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Introduction

Colon cancer represents a major global health problem, being the fourth most common
type of cancer and the fifth leading cause of cancer death according to GLOBOCAN 2022,
with a significantly higher prevalence in Asia (46.6%) and Europe (30%) compared to Africa
(< 5%), affecting men more than women, and with a considerably higher incidence in high-
income countries compared to low-income countries [1-3]. According to GLOBOCAN 2022
data, in Europe, colon cancer is the second most common type of cancer, constituting 12% of
all cases, with the highest incidence in Denmark and the highest mortality in Hungary; in
Romania, it has a frequency of 12.9%, being more prevalent in men (14.1%) than in women
(11.6%), and represents the third leading cause of death after lung cancer and breast cancer [4—
7]. These data highlight significant variations in the incidence and mortality of colon cancer,
influenced by geographical, gender, and socio-economic factors, showing that in high-income
countries, increased incidence is associated with lifestyle and early diagnosis, while reduced
mortality is due to effective treatments, whereas in low-income countries, incidence is lower
but mortality is higher due to limited access to diagnosis and treatment; in Europe, differences
between countries like Denmark and Hungary reflect variations in healthcare systems,
screening programs, and medical practices, emphasizing the importance of screening programs

and access to adequate treatments for reducing the global impact of colon cancer.

In the last 10 — 15 years, advances in understanding the histopathological (HP) and
molecular changes of colon cancer have elucidated some of the genetic and epigenetic
mechanisms of carcinogenesis, facilitating the development of personalized and precise
treatments targeting molecular biomarkers such as BRAF, KRAS, and NRAS mutations, as
well as microsatellite instability (MSI), through the use of innovative therapies (e.g., anti-
VEGF antibodies, anti-EGFR antibodies, and immunotherapy) to halt tumor progression [8—
13]. The integration of HP and molecular findings has significantly improved the understanding
of colon cancer subtypes, exemplified by the Consensus Molecular Subtypes (CMS)
classification, currently used in research, providing a comprehensive perspective on tumor
heterogeneity and facilitating the identification of new prognostic and therapeutic prediction
biomarkers [10,12,14,15]. Recent research has highlighted the prevalence of tumor
heterogeneity and the concept of spatial heterogeneity as essential HP biomarkers to be
evaluated in colon cancer, revealing the variability of genetic abnormalities and their uneven
distribution reflected morphologically, with major clinical implications for disease progression

and therapeutic response [ 14—17]. Additionally, recent studies have underscored the crucial role
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of the tumor microenvironment (TME) in the progression of colon cancer, and understanding
the complex interactions between tumor cells and its components (stroma and the immune cell
network) has opened new perspectives for guiding therapeutic decisions (e.g., immunotherapy)
and the development of targeted therapies [18,19]. In the context of scientific advancements
regarding molecular biomarkers for colon cancer, the CDX2 protein has proven to be a
promising prognostic factor, addressing the current deficit of specific biomarkers, given that
the BRAF gene is the only validated independent prognostic molecular biomarker
recommended by international guidelines [12,20]. Studies indicate the crucial role of the CDX2
gene in tumor suppression, and its deletion is associated with aggressive tumor behavior;
furthermore, the variability of its intratumoral immunohistochemical (IHC) expression, due to
interactions with the TME, underscores the importance of evaluating it in the context of tumor

heterogeneity [12,20-23].

The motivation for colon cancer research stems from its significant impact on public
health and the need for innovative approaches in molecular and HP evaluation. This requires
the integration of fields such as Oncology, Surgery, Pathology, Genetics, and Molecular
Biology to adequately address the complexity of this disease. In the Romanian healthcare
system, identifying accessible and cost-effective HP and molecular biomarkers is essential for
optimizing the oncological management of this type of cancer. The relevance of this research
is highlighted by recent advances in understanding the genetic and molecular mechanisms of
colon cancer, which facilitate the discovery of new biomarkers and the development of
personalized therapeutic strategies. The novelty of this research topic lies in integrating recent
findings on tumor heterogeneity in the context of genetic and epigenetic variability and
identifying new biomarkers to advance precision oncology. This study aims to evaluate HP and
molecular changes in advanced colon cancer, highlighting the insufficiency of current
conventional biomarkers and investigating new HP and molecular biomarkers recently
proposed and under validation to improve prognostic evaluation and guide therapeutic
decisions. The study employed a retrospective and multifaceted approach, combining
descriptive and inferential analysis of clinicopathological data with HP and IHC evaluation of
tumor tissue samples from 97 cases of advanced colon cancer. The results revealed significant
correlations between conventional and new biomarkers, as well as between the new biomarkers
and oncological follow-up parameters, underscoring their importance in predicting disease
prognosis. The development of an innovative predictive model, integrating both conventional

and new biomarkers, improved the accuracy of prognosis for advanced colon cancer.



1. Histopathological Evaluation of Colon Cancer

1.1. Conventional Biomarkers

1.1.1.TNM Staging

The TNM pathological staging system, developed by AJCC and UICC in 1950,
represents a standardized and reliable framework for assessing the extent of colon cancer,
essential for predicting prognosis and determining treatment strategies [9,14,24-26]. The 8th
edition of the AJCC/UICC Staging Manual from 2017, along with ESMO and NCCN
guidelines, provides updated information on tumor invasion, lymph node involvement, and the

presence of metastases, guiding therapeutic and monitoring decisions [9,26-29].

The pT stage in the TNM system assesses the degree of tumor invasion in colon cancer,
ranging from pT1 (invasion of the submucosa) to pT4b (invasion of adjacent organs), with a
variable prognosis from favorable to unfavorable depending on the depth of invasion [26-29].
The 8th edition of the AJCC-TNM manual faces challenges in distinguishing between pT3 and
pT4a stages, suggesting the need for subdividing pT3 to improve the accuracy of prognosis and
treatment [9,30,31]. The pN stage in the TNM system indicates the involvement of regional
lymph nodes, ranging from pN1 (1 — 3 positive nodes) to pN2 (4 or more positive nodes), with
subdivisions based on the presence of metastases or tumor deposits in the lymph nodes [26].
According to current ESMO and NCCN guidelines, pNla, pNI1b, and pNlc have a more
favorable prognosis, while pN2a and pN2b are associated with an unfavorable prognosis [27—
29]. The challenges of this staging include correctly identifying micrometastases, which have
a significant negative prognostic impact and require the use of IHC for detection [9,29]. The
pM stage in the TNM system assesses distant metastases, where pM1a indicates metastases to
a single organ, pM1b indicates multiple metastases to different organs, and pMIc indicates
peritoneal metastases, with prognosis varying from favorable to unfavorable according to

ESMO and NCCN guidelines [26,28,29].

