

222,1
3 243,38 8,29 1.062

,50 

-
26,5

6 
-0,12 

Nuts and seeds 

(+ nut spread) 
0402 5,46 4,42 - 19,09 5,38 4,89 - 18,00 0,07 0,01 

Milk 0501 153,2
5 153,84 - 386,6

8 149,75 152,23 - 386,0
0 3,50 0,02 

Milk beverages 0502 - - - - - - - - - - 
Yogurt, thick 

fermented milk 
0503 33,32 46,56 - 

158,2
1 30,85 46,75 - 

158,2
1 2,47 0,08 

Cheese 0505 31,53 26,12 - 124,5
8 29,87 24,24 - 102,1

8 1,66 0,06 

Dairy creams 0507 - - - - - - - - - - 

Pasta 0602 57,05 40,12 - 160,0
0 57,16 38,73 0,28 160,0

0 
-

0,11 -0,00 
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Filled pasta 
06020

1 
14,19 15,90 - 65,22 12,42 14,03 - 70,59 1,76 0,14 

Rice 
06020

2 15,02 11,37 - 29,57 11,47 10,42 - 36,43 3,56 0,31 

Pasta like 
cereal-based 

products (not 
100% cereal) 

06020
4 

2,49 6,85 - 29,57 4,84 9,21 - 36,43 -
2,35 

-0,49 

White bread 
06030
101 

123,6
8 230,71 - 1.188

,00 
115,9

5 225,45 - 1.188
,00 7,74 0,07 

Non-white bread 
06030
102 60,11 100,43 - 

396,0
0 72,82 157,46 - 

784,0
0 

-
12,7

1 
-0,17 

Breakfast 
cereals 

0604 12,45 15,72 - 56,25 14,14 19,83 - 80,22 -
1,69 -0,12 

Salty biscuits, 

aperitif, biscuits, 
crackers 

0605 3,83 12,61 - 58,33 6,58 23,81 - 
122,5

0 
-

2,75 -0,42 

Red meat 0701 40,71 51,95 3,08 276,0
0 29,18 26,91 - 98,57 11,5

3 0,40 

White meat 0702 40,75 30,19 - 141,0
0 

41,25 30,80 - 140,6
4 

-
0,50 

-0,01 

Game and offal 

meat 
0703 2,38 7,47 - 39,43 3,55 14,52 - 79,29 

-
1,16 -0,33 

Processed meat 0704 20,12 20,25 - 73,29 18,88 21,28 - 73,29 1,24 0,07 

Fish 0801 47,33 37,97 - 163,4
3 

44,18 33,04 - 99,65 3,15 0,07 

Crustaceans, 

clams 
0802 4,97 5,60 - 25,71 4,14 5,34 - 25,71 0,83 0,20 

Egg 0901 18,06 14,86 - 51,43 17,13 13,62 - 51,43 0,92 0,05 

Liquid egg 
09010

1 3,69 16,15 - 85,71 6,99 22,00 - 85,71 
-

3,30 -0,47 

Other fats 1000 2,08 2,54 - 12,01 1,84 3,25 - 17,60 0,24 0,13 

Oils 1001 9,04 5,63 - 21,10 9,77 6,20 - 22,69 
-

0,74 -0,08 

Butter 1002 0,80 1,27 - 4,57 0,57 0,96 - 4,29 0,23 0,40 

Margarine 1003 0,00 0,02 - 0,08 0,09 0,29 - 1,43 -
0,08 

-0,97 

Mix butter 

margarine 

10030
2 - - - - - - - - - - 

Sugar, honey, 
jam, syrup 

1101 8,26 12,82 - 55,99 7,81 12,31 - 54,99 0,44 0,06 

Chocolate, candy 
bars, paste, 

confetti/flakes 

1102 15,06 23,94 - 87,50 9,84 12,71 - 42,86 5,23 0,53 

Ice cream 
11050

1 11,12 24,02 - 116,6
7 8,73 15,33 - 75,00 2,40 0,27 

Cakes, pies, 
pastries, 

puddings (non-
milk based) 

1201 13,91 22,05 - 
111,8

1 14,49 24,03 - 
118,1

3 
-

0,58 -0,04 

Dry cakes, 

biscuits 
1202 3,81 6,77 - 32,22 2,30 3,09 - 13,13 1,50 0,65 

Arbonated/soft/i

sotonic drinks, 
diluted syrups 

1302 8,64 18,14 - 69,14 13,23 30,41 - 150,0
0 

-
4,60 -0,35 

Coffee 
13030

1 
66,61 39,49 - 150,0

0 
69,75 43,19 - 150,0

0 
-

3,14 
-0,04 

Decaffeinated 

coffee 

13030
101 8,93 34,24 - 

150,0
0 17,14 60,97 - 

300,0
0 

-
8,21 -0,48 

Tea 
13030

2 55,98 118,02 - 525,0
0 42,68 73,93 - 300,0

0 
13,3

0 0,31 

Water 1304 1.516,
67 516,68 500,

00 
2.500
,00 

1.450,
00 562,48 500,

00 
2.500
,00 

66,6
7 0,05 
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Wine 1401 53,13 77,48 - 
294,6

4 64,27 87,40 - 
285,7

1 

-
11,1

3 
-0,17 

Beer 
14030

1 97,04 241,34 - 1.272
,86 

103,5
8 182,65 - 848,5

7 
-

6,55 -0,06 

Spirits, brandy 1404 1,15 2,61 - 11,43 1,58 3,10 - 14,29 -
0,43 

-0,27 

Cocktails, 

punches 
1407 10,17 22,87 - 

117,8
6 12,11 29,25 - 

160,7
1 

-
1,93 -0,16 

Sauces 
15010

0 3,20 3,03 0,06 14,64 2,11 1,72 0,10 5,84 1,10 0,52 

Tomato sauces 
15010

1 14,64 12,14 0,58 59,73 14,14 11,28 0,07 53,89 0,50 0,04 

Ketchup 
15010
101 

0,30 1,03 - 5,43 0,12 0,43 - 1,99 0,18 1,55 

Mayonnaises 

and similars 

15010
3 0,38 2,11 - 11,54 0,05 0,25 - 1,36 0,34 7,50 

Condiments 1504 1,74 2,34 - 8,36 1,83 2,27 - 8,97 
-

0,09 -0,05 

Miscellaneous 17 0,15 0,60 - 3,00 0,10 0,55 - 3,00 0,05 0,50 

Soya products 1701 11,33 55,55 - 
303,2

9 11,33 55,55 - 
303,2

9 - 0 

Other dietetic 
products 

17020
0 1,21 3,93 - 15,00 0,71 2,94 - 15,00 0,50 0,70 

Snacks 1703 5,96 13,95 - 67,50 4,40 8,14 - 39,38 1,56 0,35 

Pizza 
17030

3 35,79 22,99 3,80 130,2
9 36,93 28,90 2,53 130,2

9 
-

1,15 -0,03 

Non-dairy 
creams, 

creamers 

1704 0,17 0,80 - 4,33 0,36 1,70 - 9,29 -
0,19 

-0,53 

Sweet food 
spreads 

17040
1 0,30 0,75 - 3,93 0,96 2,24 - 10,00 -

0,66 -0,69 

 

The results of the agreement test between the 2 administrations of the SQFFQ obtained 
from the calculation of Cohen's kappa coefficient are shown in Table 4. Cohen's kappa values 
generally indicated good agreement. Insufficient agreement, with Cohen's Kappa values < 
0.21, was observed for only three food groups (snacks, sauces, mayonnaises) out of the 61 
examined. Agreement levels were as follows: 12 food groups showed fair/sufficient 
agreement (Cohen's kappa 20-40), 23 foods exhibited good/moderate agreement (Cohen's 
kappa >40-60), and 22 food groups demonstrated high substantial agreement (Cohen's 
kappa >60). 
 