The integration of molecular biology into the evaluation of colon cancer, complementary
to TNM staging, has improved the accuracy of prognosis prediction and facilitated the
development of personalized therapeutic strategies [9,24,30-32]. However, the current TNM
system has limitations in adequately capturing the biological variability of tumors and in HP
evaluation practices, highlighting the need for continuous updates to more accurately reflect

the complexity of colon cancer and improve clinical management of patients [9,30,31].



1.1.2. Histological Subtype and Grade of Tumor Differentiation

Colon cancer predominantly manifests as adenocarcinomas (ADK), with conventional,
non-specific (NOS) ADK representing 90 — 95% of cases, characterized by large glands and
cells with oval nuclei and numerous mitotic figures [33—35]. According to the 2019 WHO
classification, common histological subtypes include mucinous ADK, which accounts for
approximately 10% of cases and responds poorly to treatment in metastatic stages, and serrated

ADK, which constitutes 10 — 15% of cases and is frequently located in the right colon [33-36].

Rare histological subtypes of colon cancer include micropapillary and adenomatoid
ADK, signet-ring cell carcinomas, adenosquamous, sarcomatoid, and undifferentiated NOS
carcinomas, each with distinct characteristics and variable prognoses [35]. Micropapillary
ADK and signet-ring cell carcinoma are aggressive subtypes, often diagnosed at advanced

stages and associated with an unfavorable prognosis [33,35].

The degree of tumor differentiation, used as a HP biomarker since the 1920s and
classified into three grades (well, moderately, and poorly differentiated), has significant
prognostic value independent of disease stage. However, according to the CAP classification,
it is a category 2A marker with limited clinical relevance, as therapeutic decisions are primarily
based on TNM staging [14,37—40]. The degree of differentiation of colonic tumors, reflecting
the level of glandular "maturation," is a numeric indicator of malignancy based on microscopic
differences from normal cells. Tumors are classified into well-differentiated (G1), moderately
differentiated (G2), and poorly differentiated (G3), each with a different prognosis [14,38,41].
According to the 2019 WHO guidelines, the grading of colon cancer has been refined,
classifying it into low-grade tumors (G1 and G2) and high-grade tumors (G3). It is also
recommended that this grading be performed on surgical resection specimens, with a separate

evaluation of the tumor invasion front (TIF) [14,35].

For an accurate assessment of the degree of differentiation in colon cancer, it is essential
to consider tumor heterogeneity, particularly spatial heterogeneity [14]. The separate
evaluation of the degree of differentiation between the tumor center and the TIF, according to
the current WHO guidelines, allows for more accurate patient stratification and provides
additional prognostic information complementary to TNM staging, thereby contributing to the

optimization of oncological management in colon cancer [14,35].



1.1.3. Perineural, Lymphovascular Invasion and Tumor Budding

Perineural invasion (PNI) and lymphovascular invasion (LVI) are essential HP
biomarkers for prognostic evaluation in colon cancer, indicating aggressive tumor behavior and
an unfavorable prognosis, independent of disease stage, according to current guidelines
[9,10,26,39]. PNI in colon cancer, defined by the presence of tumor cells in direct contact with
nerve bundles, is associated with an aggressive tumor phenotype, frequently observed in
advanced stages, facilitating regional dissemination and having an incidence ranging from 9%
to 42%, according to a study by Dawson et al. [9,10,26,35,39]. Tumors located in
retroperitoneal segments have a higher incidence of PNI, and its presence is often correlated
with LVI and lymph node metastases, suggesting the need for chemotherapy [9,39]. LVI, which
refers to the penetration of tumor cells into blood and lymphatic vessels, is an independent
prognostic factor associated with an increased rate of local recurrence and reduced overall
survival (OS) [10,26]. According to current guidelines, it is recommended to separately
evaluate lymphatic invasion and extramural venous invasion (EMVI) and intramural venous
invasion (IMVI), with EMVI being a strong predictor of unfavorable prognosis but challenging
to evaluate histopathologically, although elastin staining techniques have improved detection
sensitivity [9,26,32,35]. Preoperative imaging evaluation through magnetic resonance imaging

(MRYI) is the only reliable method for detecting vascular invasion, particularly EMVI [32].

Tumor budding (TB), characterized by the presence of isolated cells or small clusters of
neoplastic cells (< 4 dedifferentiated cells) at the TIF, is facilitated by epithelial-mesenchymal
transition (EMT), which allows malignant cells to detach and migrate, contributing to LVI,
PNI, and distant dissemination [10,14,32,42,43]. TB is an independent prognostic marker
recognized by current guidelines and integrated into the standard evaluation of colon cancer,
with its reporting standardized in 2016 using a three-tier scoring system for metastasis risk
stratification, evaluated by examining at least 10 microscopic fields at the TIF, though
diagnostic methods require further standardization due to variability in interobserver agreement
[9,27,29,33,35,43,44]. TB is a significant biomarker of aggressiveness, associated with G3
tumors with an "offensive" TIF, facilitating PNI and LVI, and correlating with an increased risk
of lymphatic dissemination and the development of stenosing tumors [10,14,32,44].
Additionally, intratumoral budding (ITB), present in approximately 17 — 20% of cases, is
associated with an aggressive TIF, and recent studies support the inclusion of ITB evaluation
in the HP assessment of colon cancer due to its significant impact on patient survival

[14,32,44].