Table 4. Results of the agreement test  

Variable Label Agreement Expected 
Agreement 

Cohen’s 
Kappa 

Prob>Z 

0101 Potatoes 53,33% 33,33% 0,30 0,010 
0102 Sweet potatoes 83,33% 37,78% 0,73 - 
0200 Vegetables 73,33% 33,33% 0,60 - 
0201 Leafy vegetables (except cabbages) 73,33% 33,33% 0,60 - 
0202 Other vegetables 56,67% 33,33% 0,35 0,003 
0203 Root vegetables 80,00% 33,33% 0,70 - 
0204 Cabbages 76,67% 33,33% 0,65 - 
0207 Onion,garlic 63,33% 33,33% 0,45 0,000 
0208 Stalk vegetables,sprouts 60,00% 33,33% 0,40 0,001 
0301 Legumes 80,00% 39,44% 0,67 - 

040101 Citrus fruits 80,00% 33,33% 0,70 - 
040103 Fruits 66,67% 33,33% 0,50 - 
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0402 Nuts and seeds (+ nut spread) 60,00% 33,33% 0,40 0,001 
0501 Milk 73,33% 34,22% 0,59 - 
0503 Yogurt, thick fermented milk 90,00% 33,33% 0,85 - 
0505 Cheese 60,00% 33,33% 0,40 0,001 
0602 Pasta 66,67% 33,33% 0,50 0,000 

060201 Filled Pasta 80,00% 33,33% 0,70 - 
060202 Rice 60,00% 34,22% 0,39 0,001 
060204 Pasta like cereal-based products 

(other than cereals) 
56,67% 42,00% 0,25 0,016 

06030101 White bread 66,67% 33,33% 0,50 0,000 
06030102 Non-white bread 63,33% 33,33% 0,45 0,000 

0604 Breakfast cereals 70,00% 33,33% 0,55 - 
0605 Salty biscuits, aperitif, biscuits, 

crackers 
80,00% 67,78% 0,38 0,017 

0701 Red meat 70,00% 34,67% 0,54 - 
0702 White meat 73,33% 32,89% 0,60 - 
0703 Game and offal meat 90,00% 62,44% 0,73 - 
0704 Processed meat 66,67% 33,33% 0,50 0,000 
0801 Fish 70,00% 33,33% 0,55 - 
0802 Crustaceans, clams 70,00% 33,33% 0,55 - 
0901 Egg 83,33% 36,22% 0,74 - 

090101 Liquid egg 93,33% 81,78% 0,63 0,000 
1000 Oil 53,33% 33,33% 0,30 0,010 
1002 Butter 66,67% 34,67% 0,49 0,000 
1101 Sugar, honey, jam, syrup 80,00% 33,33% 0,70 - 
1102 Chocolate, candy bars, paste, 

confetti/flakes 
76,67% 33,33% 0,65 - 

110501 Ice cream 60,00% 33,33% 0,40 0,001 
1201 Cakes, pies, pastries, puddings 

(non milk based) 
73,33% 33,33% 0,60 - 

1202 Dry cakes, biscuits 66,67% 33,56% 0,50 0,000 
1302 Carbonated/soft/isotonic drinks, 

diluted syrups 
73,33% 41,56% 0,54 - 

130301 Coffee 76,67% 39,56% 0,61 - 
13030101 Decaffeinated coffee 96,67% 84,67% 0,78 - 

130302 Tea 73,33% 33,33% 0,60 - 
1304 Water 53,33% 30,22% 0,33 - 
1401 Wine 96,67% 33,33% 0,95 - 

140301 Beer 63,33% 33,44% 0,45 0,000 
1404 Spirits, brandy 73,33% 48,89% 0,48 0,001 
1407 Cocktails, punches 66,67% 34,67% 0,49 0,000 

150100 Sauces 43,33% 33,33% 0,15 0,123 
150101 Tomato sauces 70,00% 33,33% 0,55 - 

15010101 Ketchup 93,33% 76,67% 0,71 - 
150103 Mayonnaises and similars 93,33% 93,56% -0,03 0,575 

1504 Condiments 53,33% 33,33% 0,30 0,010 
17 Miscellaneous 96,67% 90,44% 0,65 0,000 

1701 Soya products 100,00% 87,56% 1,00 - 
170200 Other dietetic products 96,67% 84,67% 0,78 - 

1703 Snacks 46,67% 33,33% 0,20 0,060 
170303 Pizza 83,33% 45,00% 0,70 - 

1704 Non-dairy creams, creamers 96,67% 84,67% 0,78 - 
170401 Sweet food spreads 63,33% 33,33% 0,45 0,000 

 
Therefore, the ad hoc designed SQFFQ provides a reasonably repeatable measure of dietary 
intake and can be used to assess the dietary and drinking habits of volunteers in this age 
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group. Most staple foods in the Italian diet, including pasta, fruit, vegetables, legumes, eggs, 
meat, coffee, and tea, are well estimated by the SQFFQ. However, challenges and difficulties 
persist, as well-described in the literature, particularly in estimating the consumption of 
foods consumed sporadically (such as snacks) or in small quantities such as spices. 
Definitive conclusions will be drawn after the completion of the ongoing external validation, 
involving 100 volunteers from the same age group. In this phase, the SQFFQ is going to be 
validated against the gold standard, represented by a 4 days-food diary.  

 

4.3 miRNA signature to predict recurrence in stage I-III 

eoCRCs 

 

4.3.1 Discovery phase 

 
To identify a miRNA signature for stratification of patients with low- and high-risk stage I 
and III eoCRC, and therefore to identify differentially expressed miRNAs in eoCRC patients 
with and without recurrence, we performed genomewide, high-throughput, small RNA-
sequencing in FFPE-derived RNA in the Discovery cohort of patients with stage II-III eoCRC 
(n=20; 10 recurrent and 10 non-recurrent). 
These sequencing efforts initially led to the identification of 35 miRNAs out of 268 that were 
significantly and differentially expressed between patients with eoCRC experiencing post-
curative intent surgery recurrence and those without recurrence. In particular, we found 18 
up-regulated and 17 down-regulated miRNAs in eoCRCs experiencing recurrence compared 
to eoCRC without recurrence (Fig. 15A). 
Subsequently, we performed univariate LASSO-based Cox regression analysis and AUC-
based evaluation which yielded a panel of 10 best-performing target miRNAs, including: 
hsa-let-7g-5p, hsa-miR-125b-2-3p, hsa-miR-125b-5p, hsa-miR-142-3p, hsa-miR-15b-3p, 
hsa-miR-30e-5p, hsa-miR-365a-3p, hsa-miR-410-3p, hsa-miR-654-3p, and hsa-miR-99a-5p 
(Tab. 5).  
 