1.2. New Prognostic and Prediction Biomarkers

1.2.1. Tumor Heterogeneity

In the past two decades, research on tumor heterogeneity, especially in colon cancer, has
highlighted its molecular complexity and gradual oncogenetic progression, emphasizing the
role of genetic and epigenetic changes in the processes of cellular growth, differentiation, and
apoptosis, granting tumor cells a survival advantage [14,16,42,45-47]. Advances in DNA
sequencing technologies have challenged the linear model of cancer evolution and revealed
that colon tumors exhibit molecular heterogeneity influenced by genetic, epigenetic, and non-
genetic factors such as lifestyle and the gut microbiome, reflecting a dynamic polyclonal
evolution [15-17,42,45,47]. In this context of dynamic polyclonal evolution, three models have
been described to explain the origin and implications of tumor heterogeneity [16]. The first
model focuses on the presence of two types of cells in the tumor: tumor stem cells (TSCs),
capable of initiating and sustaining carcinogenesis, and non-stem tumor cells (NSTCs), which
do not directly contribute to cancer development [16]. The second model suggests tumor
development through the gradual accumulation of genetic mutations in a single dominant cell,
resulting in clusters of clones that evolve either through survival competition or via a
cooperative mechanism known as "branched evolution” [16,42,47]. The third model, known as
the "Big Bang" model, proposes that the tumor rapidly accumulates a large number of genetic
mutations, establishing its complexity and behavior from the outset without a specific dominant
clone [15,16,46]. Each model influences tumor heterogeneity, affecting treatment resistance
and survival rates [17,42]. In the context of colon cancer, two essential forms of heterogeneity
are emerging: inter-tumoral and intra-tumoral heterogeneity [17,45]. Inter-tumoral
heterogeneity, characterized by diverse genetic profiles, HP features, and clinical behaviors,
has led to the development of a new molecular classification (CMS) that divides tumors into
four distinct categories based on the involved molecular mechanisms and clinico-pathological
characteristics, influencing prognosis and treatment response [8,15,17,23,45,46]. Colon cancer
exhibits significant intra-tumoral heterogeneity, influenced by genetic, epigenetic, and non-
genetic factors, leading to morphological diversification (e.g., heterogeneity in tumor
differentiation) and the presence of distinct clonal populations [15,17,45,46]. Additionally, the
concept of spatial heterogeneity, which examines the distribution of clonal populations in
different regions of the tumor, is essential for understanding tumor behavior in both the primary

site and metastatic sites [15,17,45].



1.2.2. Tumor Invasive Front and Tumor Stroma

The area known as the "tumor invasion front" (TIF) is crucial for understanding the
complex interactions between the colon tumor and the host, decisively influencing cancer
progression through local invasion and metastatic dissemination processes [32,43].
Characterized by physical and functional relationships between tumor cells and the TME, the
TIF provides crucial information regarding the risk of recurrence and survival rates, facilitating
the development of personalized therapeutic strategies [35,43,48]. The TIF is an important
prognostic biomarker in colon cancer, as variations in the "zonal architecture" and degree of
differentiation influence tumor invasion and aggressiveness [43,49]. Evaluating differentiation
at the TIF allows for a more comprehensive understanding of tumor dynamics and the
identification of high-risk patients who might benefit from more aggressive adjuvant treatments
[15,48,49]. PDCs, described in the 5th edition of the WHO guidelines and used as markers of
the TIF, are composed of five or more tumor cells, are thought to evolve from TB, have a
similar morphology, and are associated with the process of EMT [32,35,49]. PDCs have been
recently integrated into the HP evaluation of colon cancer and are recognized as more reliable
prognostic biomarkers than TB [48,49]. The recognition and detailed evaluation of the TIF, a
reliable prognostic biomarker highlighting the dynamic interactions between tumor cells, the
TME, and the host, are essential in the diagnosis and management of colon cancer, providing
pathologists with an accurate estimate of tumor behavior and supporting the personalization of
therapeutic strategies [9,15,43,48,50]. The TME, composed of immune cells, fibroblasts, blood
vessels, and ECM, plays a crucial role in tumor progression through its dynamic interaction
with tumor cells [51,52]. A key element of the TME is the stroma, predominantly composed of
cancer-associated fibroblasts (CAFs) and elements of the ECM. CAFs, through their structural
contribution and secretion of pro-angiogenic and pro-proliferative factors, facilitate metastasis
through the process of EMT [18,51-56]. The characteristics of the stroma at the TIF
significantly influence prognosis and therapeutic response, making the HP evaluation of the
stroma/tumor ratio (STR) and stroma typology essential for predicting these factors in colon
cancer [18,51,53,54,56]. An increased STR and a desmoplastic stroma rich in CAFs are
associated with an unfavorable prognosis and treatment resistance, while intermediate and
immature stroma types, characterized by "scar-like" collagen and a myxoid ECM, indicate
heightened tumor aggressiveness [53,54,56]. In conclusion, the STR and stroma typology
function as bidirectional biomarkers, decisively impacting both prognosis and therapeutic

efficacy [18,53,54].



1.2.3. Tumor-Induced Inflammation and Tumor-Infiltrating Lymphocytes

Inflammation induced by colon tumors involves pro-tumor immune responses through
the disruption of the intestinal barrier and activation of NF-xB and STAT3 pathways, and anti-
tumor responses through the IFN-y pathway and pro-inflammatory cytokines that recruit
effector cells to destroy tumor cells [57-59]. The TME modulates the balance between pro-
tumor and anti-tumor inflammation through cytokines and chemokines, influencing tumor
progression or regression; thus, a detailed understanding of the functions of the involved
immune cells is crucial for prognostic evaluation and optimizing therapeutic strategies in colon

cancer [57,59].

Tumor-associated macrophages (TAMs) are correlated with an unfavorable prognosis in
colon cancer, as the predominance of M2 macrophages, which promote tumor growth,
angiogenesis, and suppression of adaptive immunity, is associated with increased tumor
aggressiveness, in contrast to M1 macrophages, which are involved in host defense and anti-
tumor activity [57-61]. Tumor-associated neutrophils (TANs) in colon cancer have an
ambivalent role in the TME, with N1-TANs exerting anti-tumor effects through cytotoxic
substance secretion, while N2-TANs promote tumor proliferation through various mechanisms,
with their polarization determined by TME cytokines and chemokines and influenced by TGF-
B and interferon- signaling [58—60,62,63]. Tumor-infiltrating lymphocytes (TILs) also play an
ambivalent role in the immune response, where B lymphocytes can have both anti-tumor effects
by activating CD4+ helper T cells and CD8+ cytotoxic T cells, and pro-tumor effects by
maintaining an inflammatory TME, while T cells and NK cells vary in function depending on
subtype and disease stage, with their abundance being associated with a better prognosis due
to effective immune surveillance [63—65]. Tumor-infiltrating eosinophils (TIEs), frequently
observed in colon tumors, exhibit significant anti-tumor effects through the direct destruction
of tumor cells and modulation of other immune cell activities, being recruited to the TME by
the chemokine CCL11/eotaxin-1 and mediating an anti-tumor effect via IFN-y signaling,
independent of CD8+ cytotoxic T cells [66]. Immune cells in the colon cancer TME play a
crucial role in disease progression, yet their assessment is not yet included in current clinical
guidelines, lacking a standardized methodology for evaluation. Detailed analysis of immune
cell phenotypes and interactions can enhance prognostic prediction and enable the development
of personalized treatments [57-59,63,64,66,67]. Studies show that the presence of an extensive
tumor inflammatory infiltrate, dominated by anti-tumor cells, significantly increases OS and

progression-free survival (PFS) rates [65].



2. Molecular Evaluation of Colon Cancer

2.1. Conventional Molecular Biomarkers

The integration of molecular biology into the oncologic management of colon cancer has
highlighted essential biomarkers with prognostic and predictive roles [10,23,68,69]. Current
ESMO and NCCN guidelines recommend assessing the DNA mismatch repair (MMR) system,
microsatellite instability (MSI), RAS gene mutations, and mutational status of the BRAF gene

to provide critical information about prognosis and therapeutic response [10,23,27-29,68,69].

The MMR system, composed of heterodimeric protein complexes MLHI1-PMS2 and
MSH2-MSHS6, corrects DNA replication errors in chromosomal microsatellites, preventing
inconsistencies and ensuring accurate DNA resynthesis [23,70,71]. Inactivation of an essential
gene in this system, through germline mutations or epigenetic modifications, results in MMR
deficiency and leads to high microsatellite instability (MSI-H), which is implicated in the
initiation of colon cancer [23,70]. Current studies indicate that the AIMMR/MSI-H phenotype
is associated with a favorable prognosis in sporadic colon cancer, owing to a robust anti-tumor
immune response, and is linked to Lynch syndrome in hereditary cases [23,70—73]. Tumors
with proficient MMR system (pMMR) and microsatellite stability (MSS) have an unfavorable
prognosis due to the absence of a protective immune infiltrate [23,72,73]. According to
international oncology guidelines, assessing MMR/MSI in stages II and III is essential for
decisions regarding adjuvant chemotherapy, and in stage IV for determining the benefit of

immunotherapy [27-29,70,73,74].

Proteins encoded by RAS oncogenes (KRAS, NRAS) are GTPases that regulate the
MAPK signaling pathway, and point mutations in these genes are frequently encountered in
colon cancer [10,23,70,74,75]. These mutations cause uncontrolled cellular growth, leading to
the formation of bulky tumors and also enabling malignant cells to proliferate in low glucose
concentrations [10]. RAS mutations are essential predictive biomarkers for resistance to anti-
EGEFR treatment, negatively influencing OS and PFS rates; guidelines recommend genotyping
these mutations in the metastatic stage [23,70,76-78]. In colon carcinogenesis, another
important somatic missense mutation occurs in the BRAF gene, which encodes RAF proteins
in the MAPK pathway, and in approx. 90% of cases, this mutation appears in exon 15, codon
600 (BRAF V600E mutation) [10,23,74,78,79]. This mutation serves as a negative prognostic
biomarker in advanced stages of colon cancer, with an average OS rate of under 12 months

[23,28,29,69,76,77,80].



2.2. CDX2 as a New Prognostic Biomarker

CDX2 plays a crucial role in maintaining cellular homeostasis in the adult intestinal tract,
controlling genes involved in differentiation, proliferation, cell adhesion, cell cycle, and
apoptosis, activated by the Wnt/B-catenin, MAPK, HNF, and GATA signaling pathways, and
inhibited by transcription factors SOX2 and SOX9 [12,21-23,81-83]. CDX2 acts as a tumor
suppressor by inhibiting the Wnt/B-catenin pathway and maintaining the integrity of the
intestinal barrier, and its absence leads to major abnormalities in intestinal structure and
function [12,21,23,81-83]. In colon cancer, loss of CDX2 expression, often due to epigenetic
changes, results in loss of intestinal epithelial differentiation, abnormal mucin secretion, and

uncontrolled cell proliferation, contributing to a pro-tumoral microenvironment [83—85].

The expression of CDX2 protein is frequently altered in colon cancer (10 — 30% of cases)
and is recognized by numerous researchers as a significant independent prognostic biomarker
[21,23,81]. Negative expression of CDX2 is correlated with advanced TNM stages due to its
essential role in cell cycle control and regulation of the Wnt/B-catenin signaling pathway,
disruption of which leads to cellular proliferation and migration, favoring invasion and
metastasis [12,20,21,23,81,86—89]. Tumors with negative CDX2 expression are frequently of
G3 type, located in the right colon, and are associated with the serrated pathway and BRAF
V600E mutation [12,20,81,83,86,88,89]. LVI is also more common in tumors with negative
CDX2 expression due to the disruption of genes involved in cell adhesion, which are normally
regulated by CDX2 [21,86,89]. Ultimately, loss of CDX2 expression is frequently observed in
aggressive histological subtypes of colon cancer, such as mucinous ADK and signet ring cell

carcinomas, due to its crucial role in regulating mucin production [23,84].