Table 5. Selected microRNA genes 

miRNA name Base Mean Log2 Fold Change P value AUC 
hsa-miR-125b-5p 1835.618443 1.125609884 7.73E-05 0.939393939 
hsa-miR-654-3p 125.6082911 0.786300883 0.001165211 0.939393939 
hsa-miR-410-3p 107.4597691 0.650584929 0.001871584 0.939393939 
hsa-miR-30e-5p 8030.774299 -0.537393936 0.001996273 0.919191919 

hsa-miR-365a-3p 71.48834822 0.822557382 0.003058388 0.919191919 
hsa-let-7g-5p 5637.914671 -0.343753675 0.004480106 0.919191919 

hsa-miR-125b-2-3p 67.66862698 1.522615732 0.000232049 0.898989899 
hsa-miR-99a-5p 770.1452165 1.400822254 0.000373016 0.898989899 
hsa-miR-142-3p 807.4770031 -1.178800775 0.000151859 0.888888889 
hsa-miR-100-5p 4853.758414 0.996673131 0.00102211 0.878787879 
hsa-miR-15b-3p 114.9609699 -0.738961969 0.008867044 0.878787879 
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This panel of candidate miRNAs showed significant differences in expression between eoCRC 
patients with and without recurrence: the hsa-miR-365a-3p, hsa-miR-410-3p, hsa-miR-654-
3p, hsa-miR-125b-5p, hsa-miR-125b-2-3p and hsa-miR-99a-5p resulted up-regulated in 
eoCRCs experiencing recurrence, while hsa-let-7g-5p, hsa-miR-142-3p, hsa-miR-15b-3p, 
and hsa-miR-30e-5p were found up-regulated in eoCRCs without recurrence (Fig. 15B). 
Unsupervised clustering of the expression levels of the candidate miRNA revealed that the 
only clinically relevant factor co-segregating with the unsupervised clustering was the 
development of recurrence in the five years following curative intent surgery (Fig. 15C). The 
heatmap shows a clear separation between eoCRC experiencing recurrence and those not 
experiencing recurrence. We finally used this panel of 10 miRNAs to assess the hazard ratio 
(HR) of recurrence for each individual miRNA (Fig. 15D), demonstrating that hsa-miR-365a-
3p (HR 6.0; 95% confidence interval (CI) 1.7-20.9) , hsa-miR-410-3p (HR 8.4; 95% CI 1.8-
39.1), hsa-miR-654-3p (HR 6.6; 95% CI 1.6-28.0), hsa-miR-125b-5p (HR 7.2; 95% CI 1.9-
26.9), hsa-miR-125b-2-3p (HR 2.7; 95% CI 1.3-5.7) and hsa-miR-99a-5p (HR 2.7; 95% CI 
1.2-6.1) carry the higher risk of eoCRC recurrence. Conversely, hsa-let-7g-5p (HR 0.003; 
95% CI 0.00-0.13), hsa-miR-142-3p (HR 0.3; 95% CI 0.10-0.86), hsa-miR-15b-3p (HR 0.07; 
95% CI 0.01-0.55), and hsa-miR-30e-5p (HR 0.02; 95% CI 0.00-0.33) are associated with 
a higher likelihood of non recurrence.  
 

4.3.2 Training and validation phases 

 
To validate the results found during the discovery phase and to evaluate the diagnostic 
potential of the 10-miRNA signature in identifying eoCRC patients at high-risk of recurrence, 
we examined its performance in FFPE tissues of other two clinical cohorts: the Training and 
Validation cohorts.  
The majority of the patients received a follow-up of at least up to 5 years (median 85.4, 
95% confidence interval [CI] 68.87-104.75), unless they died first.  
First, we analyzed the differential expression of the 10 miRNAs signature using qRT-PCR 
assay in a Training cohort of 88 FPPE samples from Spanish patients with stage I-III eoCRC 
(24 recurrent and 63 non-recurrent eoCRCs). Using XGBoosting, the performance of this 
miRNAs panel was trained in the first FFPE cohort. The resulting learning model (Fig. 16A) 
was able to perform robustly and predict accurately the development of recurrence based 
on a hyper-selected panel of only 9 microRNAs, a slight improvement compared to the 10 
miRNA panel. More specifically, miR-99 appeared to be non-contributory to the model 
architecture because its expression levels could not further refine the accuracy of the 
prediction nor provide a gain for the model in any leaf (Figure 16B). The optimized XGBoost-
based 9-miRNAs risk-assessment model demonstrated a high accuracy in predicting 
recurrence in stage I-III eoCRC patients in the training cohort with an AUC value of 0.90 
(95% CI 83-95%) (Figure 16C) with a Youden index of 64.9% (CI95%, 55%-82%), an 
accuracy of 81.8% (77-93%), sensitivity 84.0% (65-96%), specificity 81.0% (72-98%). The 
raincloud plot (Figure 16D) shows the distribution of XGB prediction scores between eoCRC 
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values were extremely informative in the negative direction, with almost all patients being 
well separated from the 0-value line, but fewer patients being separated from it in the 
positive side. We then interrogated the inner workings our model at the patient level by 
means of force plots, which revealed that, for the few patients with low let-7g SHAP values, 
the greatest contribution to the model prediction came from miR-125-b2-2, miR-365, or 
miR-410 (Fig. 18B). The three patients here portrayed are representative examples.   
We then evaluated the survival characteristics of the XGB model and observed that our 9-
miRNA model can discriminate effectively between recurrent and non-recurrent cases up to 
20 years after surgical resection (Fig. 19A), with most cases occurring in the first few years 
after surgery. While the entire training cohort had a median recurrence free survival (mRFS) 
of 67.5 months (IQR: 21.9-111.5), there were statistically significant differences between 
patients classified as high-risk vs. low-risk. Patients predicted to be at a high risk of 
recurrence by the XGB model had a statistically significant cumulative hazard of disease 
recurrence than those classified as low-risk (p<0.001, Fig. 19B). Likewise, patients with a 
high-risk 9-miRNA signature a significantly shorter mRFS versus low-risk patients (24.4 
months, CI95%: 14.6 – NA, versus median not reached, χ2 = 38.8, p<0.0001) (Fig. 19C).  
 

 
Figure 19: Survival curves 

(A) Swimmers plot demonstrates that the learning algorithm can discriminate between recurrent and non-
recurrent cases up to 20 years after surgical resection; (B) Cumulative hazard of disease recurrence in 

patients predicted to be at a high risk of disease recurrence (purple) vs. low risk (green); (C) Kaplan-Meier 
curve demonstrating the probability of disease recurrence between patients classified as high risk (purple) 

and low risk (green). 
 

 

In view of the encouraging results of the tissue-based 9-miRNA panel in discriminating 
between recurrent and non-recurrent eoCRC in the training cohort, the robustness and 
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accuracy of our risk-assessment model were assessed in a separate and independent cohort 
of 69 FFPE samples from Japanese patients with stage I-III eoCRCs (9 recurrent and 60 
non-recurrent), the Validation cohort  (Fig. 20). 
The XGBoost-based risk-assessment model, incorporating 9-miRNAs, exhibited good 
accuracy in predicting recurrence among stage I-III eoCRC patients in the validation cohort, 
achieving an AUC value of 77.3% (95% CI 67.0-87.0%; Fig. 20A), with a sensitivity of 100% 
(88-100%), specificity of 62.9% (55-82%), accuracy 66.7% (59.0-83.0%), and Youden 
index of 62.9% (54-73%). Despite the substantial differences between the two cohorts, 
these results confirm that the findings from the training cohort are transferrable to an 
independent, differently composed, and ethnically distinct cohort of patients, a finding that 
speaks of the general reliability and robustness of the approaches employed to limit 
overfitting. Even with notable differences between the two cohorts, such as varying 
proportions of recurrent vs. non-recurrent cases and differences in ethnicity, the Waterfall 
plot represented in Figure 20B demonstrates that our 9-miRNAs risk-model has high 
sensitivity even in the ethnically distant and independent validation cohort.  
 

 
Figure 20: Validation Analyses 

(A) ROC curved of the training and validation cohorts; (B) Waterfall plot representative of the Z-normalized 
risk scores observed in the validation cohort between eoCRC cases with and without a recurrence (gold and 

blue, respectively) 

 
 
Even under such constrains, the Kaplan-Meier analyses revealed that over 10 years of follow-
up, all patients who developed a recurrence were correctly classified as high risk, while also 
capturing the majority of non-recurrent cases as low risk (62.9%), for an overall χ2 = 9.6, 
p<0.002 (Fig. 21A). We finally demonstrated a remarkable stability of the trained 9miRNA 
risk assessment model, as showed by the comparison of the Youden index obtained for the 
training and validation cohort (Fig. 21B), both reaching a value > 0.5. Finally, 1000 
Bootstrap demonstrated that both the training and validation cohorts have a peak Youden 
index > 60%, further validating the stability of the model in patients of both Caucasian 
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To estimate the clinical significance of the miRNA panel, decision curve analysis (DCA) was 
performed (Fig. 22A). The DCA curve revealed that a surveillance strategy based on our 9-
miRNA panel achieved a higher net benefit in comparison with a surveillance strategy that 
would be aggressive for all patients, no patient, or based on clinical characteristics. This 
clinical approach was derived by fitting a logistic regression model based on six features 
(age, biological sex (male, female), tumor localization (right, left), tumor grade (high, 
intermediate, low), vascular invasion (yes, no), and lymphatic invasion (yes, no)). We then 
plotted the Net Benefit curves of the four models to estimate that the 9-miRNA model 
provided the greatest clinical effects in a population starting at a high-risk threshold 
corresponding to 0.12, that is to say, a cost:benefit ratio of 3:22. This implies that, adhering 
to the cost:benefit threshold value of roughly 1:4, a surveillance strategy based on our 
miRNA panel would classify 45.2% (95% CI: 33.8-74.5%) of eoCRC patients as being high-
risk, with a true-positive rate of 68.8% (95% CI 62.5-93.8%) (Fig. 22B). 
In particular, we observed a net benefit of the surveillance based on our microRNA signature 
compared to the clinical-based surveillance especially in stage I and II high risk eoCRC, 
representing the subgroups of patients that could benefit more from more aggressive post-
treatment follow-up strategies (Fig. 22C-E). 
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Figure 22: Decision Curve Analysis 

(A) Unstandardized Net Benefit and cost: benefit analysis of a surveillance strategy based on our microRNA 
panel vs. clinical characteristics vs. treat all vs. treat none approaches; (B) Clinical Impact of a strategy 

based on a microRNA panel; (C-E) Net benefit analysis and cost: benefit analysis of our microRNA-based 
strategy vs. clinical factors for EOCRC diagnosed in stage I (C), a compound cohort of both stages I and II 

(D), and stage III (E) 
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DISCUSSION 
 

5.1 Genetic risk assessment 
 
In this doctoral project, we firstly aimed at evaluating the association of family history of 
CRC with eoCRC and assessing the prevalence of germline PVs through NGS-based 
multigene panels testing and MLPA. 
We demonstrated that 71.4% of eoCRCs did not have a family history of CRC. Conversely, 
19% of eoCRCs reported having a FDR with CRC and 12.4% had a SDR with CRC; three 
patients had both a FDR and SDR with CRC and were all Lynch patients. 
Several studies are present in the literature concerning family history of CRC in young 
patients with eoCRC with similar results. 
In a case series of 94 patients with eoCRC diagnosed before the age of 30 years, 57% did 
not report any family history of CRC, and less than 5% fulfilled the Amsterdam II criteria 
[276]. In a registry-based retrospective study of 5710 eoCRC and 11800420 age-matched 
healthy controls, eoCRCs more commonly had a family history of cancer (OR 11.66; 95% 
CI 10.97–12.39), gastrointestinal malignancies (OR 28.67; 95% CI 26.64–30.86), and 
polyps (OR 8.15; 95% CI 6.31–10.52). This was confirmed when eoCRCs were compared 
with loCRC (OR for family history of cancer 1.78; 95% CI, 1.67–1.90; OR for gastrointestinal 
malignancies 2.36; 95% CI 2.18–2.55; OR for polyps 1.41; 95% CI, 1.08– 1.20) [60]. 
In a retrospective, case-control study of 253 eoCRC and 232 loCRC, patients with eoCRC 
more frequently reported a family history of CRC (25% vs 17%; P = 0.03) or having a 
hereditary cancer syndrome (7% vs 1%; P < 0.01) [50]. Another retrospective study of 107 
eoCRC and 139 loCRC, showed similar results in terms of family history of CRC (30% eoCRC 
vs 16% loCRC, P = 0.02) [277]. Finally, also a Dutch retrospective, registry-based, case-
control study (521 patients with CRC at <40 years and 15000 with CRC at ages 66–75), 
described a more marked family history of CRC in eoCRC cohort of patients (24.1% vs 
12.4%; P < 0.0001) [61]. 
  
We also observed that 33.3% mutated eoCRCs had a FDR with CRC at a mean age of 46 ± 
12.6 y, while 15.5% non-mutated eoCRCs referred a FDR with CRC at a mean age 66.4 ± 
8.3 y. 
There is a consensus that having at least 2 first-degree relatives with CRC and/or at least 1 
first-degree relative diagnosed with CRC before the age of 50–60 years are associated with 
a significant increase in risk for CRC. In these situations, screening colonoscopy starting at 
40 years (or 10 years before the age at diagnosis of the youngest affected relative) is usually 
recommended. Indeed, a recent study showed that up to 16% of eoCRC could be prevented 
[89] if colonoscopy was performed at the age recommended by guidelines based on family 
history [91–95].  
Therefore, as recently stated in the DIRECTt guidelines on eoCRCs, our results confirm that 
family history of CRC can inform risk assessment for both syndromic and non-syndromic 
CRC [1]. A thorough family history should be routinely collected for all individuals with eoCRC 
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through validated risk assessment tools to identify patients who would benefit more from 
germline genetic testing and from dedicated colonoscopy screening timelines. Among these 
risk assessment tools the Colon Cancer Risk Assessment Tool and the PREMM5 are the most 
important [96,97]. The PREMM5 tool can be used to determine the likelihood of a PV/LPV 
in a LS gene.  
  
We finally found that 20% of eoCRC carried a germline PV of genes known to be associated 
with CRC. In detail, 12.4% eoCRC carried a germline PV of mismatch repair genes 
responsible of Lynch syndrome, 2.9% of BRCA1-2 responsible of Hereditary breast and 
ovarian cancer syndrome, 3.8% of MUTYH of which 3 were heterozygous and 1 
homozygous, with the latter responsible of MAP. Moreover 0.9% eoCRC had a PV of ATM 
and 0.9% of SDHAF2. One patient exhibited mosaicism of PVs in MSH2/MUTYH genes. 
Thirteen studies are available in literature on prevalence of PV/LPVs in cancer susceptibility 
genes in individuals with eoCRC. NGS revealed that the prevalence of PVs in cancer genes 
is 9.0%–35% among patients with eoCRC. The prevalence of LS was variable from 0% to 
18.3%. The prevalence of other, non-LS, hereditary predisposition PV/LPV ranged from 
2.3% to 23.1% (Tab. 6).  
 

Table 6. Articles Providing the Prevalence of PV/LPV in Cancer Susceptibility Genes Among 

Early-Onset Colorectal Cancer Patients (modified from [1]). 