Loss of CDX2 expression, closely linked to activation of EMT and amplification of the
TGF-B and WNT/B-catenin pathways, enhances the migratory and invasive capacities of colon
tumor cells, facilitating their migration as TB cells or PDCs [23,87,89,90]. There is
bidirectional communication between TME and CDX2 protein expression that influences
tumor progression [12,83]. Additionally, loss of CDX2 expression is associated with a high
level of TAMs and dAMMR/MSI-H status, but it has a negative prognostic significance only in
tumors with pMMR/MSS phenotype [12,89,91]. Numerous studies have demonstrated that
negative CDX2 expression is associated with a negative prognosis in colon cancer due to its

correlation with several unfavorable pathological and molecular parameters [23].
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3. Work Hypothesis and General Objectives

Colon cancer represents an extremely heterogeneous pathology, both molecularly and
morphologically, aspects that complicate both the diagnosis and treatment of this disease.
Recent research over the last decade has highlighted the limitations of the conventional panel
of HP and molecular biomarkers in accurately predicting patient prognosis, emphasizing the
necessity of identifying and integrating additional biomarkers to provide a deeper and more

comprehensive understanding of tumor behavior.

The work hypothesis of this study suggests that integrating new HP and molecular
biomarkers will enable a more precise evaluation of tumor behavior in colon cancer, facilitating
efficient risk stratification and guiding therapeutic decisions, ultimately impacting patient
prognosis through correlation with conventional markers and oncological follow-up

parameters, as well as through the identification of more reliable prediction models.

The first objective of this study is to evaluate a series of new HP and molecular biomarkers
currently under international research and validation and to analyze their interaction, as well as
their relationship with demographic, clinical parameters, and conventional HP and molecular
biomarkers. The study evaluates new HP biomarkers including tumor differentiation
heterogeneity, tumor stroma, overall tumor immune infiltrate, TILs, differentiation patterns in
TIF and PDCs, alongside the newly analyzed molecular biomarker - the IHC expression of the
CDX2 protein in the tumor, in the TIF, and in the PDCs, within the context of intratumoral and

spatial heterogeneity.

The second objective is to examine the correlation between both conventional and new
biomarkers with patient prognosis, analyzing the relationship between each biomarker and
oncological follow-up parameters (disease progression, type of progression -

metastasis/recurrence, and PFS rate).

The third and final objective of this study is to create two prediction models: the first
utilizing conventional biomarkers and the second integrating both conventional and new
biomarkers, aiming to conduct a comparative analysis of these models regarding the prognosis
of the participants included in the study. This endeavor aims to assess the potential of new
biomarkers to significantly enhance the accuracy of prognostic prediction when integrated into
the conventional panel, thereby opening new perspectives for optimizing the oncological

management of patients with colon cancer.
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4. General Research Methodology

4.1. Inclusion and Exclusion Criteria. Materials and Methods

The inclusion criteria for this study were carefully designed to ensure the integrity and
comparability of results. Cases of colon cancer undergoing elective surgery for primary tumor
excision without prior IHC evaluations of CDX2 expression were included, and only cases
with complete medical data and high-quality tissue samples were considered. No demographic
restrictions were imposed to ensure broad representativeness of results. The study focused on
molecular biomarkers KRAS and MMR/MSI, excluding the BRAF gene due to limited
accessibility. Additionally, only preoperatively untreated patients were included to maintain
tumor condition unaffected. Last but not least, the study focused only on pT3 and pT4 tumors

to accurately reflect the clinicopathological and molecular relationships in aggressive tumors.

Exclusion criteria were established to ensure a homogeneous study group, eliminating
cases with rectal tumors due to significant differences from colon tumors in therapeutic
protocols and biological behavior. Preoperative radiotherapy, commonly used in rectal cancer,
can alter tumor status and influence results. Additionally, cases with metachronous or
synchronous tumors were excluded to assess the direct impact of biomarkers on primary colon
tumors. Moreover, cases with a history of genetic predisposition to cancer were eliminated,
focusing the study solely on sporadic colon cancer to avoid genetic influences that could distort

the results.

Materials and Methods: This retrospective study, approved by the Ethics Committee of
Coltea Clinical Hospital in Bucharest (protocol 34/14.12.2023), analyzed 97 cases of advanced
colon cancer selected according to pre-established criteria. Medical data were anonymously
collected from the archives of the Oncology, Surgery, and Pathology departments of the
hospital, including demographic, clinical, HP, molecular, and oncological follow-up
parameters. Pathological samples (97 H&E slides and FFPE tissue blocks) were retrieved from
the Pathology department of Coltea Clinical Hospital. The analysis of the H&E slides and
processing of the FFPE blocks to obtain IHC-CDX2 stained slides were conducted at the
OncoTeam Diagnostic laboratory in Bucharest. The data obtained in this study were entered
into a database using Microsoft® Excel® 2021 MSO (version 2404 Build 16.0.17531.20152)
and were statistically analyzed (descriptive and inferential) using Minitab® (version 22.1) and

OpenEpi (version 3.01) software.
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4.2. Analysis of New Biomarkers