Article Age (y) N. 

genes 

PV/LPV Cohort Prevalence 

of Lynch 
syndrome 

(%) 

Prevalence of 

PV/LPV in 
non-Lynch 

syndrome 
cancer genes 

(%) 

Overall 

prevalence 
of PV/LPV  

in cancer 
susceptibility 

genes (%) 

Laduca 2020 
[100] <50 subset 5–49 362 4017 5.3 4.7 9.0 

Jiang 2020 
[278] <50 subset 14 47 261 15.7 2.3 18 

Zhunussova 
2019 [98] 

<50 94 20 125 2.4 13.6 16 

You 2019 [279] <50 mts 46 10 67 2.9 12 14.9 
Mork 2019 [101] ≤ 35 >1 24 136 18.3 11.1 29.4 

AlDubayan 
2018  [112] <50 subset 54 5 35 0 14.3 14.3 

Stoffel 2018 
[48] < 50 >1 85 430 13.5 6.5 20 

Pearlman 2017 
[47] 

< 50 25 72 450 8 8 16 

DeRycke 2017 
[280] < 50 36 88 333 13.5 12.9 26.4 

Chubb 2016 
[281] ≤ 55 WES 158 1006 11 4.7 15.7 

Mork 2015 [46] < 35 >0 67 193 11.9 23.1 35 
Toh 2018 [282] < 50 64 12 88 0 13.6 13.6 
Yurgelun 2017 

[109] 
<50 subset 25 40 336 6.3 5.6 11.9 

 
Estimating the impact of PVs in eoCRC predisposition remains an active field of research. 
With massive use of multigene panel testing, some recent trials have reported a significant 
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number of unexpected diagnoses. These include PVs in BRCA1/2, ATM, TP53, CDKN2A, 
CDH1, as well as other genes listed in Table 7. 
However, as stated in the DIRECt guidelines, we agree with the recommendation that all 
patients with eoCRC should be offered multi-gene panel germline genetic testing before 
treatment to maximize clinical utility, when feasible. Germline genetic testing for eoCRC 
should include at a minimum: APC, BMPR1A, EPCAM, MLH1, MSH2, MSH6, MUTYH, POLD1, 
POLE, PMS2, PTEN, SMAD4, STK11, and TP53. Where available and not cost-prohibitive 
testing should also include the following genes that are reasonably prevalent in CRC and 
change clinical management: BRCA1, BRCA2, ATM, CHEK2, PALB2, and possibly, but less 
prevalent, BRIP1, BARD1, CDKN2A, CDH1, RAD51C, and RAD51D. Genetic testing should 
also include the following genes associated with CRC or polyposis: AXIN2, GREM1, MLH3, 
MSH3, MBD4, NTHL1, RNF43, and RPS20 [1]. 
 

Table 7. Data from all published articles regarding the prevalence of PV/LPV in each gene among eoCRC 

(modified from [1]) 

Gene Positive Prevalence (%) 

Colorectal cancer genes: 
Lynch sd. Genes (MLH1, MSH2, MSH6, PMS2, 

EPCAM) 

APC 
Biallelic MUTYH 

SMAD4 

BMPR1A 
STK11 

PTEN 
GREM1 

AXIN2 
POLE/POLD1 

 
551 
93 
47 
11 
6 
2 
2 
1 
- 
4 

 
7.7 
1.3 
0.7 
0.2 
0.09 
0.03 
0.03 
0.04 

- 
0.1 

Other actionable cancer genes 
BRCA1/2 

CHEK2 
ATM 

TP53 
PALB2 

BRIP1 

CDKN2A 
CDH1 

 
50 
56 
29 
14 
7 
5 
3 
6 

 
1.2 
0.8 
0.7 
0.2 
0.2 
0.1 
0.09 
0.09 

 

 

5.2 SQFFQ’s repeatability 
 
Given that hereditary gastrointestinal tumor syndromes only contribute to a small portion of 
eoCRCs, it is essential to explore exogenous risk factors to gain a deeper understand eoCRC 
pathogenesis. Alcohol intake, physical activity, red and processed meat, and a Western 
dietary pattern are well demonstrated loCRC risk factors [124–130]. On the contrary, there 
have been relatively few studies on eoCRCs and their precursors, with the majority being 
case–control studies and only a handful being prospective studies that have analyzed 
dietary, lifestyle, and anthropometric risk factors [59,131–137]. Most of those studies were 
small, heterogeneous, focused exclusively on peculiar dietary and drinking habits of single 
countries without analyzing cooking, processing, and storage techniques.  

https://paperpile.com/c/3Nn0xe/g8Ya
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Therefore, to comprehensively evaluate the association of dietary, lifestyle and 
anthropometric factors with eoCRC at global level, we designed an international case-control 
study, called DEMETRA. This study will involve populations from different European and 
American countries, characterized by large variations in dietary habits and eoCRC risk. These 
countries differ markedly in terms of climate, physical geography, history and wealth, with 
corresponding variations in diet, eating behaviors, cooking and storage methods. To 
overcome this issue, our 2nd aims were to develop a unique and shared SQFFQ able to 
accurately describe dietary and drinking habits of eoCRCs and healthy controls of different 
countries at global level that will be involved in the future DEMETRA study and to validate 
the SQFFQ.  
To reach this aim we designed a shared, online, detailed SQFFQ investigating the usual 
consumption of 329 foods, grouped into 61 food groups, over the past year. The SQFFQ 
contains 25 sections: fruit, vegetables, legumes, red meat, white meat, game and offal, 
processed meat, fish, shellfish, milk and vegetables substitutes, yogurt and other dairy and 
non-dairy fermented products, cheese, bread, eggs, sweets/desserts/snacks, sugar, coffee, 
tea, drinks (sugary drinks, wine, beer, spirits), protein powders, pasta, rice, other cereals 
and pseudocereals, pizza, cooking fats and sauces. Each section analyzes food consumption 
through 8-9 questions, concerning:  

(i) Food portion: the quantity of most of the consumed food was assessed by means 
of the respondent’s selection of a food portion image; each set of images included 
6 food portions. Conversely, drinks and milk were quantified with the aid of 
pictures of standard units such as glasses and cups; fruit was evaluated in 
standard unit (1 unit = one apple, one orange, 2 tangerine, 2 apricots, 2 medlars 
or ½ mug of berries or grapes [1 mug = 250 ml] or 1 slice of watermelon or 2 
slices of pineapple); bread was quantified using number of slices and loaves.  

(ii) Frequency of consumption, expressed as the number of times a given food item 
was consumed (Rarely [<1 time per month], 1-3 times per month, once a week, 
2-4 times per week, 5-6 times per week, once a day, twice a day, 3-4 times per 
day, >4 times per day). For fruits, vegetables, processed meat, fish, shellfish, 
cheese, bread, sweet/dessert/snacks, pasta, and rice we also evaluated the 
relative consumption of different subtype (never, sometimes, half the time, often, 
always);  

(iii) If the food was organic and consumed according to the seasonality  
(iv) Types of seasoning 
(v) Methods of cooking and storage: questions about food processing methods are of 

note. Indeed, food processing can have a marked influence on the quality and 
safety of foods, particularly because processing often involves the addition of 
various chemicals and cooking at high temperatures. These high-temperature 
cooking methods have been shown to be a source of mutagens and carcinogens 
such as heterocyclic amines and polycyclic hydrocarbons [283]. These substances 
induce breast tumors in rats [284] and have been implicated by dietary 
epidemiology studies as increasing the risk of breast [283,285,286] and colon 
cancer [287] in humans. 
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A software was finally developed to analyze responses and link them to food composition 
tables in order to provide a nutritional breakdown of individual and collective diets.  
 
Once the online platform was completed, the SQFFQ was validated for repeatability by 
administering it twice, 3 weeks apart, to a sample of 30 young adults under 50 years 
(Internal Validation). Agreement levels, represented by the calculation of Cohen's kappa 
coefficient, were as follows: 12 food groups showed fair/sufficient agreement (Cohen's 
kappa 20-40), 23 foods exhibited good/moderate agreement (Cohen's kappa >40-60), and 
22 food groups demonstrated high substantial agreement (Cohen's kappa >60). Therefore, 
the ad hoc designed SQFFQ provides a reasonably repeatable measure of dietary intake and 
can be used to assess the dietary and drinking habits of volunteers in this age group. Most 
staple foods in the Italian diet, including pasta, fruit, vegetables, legumes, eggs, meat, 
coffee, and tea, are well estimated by the SQFFQ. However, challenges and difficulties 
persist, as well-described in the literature, particularly in estimating the consumption of 
foods assumed sporadically (such as snacks) or in small quantities such as spices. 
Definitive conclusions will be drawn after the completion of the ongoing External validation, 
involving 100 volunteers from the same age group. In this phase, the SQFFQ will be 
validated against the gold standard, represented by a 4 days-food diary followed by a dietary 
recall. Once validation is complete, the international, multicenter, case-control study will 
start to evaluate the associations of diet, lifestyle and anthropometric factors with eoCRC 
comparing patients from countries with different incidence of eoCRC.  
 

 

5.3 miRNA signature as prognostic biomarker 
 
The detection of precursor lesions and early-stage CRC in average-risk, asymptomatic 
individuals is the goal of screening. Colonoscopy is still considered the gold standard for 
CRC screening due to its potential to both detect and remove precursor lesions. However, 
colonoscopy remains an invasive and expensive procedure, hampered by possible 
complications. Conversely, the non-invasive screening tests, fecal occult blood test (FOBT) 
and fecal immunochemical test (FIT), have a lower sensitivity and specificity than 
colonoscopy, at least for precursor lesions. This highlights the need for novel, simple and 
non-invasive strategies for the detection of precursor lesions and early-stage CRC [288]. 
 
5-year relative survival rates range from 93.2% for stage I, 82.5% for stage II, 59.5% for 
stage III, and 8.1% for stage IV [289]. Post surgery, 30% of stage II and 50% to 60% of 
stage III CRC develop a recurrence within 5 years [290]. Although there is general 
agreement that adjuvant chemotherapy in patients with stage III improves patient survival 
[78,291], the use of such treatments in stage II remains debatable due to lack of risk 
stratification for identifying true high-risk patients [79,292]. Current NCCN guidelines 
recommend adjuvant chemotherapy for patients with high-risk stage II CRC, where the risk 
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is primarily defined by the clinicopathologic features such as tumor size, number of lymph 
nodes investigated, degree of differentiation, tumor perforation, bowel obstruction, and 
lymph vascular invasion [79]. However, several studies have highlighted the inadequacy of 
these pathologic features in identifying such high-risk patients, providing a potential 
explanation for the lack of clinical benefit from adjuvant therapy in these patients [293,294]. 
Furthermore, a significant proportion of stage III suffer from adverse effects of adjuvant 
chemotherapy [289]. Moreover, the current TNM classification system for CRC staging is not 
completely adequate for prognosis and clinical decision-making, particularly for intermediate 
CRC stages (II-III) [295]. Therefore, there is also the need of biomarkers able to identify 
patients at higher risk of recurrence (prognostic biomarkers), as well as patients who would 
benefit from chemotherapy, immunotherapy and/or targeted therapy (predictive 
biomarkers). 
CRC develops through a stepwise accumulation of genetic and epigenetic alterations in 
precursor lesions eventually progressing to adenocarcinoma. Hence, epigenetic changes 
might be potential diagnostic and prognostic biomarkers for cancers. 
While biomarkers based on DNA methylation have already been commercialized, miRNAs 
are the most promising group of potential future biomarkers for CRC by virtue of their ability 
to resist RNAase-mediated degradation and their intact expression in a variety of human 
samples including FFPE. 
In the past decade, the number of studies investigating miRNAs in loCRC has increased 
exponentially [239,242,296–299]. One of those systematic studies was performed by 
Kandimalla et al. [298]. They used three independent genome-wide miRNA expression 
profiling datasets for biomarker discovery (n. 158) and in silico validation (n. 109 and n. 40) 
to identify a miRNA signature for predicting tumor recurrence in patients with stage II-III 
loCRC. Subsequently, this signature was trained and validated in retrospectively collected 
independent patient cohorts of fresh-frozen (n 127, cohort 1) and FFPE (n. 165 cohort 2 
and n 139 cohort 3). They identified an 8-miRNA signature that significantly predict cancer 
recurrence: miRNA-744, miiRNA-429, miRNA-362, miRNA-200b, miRNA-191, miRNA-30c2, 
miRNA-30b, and miRNA-33a. This miRNA signature has superior predictive power over 
clinicopathologic risk determinants and currently available commercial assays. 
For a limited number of miRNAs - miR-21[243], miR-224[300], miR-106a[301], miR-
29a[302] and miR-92a[303] - the first meta-analyses are now available in loCRC 
populations. However, none of these biomarkers has met the key requirements for adoption 
in the clinical setting at the present time, such as cohorts of more than 1000 individuals, 
inclusion of prospective studies and comparison with established screening or diagnostic 
methods. 
  
Studies evaluating the role of miRNAs as biomarkers in eoCRC populations are still very 
scant, mostly performed on small eoCRC cohorts and without independent validation 
cohorts. Ak et al. [304] evaluated the expression profiles of 38 different miRNAs associated 
with CRC through RT-PCR in tumors and surgical margin tissue samples from a small Turkish 
cohort of 40 sporadic eoCRCs. The expression of miRNA-106a was found to be upregulated, 
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and miRNA-143 and miRNA-125b levels were found to be downregulated in tumor tissues 
compared with the normal tissues. 
Liu et al. [305] analyzed mRNA and miRNA profiles of 3 cohort of sporadic eoCRC and 
sporadic loCRC. The expression of dystrophin (DMD) was found to be downregulated and 
that of miRNA-31-5p upregulated in eoCRC, compared with adjacent peritumoral tissue and 
loCRC. eoCRCs with low DMD expression had significantly poorer overall survival, cancer 
specific survival and recurrence free survival, possibly implying it as a prognostic biomarker. 
In 2022 Nakamura et al. [306] were the first who systematically established a circulating 4-
miRNA signature able to robustly identify patients with eoCRC. They firstly analyzed a large, 
publicly available, ncRNA expression profiling dataset (GSE115513, n. 42 FFPE from stage 
I/II eoCRC, N. 370 from loCRC, n. 62 normal mucosal samples from young adults <50y, n. 
587 normal mucosal samples from adults ≥50y), identifying a first tissue-based signature of 
7-miRNAs found upregulated in eoCRCs (AUC 0.82, 95% CI 0.73-0.91, p < 0.01, sensitivity 
0.72, specificity 0.84 for detection of eoCRC). This first tissue-based 7-miRNA signature 
found in the discovery phase, was then tested in plasma samples: 4 miRNAs (miR-193a-5p, 
miR-210, miR-513a-5p, and miR-628–3p) out of 7 were found to be expressed in blood 
samples in the discovery phase. Subsequently, the performance of the 4-miRNAs panel was 
examined by qRT-PCR in blood samples from 2 large, independent clinical cohorts. The 4-
miRNAs yielded an AUC of 0.92 (95% CI 0.85–0.96) for identification of eoCRC in blood 
samples of the training cohort (n. 72 eoCRC, n. 45 healthy donors <50y) and an AUC of 
0.88 (95% CI 0.82–0.93) in the validation cohort (n. 77 eoCRC, 65 non diseased controls). 
Moreover, the decreased expression of miRNAs in post-surgery plasma samples confirmed 
their tumor specificity, possibly implying it as a diagnostic biomarker as a non-invasive assay 
for young population screening. 
 