The evaluation of tumor differentiation in the context of intratumoral and spatial
heterogeneity was performed through semi-quantitative analysis of the distribution of
differentiation grades (G1, G2, G3) in the tumor center and at the level of TIF, quantifying the
percentage of each region relative to the total tumor area. Based on these analyses, four distinct,
recurrent categories of heterogeneous differentiation were identified: category A - tumor with
G1 and G2 regions, category B - homogeneous G2 tumors, category 3 - tumor with G2 and G3
regions, and category D - "mosaic" tumor with G1, G2, and G3 regions. The evaluation of TIF
revealed four distinct patterns of differentiation grade distribution, named F1 (G1 and G2), F2
(G2 and G3), F3 (homogeneous G2), and F4 (homogeneous G3). The composition and quantity
of tumor stroma were rigorously and semi-quantitatively assessed according to the criteria of
the Glasgow Microenvironment Score (GMS), analyzing the total percentage of STR and
classifying the stroma based on the percentages of mature and immature stroma. Based on these
evaluations, cases with homogeneous stroma (100% mature stroma) and heterogeneous stroma
(a mixture of immature and mature stroma) were identified. Tumor-associated inflammation
was assessed through a semi-quantitative analysis of the total percentage of immune infiltrate
using the adapted Klintrup-Mékinen score (a component of the GMS score). The semi-
quantitative analysis of TILs was conducted by estimating the total percentage of lymphocytes
within the overall immune infiltrate present in the colon tumor. To verify whether tumor
inflammation is strictly associated with the tumor, the evaluation included an observational
analysis of bacterial superinfection and a semi-quantitative analysis of tumor necrosis,
classified into 4 scores (0 — 3) based on the extent of necrosis. The PDCs were analyzed semi-
quantitatively, similar to the evaluation method of the TB (internationally validated score).
Considering the lack of a standardized method for evaluating CDX2 expression via IHC, an
associated study was conducted alongside this research, involving the development of a new
semi-quantitative scoring system for CDX2 expression on a sample of 43 advanced colon
tumors [92]. The study identified 3 distinct categories of heterogeneous IHC CDX2 expression
and demonstrated a significant association between these categories and TB scores, as well as
tumor differentiation categories: the 1st category with strong and moderate expression, the 2nd
with negative and moderate expression, and the 3rd with "mosaic" expression (strong,
moderate, and negative). The analysis of CDX2 expression was broadened in this study to both
the level of TIF (6 patterns named CDF) and the level of TB (positive, mosaic, and negative

expression), through an observational analysis of IHC CDX2 expression patterns.
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5. Study 1: Correlations between Conventional and Novel Biomarkers

5.1. Introduction. Materials and Methods.

The central hypothesis of this study asserts that the new HP and molecular biomarkers,
including tumor differentiation categories, STR, stromal types, the K-M score, TILs, the
presence of bacterial superinfection, tumor necrosis score, tumor differentiation patterns in TIF,
the PDCs score, categories of IHC expression of the CDX2 protein at the tumor level, as well
as in TIF and TB, exhibit a significant correlation both with conventional HP biomarkers
(histological subtype, tumor differentiation grade, TB score, LVI, and PNI) and with
conventional molecular biomarkers (KRAS, MMR/MSI). This correlation leads to the
generation of specific morphological patterns capable of influencing tumor behavior in
advanced colon cancer. Additionally, the study suggests the existence of a significant

interrelationship between new biomarkers.

The first objective of this study is to analyze the distribution of HP and molecular
biomarkers, both conventional and new, within the analyzed cohort consisting of 97 cases of
advanced colon tumors. Additionally, it aims to examine the distribution and relationship of
these biomarkers with demographic parameters (sex and age) and clinicopathological
parameters (oncological stages, general and specific localization of the tumor, length and
thickness of the tumors, as well as their stenosing nature). The second objective aims to analyze
the relationship between each new HP and molecular biomarker and conventional HP and
molecular biomarkers, in order to highlight the specific interdependencies and interactions
among their phenotypes. Through this approach, the goal is to elucidate morphological patterns
that indicate a certain tumor behavior. The third objective focuses on highlighting the
intratumoral spatial heterogeneity through a detailed examination of the relationship between
the morphology of the central region of the tumor and that of the TIF. This analysis will include
an assessment of tumor differentiation and the IHC expression of the CDX2 protein in these
distinct regions. Additionally, the correlation between the IHC expression of the CDX2 protein

in the main tumor mass and in TB from the TIF will be explored.

For this study, data from 97 participants were used to create a comprehensive database
for statistical analysis. The first objective of the study was accomplished through descriptive
statistical analysis, while the second and third objectives involved inferential statistical
analyses (e.g., One-Way ANOVA, Chi-Square, and Pearson correlation tests) using software

such as Minitab® and OpenEpi.
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5.2. Results and Discussions

The descriptive analysis of the study cohort shows a balanced distribution by gender,
with a slight female predominance (51.55%), and a mean age of 65 years, indicating a
predominantly elderly population. Almost half of the patients are in stage Il (46.39%), with the
majority of tumors being stenosing (72.16%) and of moderate size (mean length of 4.94 cm,
mean thickness of 1.96 cm), distributed almost equally between the right and left colon. The
tumors are predominantly conventional ADK (67.01%), with a significant presence of LVI
(20.61%) and PNI (29.90%), and a predominance of the pMMR/MSS phenotype (83.61%) and
KRAS mutations (47.17%), indicating aggressive tumor behavior. Analysis of the new HP
biomarkers reveals significant tumor differentiation heterogeneity, with Category C (G2, G3)
representing 38.14% of cases, and G2 being most prevalent. TIF is predominantly
homogeneous (G2) in 52.58% of cases, while tumor stroma is mostly heterogeneous (93.81%),
with a mean STR of 34.12%. The K-M score indicates minimal to mild inflammation (scores
0 — 1) in the majority, with low average TILs (14.88%), and approx. 40% of tumors exhibit
moderate necrosis. PDCs score aligns statistically with the TB score, indicating high
proliferative activity. Statistical analysis shows moderate correlations between tumor
differentiation categories and TIF patterns (p = 0.0001), with G2 and G3 grades predominantly
observed in TIF. Additionally, moderate correlation is seen between differentiation categories

B, C, and D and high TB score (3) (p = 0.000), suggesting aggressive tumor behavior.

The inferential analysis revealed a weak correlation between the type of stroma and
oncological stages (p = 0.025), with homogeneous stroma exclusively present in stage II, and
a significant influence of stroma type on tumor length (p = 0.033), tumors with heterogeneous
stroma having a greater average length. Additionally, a significant correlation was found
between the type of stroma and the TB score (p < 0.0000001), with tumors scoring high (2 and
3) exclusively having heterogeneous stroma, and a moderate correlation with differentiation
categories (p = 0.010). The percentage of STR increases progressively from stage II to stage
IV (p =0.012), associated with stenosing tumors (p = 0.029), heterogeneous differentiation G2-
G3 (p = 0.001), mucinous histological subtype (p = 0.033), elevated TB score (p = 0.000), and
PNI (p = 0.014). Conversely, a lower average percentage of STR correlates with the
dMMR/MSI-H phenotype (p = 0.000). Tumors with a high K-M score (3 - moderate to strong
inflammation) show a high percentage of STR and longer lengths, while the immune response
(K-M score 2) is significantly influenced by the IMMR/MSI-H phenotype. Low lymphocytic

infiltration is associated with PNI, whereas a high percentage of TILs (>20%) correlates with
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the IMMR/MSI-H phenotype and necrosis, indicating a pro-inflammatory TME. Extensive
necrosis (N3) is associated with strong inflammation and bacterial overgrowth. Additionally,
there's a strong correlation between the PDCs score and the TB score, confirmed statistically

(p = 0.000).