Our study represents a step forward in this direction. Indeed, we performed a systematic 
and comprehensive biomarker discovery that let us to identify a 9-miRNA tissue-based 
signature that is highly robust in the identification of eoCRCs at higher risk of recurrence 
who would benefit most from more aggressive post-treatment surveillance. 
Through a five-layer approach we developed a simple, inexpensive, and clinically feasible 
test that may be seamlessly transitioned into clinical practice immediately after completion 
of this project. The first phase of the study (Discovery) consisted in the systematic 
interrogation and profiling of miRNA expression levels in 20 FFPE samples of stage II-III 
eoCRCs that did (n 10) or did not (n 10) develop recurrence in five years following curative-
intent surgery. In phase two (Assay development), we performed several bioinformatic 
analyses and identified the 10 best candidate miRNAs that were differentially expressed in 
eoCRCs with and without recurrence, thus providing the highest discriminatory power 
between the two groups. The hsa-miR-365a-3p, hsa-miR-410-3p, hsa-miR-654-3p, hsa-
miR-125b-5p, hsa-miR-125b-2-3p and hsa-miR-99a-5p resulted up-regulated in eoCRCs 
experiencing recurrence, while hsa-let-7g-5p, hsa-miR-142-3p, hsa-miR-15b-3p, and hsa-
miR-30e-5p were found down-regulated in eoCRCs with recurrence. 
In the third phase, the performance of this first 10-miRNAs panel was trained in the FFPE 
training cohort (88 FFPE from stage I-III eoCRC who received curative-intent surgery; 24 
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recurrent and 63 non-recurrent). Because there is no unique and universally accepted 
normalized miRNA, we employed several bioinformatic approaches to rigorously establish 
the ideal candidate based on intra- and inter-group expression stability. In the Assay 
Training phase, we optimized and trained an advanced machine learning algorithm 
(XGBoost) to predict the development of eoCRC recurrence based on RT-qPCR data and 
performed several interrogations to the model to understand its functioning. The resulting 
learning model was able to robustly and accurately predict the development of recurrence 
based on a hyper-selected panel of only 9 microRNAs: hsa-let-7g-5p, hsa-miR-125b-2-3p, 
hsa-miR-125b-5p, hsa-miR-142-3p, hsa-miR-15b-3p, hsa-miR-30e-5p, hsa-miR-365a-3p, 
hsa-miR-410-3p, hsa-miR-654-3p. This high accuracy in predicting recurrence in the training 
cohort is shown by the AUC value of 0.90 (95% CI 83-95%) with a Youden index of 64.9% 
(CI95%, 55%-82%), accuracy of 81.8% (77-93%), sensitivity 84.0% (65-96%), specificity 
81.0% (72-98%). The feature providing the most contribution to the model was let-7g, 
followed consistently by iR-365, and miR-410. This 9-miRNA panel can discriminate 
effectively between recurrent and non-recurrent cases up to 20 years after surgical 
resection: patients predicted to be at a high risk of recurrence by the XGB model had a 
statistically significant cumulative hazard of disease recurrence than those classified as low-
risk (p<0.001). 
Finally, we performed an independent validation of our assay in a distinct and ethnically 
different validation cohort of 69 FFPE of stage I-III eoCRCs who received curative-intent 
surgery for eoCRC (9 recurrent and 60 non-recurrent). It should be highlighted that we 
decided to employ our test in particularly dire circumstances to truly establish its ability to 
capture the unique nature of eoCRC across diverse populations. First, we decided to test 
our model in an independent cohort. Second, such an independent cohort consisted of 
patients of a substantially different ethnic background, compared to the training cohort. It 
has been demonstrated that ethnicity plays a substantial role in determining one’s miRNA 
expression profile. Because we intended to generate a model as widely applicable as 
possible, we tested it in a very genetically different population to assess whether the test 
would be replicable. Finally and most importantly, we tested our model in a population 
comprising very few cases developing a recurrence (9/60). The results here presented would 
have probably benefitted from a more balanced validation cohort, because each 
misclassification would have impacted less on the overall performance. However, it should 
be highlighted that patients with eoCRC are at an increased risk of recurrence compared to 
loCRC, but their overall recurrence risk remains overall low. Therefore, we applied it to an 
independent cohort of patients where the overall recurrence prevalence was low, and the 
ethnicity was substantially different from the training cohort. The XGBoost-based risk-
assessment model, incorporating 9-miRNAs, exhibited good accuracy in predicting 
recurrence among stage I-III eoCRCs also in the validation cohort, achieving an AUC value 
of 0.77 (95% CI 67.0-87.0%), with a sensitivity of 100% (88-100%), specificity of 62.9% 
(55-82%), accuracy 66.7% (59.0-83.0%), and Youden index of 62.9% (54-73%). Despite 
substantial differences between the two cohorts, these results confirm that the findings from 
the training cohort are transferrable to an independent, differently composed, and ethnically 
distinct cohort of patients, a finding that speaks of the general reliability and robustness of 
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the approaches employed to limit overfitting. To truly gauge the effects that this assay 
would have in a real-world scenario, we performed several decision-curve analyses. The 
DCA curve revealed that a surveillance strategy based on our 9-miRNA panel achieved a 
higher net benefit in comparison with a surveillance strategy that would be aggressive for 
all patients, no patient, or based on clinical characteristics (age, biological sex (male, 
female), tumor localization (right, left), tumor grade (high, intermediate, low), vascular 
invasion (yes, no), and lymphatic invasion (yes, no)). Finally, we observed a net benefit of 
the surveillance based on our 9-miRNA signature compared to the clinical-based surveillance 
especially in stage I and II high risk eoCRC, representing the subgroups of patients that 
could benefit more from more aggressive post-treatment follow-up strategies. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 

6.1 Genetic risk assessment 
 
In our cohort of eoCRC, 20% of patients carried a germline PV of genes known to be 
associated with CRC. In detail, 12.4% eoCRC carried a germline PV of mismatch repair genes 
responsible of Lynch syndrome, 2.9% of BRCA1-2 responsible of Hereditary breast and 
ovarian cancer syndrome, 3.8% of MUTYH of which 3 were heterozygous and 1 
homozygous, with the latter responsible of MAP. Moreover 0.9% eoCRC had a PV of ATM 
and 0.9% of SDHAF2. Although 71.4% of eoCRCs did not have a family history of CRC, 19% 
of eoCRCs reported having a FDR with CRC and 12.4% had a SDR with CRC.  
Therefore, as recently stated in the DIRECTt guidelines on eoCRCs, all patients with eoCRC 
should be offered multi-gene panel germline genetic testing before treatment to maximize 
clinical utility, when feasible. Germline genetic testing for eoCRC should include at a 
minimum: APC, BMPR1A, EPCAM, MLH1, MSH2, MSH6, MUTYH, POLD1, POLE, PMS2, PTEN, 
SMAD4, STK11, and TP53. Where available and not cost-prohibitive testing should also 
include the following genes that are reasonably prevalent in CRC and change clinical 
management: BRCA1, BRCA2, ATM, CHEK2, PALB2, and possibly, but less prevalent, BRIP1, 
BARD1, CDKN2A, CDH1, RAD51C, and RAD51D. Genetic testing should also include the 
following genes associated with CRC or polyposis: AXIN2, GREM1, MLH3, MSH3, MBD4, 
NTHL1, RNF43, and RPS20 [1]. Family history of CRC should inform risk assessment for 
both syndromic and non-syndromic CRC [1]. Therefore, a detailed family history of cancer 
should be always collected for all eoCRC through validated risk assessment tools to identify 
patients who would benefit more from germline genetic testing and from dedicated 
colonoscopy screening timelines. 