Statistical analysis revealed that 75.26% of cases exhibit a mosaic expression of CDX2
(strong, moderate, and negative), while 18.56% show negative and moderate expression.
Tumors with strong and moderate CDX2 expression are exclusively found in stage II, while
tumors with negative and moderate expression are present in all oncological stages, with their
frequency increasing as the disease progresses. Category 1 tumors mostly show strong CDX2
expression (88.33%), Category 2 predominantly displays negative expression (63.06%), and
Category 3 exhibits a mixed distribution of strong (47.12%) and moderate (41.71%)
expressions, with variable negative expression (5 — 65%). Pattern analysis within Category 3
CDX2 revealed that Pattern 3A (strong and moderate intensities) was the most common
(50.68%), followed by Pattern 3B, dominated by moderate expression (34.25%), while Patterns
3C and 3D, characterized by negative expression, were rare. Statistical analysis of the
distribution of CDX2 expression patterns in TIF revealed the predominance of CDF1 (mosaic
expression) and CDF3 (moderate and negative expression), each with a frequency of 38.14%,
suggesting an aggressive tumor behavior. Statistical analysis of CDX2 expression in TB
showed that the mosaic pattern prevails (43.30%), with negative CDX2 expression in 34.02%
of cases, confirming its influence on tumor proliferation. The correlation between CDX2
categories and TB expression types is moderate, with most cases in CDX2 category 3 (74.32%)
correlating with a BD3 score (60.27%), indicating pronounced proliferative activity. Colon
tumors with negative and moderate CDX2 expression have a high average length (6.08 cm)
and a balanced distribution between pMMR/MSS and dAMMR/MSI-H phenotypes, while most
category 3 tumors are associated with pMMR/MSS. There's also a moderate association
between CDX2 categories and differentiation, indicating variability according to tumor
differentiation heterogeneity. Statistical analysis reveals a strong association between CDX2
categories and stromal type, with tumors expressing CDX2 strongly and moderately having
homogeneous stroma, while those with negative and mosaic CDX2 expression have
heterogeneous stroma. Tumors with negative and moderate CDX2 expression exhibit a higher
STR, and there's a weak association between extensive necrosis and negative and mosaic

CDX2 categories.
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6. Study 2: Correlations between Biomarkers and Disease Evolution

6.1. Introduction. Materials and Methods.

The central hypothesis of this study is that the panel of conventional HP and molecular
biomarkers is insufficient for accurately predicting the prognosis of colon cancer, as it does not
take into account tumor heterogeneity. We propose supplementing the conventional panel with
new biomarkers that better reflect this heterogeneity, such as tumor differentiation categories,
stroma, and tumor-associated immune cells, differentiation patterns in TIF, PDCs score, and
[HC expression of CDX2 protein (in the tumor, in TIF, and in TB). Integration of these
additional biomarkers could significantly improve prognostic prediction, providing a more
precise risk stratification and guiding therapeutic decisions in a more efficient manner, thus

contributing to treatment personalization and enhancing patient survival.

The first objective of this study is to investigate the correlations between conventional
and newly proposed biomarkers and cancer progression, based on detailed oncological data of
each participant included in the study. The analysis will involve evaluating each biomarker,
both conventional and new, in relation to oncological follow-up parameters. These parameters
include the presence or absence of disease progression, the type of progression (metastasis or
local recurrence), progression-free survival interval (PFS rate, measured in days), types of
metastases, and their number per patient. The second objective of this study is to assess the
predictive capacity of the conventional HP and molecular biomarkers panel compared to an
extended panel, which includes the newly proposed HP and molecular biomarkers. This
approach aims to determine to what extent the integration of new biomarkers can improve the
accuracy of prognostic prediction. Through this approach, new perspectives are opened up in
the HP and molecular evaluation of colon tumors, with the potential to optimize the oncological

management of patients with advanced colon cancer.

Out of the initial 97 cases included in the study, only 72 were analyzed in this study
because not all participants were recorded in the oncological database of the hospital from

which the cases were retrieved.

The study database integrated clinical and oncological follow-up parameters, with the
results of both conventional and new biomarker analyses subjected to rigorous statistical
analysis, including descriptive and inferential analyses (correlation tests and logistic regression
tests) using Minitab® and OpenEpi software, to compare the predictive capacity of

conventional and new HP and molecular biomarkers in colon cancer.