 

6.2 The International Case-Control study 
 
The ad hoc designed SQFFQ provides a reasonably repeatable measure of dietary intake 
and can be used to assess the dietary and drinking habits of volunteers in this age group. 
Most staple foods in the Italian diet, including pasta, fruit, vegetables, legumes, eggs, meat, 
coffee, and tea, are well estimated by the SQFFQ. However, challenges and difficulties 
persist, as well-described in the literature, particularly in estimating the consumption of 
foods consumed sporadically (such as snacks) or in small quantities such as spices. 
 
Definitive conclusions will be drawn upon the completion of the ongoing external validation, 
involving 100 volunteers from the same age group. In this phase, the SQFFQ is going to be 
validated against the gold standard, represented by a 4 days-food diary.  
 
Afterwards, the international, multicenter, retrospective case-control study will be 
performed with the subsequent aims:  

https://paperpile.com/c/3Nn0xe/g8Ya
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▪ To evaluate the associations of dietary, lifestyle (smoking habit, alcohol intake, 
physical activity) and anthropometric factors with the onset of eoCRC by means of 
an ad hoc designed and shared online questionnaire, comparing eoCRCs with healthy 
age- and sex-matched controls (HCs) between countries with different eoCRC 
incidence. 

▪ To assess whether associations will differ among specific population subgroups (e.g., 
sex, ethnicity, country, smoking habits, BMI, physical activity, family history of CRC). 

 
The case-control study will recruit: 

▪ At least 758 patients with a recent diagnosis of eoCRC (diagnosis made within 1 years 
prior to enrollment). Retrospective data (dietary and lifestyle factors) related to the 
year prior to eoCRC diagnosis will be collected through an online platform. 

▪ At least 1516 healthy volunteers (controls), matched by age (matching range ± 5 
years) and sex with eoCRC. Healthy volunteers will be mainly enrolled among workers 
within the participating hospital center, followed regularly by preventive medicine. 
This enrollment will be carried out by e-mail invitation disseminated through the 
hospital's official mailing list. Retrospective data (dietary and lifestyle factors) related 
to the year prior to recruitment will be collected through an online platform. 

All eoCRC with a diagnosis of CRC between 18 and 49 years confirmed by histology (biopsy 
or surgical specimen in case of surgery), of all sexes, will be included, as well as Healthy 
controls with negative past and present history of cancer and a negative fecal occult blood 
test (FOBT), or negative colonoscopy. Exclusion criteria will be represented by: CRC 
diagnosed at ≥ 50 years (loCRC), diseases known to predispose to CRC (personal past or 
recent history of inflammatory bowel disease, past history of pelvic irradiation), inability to 
give written informed consents and to fill in the online questionnaire.  
 
The international study is actually involving 7 hospital centers in Italy, 7 in Finland, 2 in USA 
and is expected to recruit other hospital centers in Italy, USA, Germany, Spain, Norway, 
Netherlands, UK. 
 
Statistical design: 
Based on literature review and clinical considerations, given the lack of consensus in 
measuring risk factors as physical activity, alcohol, sugar drinks, meat consumption, we 
focused on BMI to compute sample size. BMI is routinely collected in clinical practice; it is 
easy to compute and well established cut-off points are provided in widely accepted 
guidelines. Moreover, BMI is strongly related to the other eoCRC risk factors. Due to the 
nature of Demetra study, we computed the sample size needed to carry out a matched 
case-control study with the aim of detecting a relationship between the development of 
eoCRC and, in particular, BMI>25 as risk factor (exposure variable). We used PASS software 
(v21.0.5) and the procedure “Tests for the Odds Ratio in a Matched Case-Control Design 
with a Binary X”. Assuming a probability of exposure retrieved from the literature equal to 
34.4% [26, 30], in a matched case-control study, a sample of 758 matched sets is required. 
Each matched set consists of 1 case and 2 controls. This sample allows to achieve 80% 
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power to detect an odds ratio of 1.3 calculated using conditional logistic regression with a 
5% significance level. Sample allocation will account for patient recruitment capacity of each 
country and for country-specific prevalence. Given the 5-year eoCRC prevalence in the 
countries involved (obtained from the Global Cancer Observatory), the total sample size will 
be divided among the countries correspondingly, as shown in the table below: 
  

ICD Cancer 5-year prevalence 

(proportion per 100000) 
#cases #controls 

ITA C18-21 Colorectum 18.3 102 204 
GERMANY C18-21 Colorectum 19.4 108 216 
FINLAND C18-21 Colorectum 13.9 77 155 

SPAIN C18-21 Colorectum 20.6 115 229 
USA C18-21 Colorectum 22.9 127 255 
UK C18-21 Colorectum 18.7 104 208 

NORWAY C18-21 Colorectum 22.4 125 249 
 
Based on data distribution, parametric and nonparametric tests for two independent 
samples will be used for comparing cases and controls with respect to quantitative and 
qualitative collected variables. To evaluate the associations of dietary, lifestyle (smoking 
habit, alcohol intake, physical activity) and anthropometric factors with the onset of eoCRC 
univariate and multiple logistic regression models will be applied. Results will be expressed 
as odds ratio (OR) along with 95% confidence interval. Along with a standard logistic 
regression approach, data-mining and data-driven approaches, such as Classification and 
Regression Trees analysis and Bayesian Networks, will be implemented to uncover risk 
factors associated with the outcome while accounting for possible confounding bias typically 
arising in multivariate observational settings. 

 

6.3 miRNA signature and personalized medicine  
Using a systematic discovery approach, we have identified and developed a novel tissue-
based miRNA signature able to distinguish patients with eoCRC stage I-III at high risk of 
recurrence. The 9-miRNA panel was successfully validated on tissue specimens of 2 
independent cohorts. 
This study establishes the fundamentals of personalized medicine for eoCRC patients with 
stages I-III at high risk of recurrence. In particular, as described by the decision curve 
analysis, we observed a net benefit of the surveillance based on our microRNA panel 
compared to the surveillance based on clinical factors especially in stage I and II high risk 
eoCRC, representing the subgroups of patients that could benefit more from more 
aggressive post-treatment follow-up strategies. 
Prospective trials on large sample-size are necessary to confirm these results in real life. 
Moreover, another objective of our project is to develop a minimally invasive tool for easily 
identifying these patients at high risk of recurrence in clinical settings. In the near future, 
we plan to validate the performance of miRNA signature in blood sample from eoCRC 
patients. This validation is aimed at creating an easily available blood-based assay, which 
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will be further validated in prospective studies to evaluate its potential as a simple prognostic 
test for young patients with eoCRC. 
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