17



6.2. Results and Discussions

The descriptive analysis shows that approx. 56% of cases exhibited disease progression,
mostly through metastasis (45.83%). The average duration of the PFS rate was approximately
432 days (15 months). Metastases were most commonly located in the liver (41.67%) and lungs
(21.17%), with the majority of cases having a single metastasis (37%), while multiple
metastases (up to 4) were rarely observed (19%). The analysis indicates a significant variation
in PFS based on the number of metastases, with patients having a single metastasis exhibiting
a shorter PFS rate compared to those with four metastases, suggesting the influence of the
number and location of metastases on clinical outcomes. The disease progression rate
significantly increases with the advancement of oncological stage, underscoring the need for
more aggressive therapeutic strategies and rigorous monitoring in advanced stages (p = 0.001).
Statistical analysis did not identify significant correlations between disease progression and
demographic and clinical parameters (location, dimensions, and stenosing nature). Regarding
conventional HP biomarkers, it was observed that mucinous ADK have a weak association with
progression through metastasis (p = 0.037, Cramer = 0.091). On the other hand, tumors with
LVI and PNI significantly correlate with disease progression (p = 0.020, p = 0.003), and
additionally, tumors with PNI are more prone to metastasis (p = 0.000) compared to those with
LVI (marginal p = 0.061). Regarding tumors concurrently presenting LVI and PNI, a significant
association with disease progression was observed (p = 0.026). Despite the aforementioned
correlations, LVI and PNI do not provide a robust predictive estimate of PFS (p = 0.070, p =
0.108). The TB score proved to be the strongest predictor of prognosis, showing a significant
association with disease progression (p = 0.000, Cramer = 0.260). Regarding conventional
molecular biomarkers, only MMR/MSI status demonstrated a significant correlation with
disease progression (p = 0.018), with patients exhibiting dIMMR/MSI-H phenotype having an
exclusively favorable prognosis. In clinical settings, colon tumors are typically classified
according to a single grade of differentiation. However, statistical analysis indicates that this
method is inefficient, as there is no significant association between the assigned grades of
differentiation and disease progression (p = 0.399). In contrast, the use of differentiation
categories, reflecting tumor heterogeneity, has proven to be much more effective in predicting
prognosis (p = 0.007). Regarding the TME, the study found a statistically significant correlation
between the type of stroma and disease progression (p = 0.021), with patients having
homogeneous tumors exhibiting an exclusively favorable prognosis. Additionally, it was found

that tumors with a high STR (approx. 43%) often exhibit disease progression (p = 0.000). The
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analysis revealed a significant correlation between tumors with low K-M scores (0 and 1) and
disease progression (p = 0.000). Moreover, patients with a high percentage of TILs (>19%)
have a favorable prognosis compared to those with low lymphocytic infiltration (approx. 11%)
(» = 0.000). Statistical analysis of the CDX2 biomarker reveals a significant correlation
between CDX2 expression categories and disease progression (p = 0.030), indicating that
tumors with predominantly strong expression are associated with a favorable prognosis,
supported by the role of the CDX2 protein in tumor suppression [50]. Although there is no
significant correlation between CDX2 categories and PFS rate, tumors with mosaic expression
exhibit a higher PFS rate (approx. 468 days) compared to predominantly negative ones (approx.
291 days). Metastatic progression is significantly associated with CDX2 categories (p = 0.042),
with tumors predominantly expressing negative CDX2 having the highest metastatic rate
(66.67%). These data highlight the potential of CDX2 categories to identify patients at high
risk of metastasis. Regarding the expression patterns of CDX2 in category 3, no significant
correlation with disease progression was identified, possibly due to the small size of the sample.
In the context of intratumoral spatial heterogeneity, statistical analysis has revealed a strong
correlation between CDX2 expression patterns in TIF and disease progression (p =
0.00002165), as well as between tumor differentiation patterns in TIF and disease progression
(p = 0.00006174). Patterns of altered CDX2 expression (moderate and negative) and poor
differentiation (G2, G3) in TIF are associated with disease progression. Additionally, a strong
correlation was identified between CDX2 expression patterns in TB and disease progression (p
= 0.000), with mosaic and negative expression associated with aggressive proliferation. These
results underscore the importance of separately assessing TIF from the central region of the
tumor, as TIF morphology provides precise information about tumor behavior. The
comparative analysis of two logistic regression models for prognostic prediction demonstrates
the superiority of Model 2, which integrates both conventional and new biomarkers. Model 1,
based solely on conventional biomarkers, identifies only the TB score as a significant predictor
(p = 0.001). In contrast, Model 2 highlights several biomarkers with significant predictive
impact, most of which are new, such as STR (p = 0.000), TILs (p = 0.005), differentiation
categories (p = 0.047), CDX2 expression patterns in TB (p = 0.048), and in TIF (p = 0.054).
The superior performance of Model 2 is confirmed by an R-sq index of 89.17% and an R-sq
(adj) of 81.24%, compared to the lower values of Model 1. These results underscore the ability
of Model 2 to capture the complexity and variability of factors influencing disease progression,
providing a more accurate prediction of prognosis in colon cancer and confirming the need for

the addition of new biomarkers for accurate prediction.
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7. Conclusions and Personal Contributions

This study aimed to address a series of scientific research objectives to contribute to a
comprehensive understanding of the HP and molecular alterations in advanced colon cancer.
Within this context, the objectives were formulated to allow for a detailed and rigorous
exploration of the subject, utilizing appropriate methods and tools to generate relevant and
significant data. The analysis of the obtained results clearly demonstrated that the proposed

objectives were substantially achieved.

The study fulfilled the first objective by evaluating new biomarkers and analyzing their
interaction with demographic, clinical parameters, and conventional biomarkers,
demonstrating their relevance in the prognosis of advanced colon cancer. The second objective,
regarding the correlation of biomarkers with oncological follow-up parameters, showed that
the new biomarkers offer significantly superior correlations compared to conventional ones.
The third objective, creating and comparing two prediction models, highlighted the superiority
of the extended model that includes the new biomarkers, providing a much more precise
prognosis prediction (R-sq = 89.17%, adjusted R-sq = 81.24%), confirming the hypothesis that
integrating new biomarkers improves prediction accuracy and optimizes oncological

management.

Further research should involve robust multicenter studies with larger samples to validate
and generalize the findings and ensure the robustness of the results and a better understanding
of inter-tumoral variability. Standardizing methodologies for the evaluation and interpretation
of the proposed biomarkers, including CDX2 protein, is essential to facilitate their integration
into clinical practice and to develop personalized and effective treatments, given their

demonstrated efficiency.

This study makes significant contributions to the clinical practice of oncology and
pathology by addressing intra-tumoral and spatial heterogeneity in evaluating colon cancer
biomarkers. Developing innovative assessment systems based on categorical scores and
including TIF as a distinct entity enables a more precise prediction of tumor behavior and
patient prognosis, demonstrating a more accurate correlation with disease progression
compared to conventional methods. The introduction of the CDX2 protein as an independent
molecular prognostic biomarker, cost-effective and accessible, along with the improved
prognostic prediction model, highlights the potential of new biomarkers to optimize

oncological management in advanced colon cancer.
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