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Simple Summary: Colorectal cancer (CRC) is common and can be life-threatening, particularly when
diagnosed late or resistant to treatment. The key to improving survival rates is better early detection, and while
current screening methods have made a difference, they're not perfect. This review aims to enhance our
understanding of CRC by looking at the unique environment inside the tumors. We're focusing on aspects like
the role of gut bacteria, the body's immune response, specific genetic pathways, and clusters of cancer cells.
We believe understanding this complex interplay can lead to more effective treatments that address both the
cancer cells and their surroundings. Through this review, we hope to offer new insights that could transform
how we approach CRC, providing a valuable foundation for future research.

Abstract: This review systematically examines the multifaceted relationship between the tumor
microenvironment, stromal interactions, and colorectal cancer (CRC) progression and metastasis. The analysis
begins by assessing the gut microbiome's influence on CRC development, emphasizing its association with
gut-associated lymphoid tissue (GALT). The role of the Wnt signaling pathway in CRC tumor stroma is
scrutinized, elucidating its impact on disease progression. Tumor budding, its effect on tumor stroma, and
implications for patient prognosis are investigated. The review also identifies conserved oncogenic signatures
(COS) within CRC stroma and explores their potential as therapeutic targets. Lastly, the seed and soil
hypothesis is employed to contextualize metastasis, accentuating the significance of both tumor cells and the
surrounding stroma in metastatic propensity. In summary, this review highlights the intricate interdependence
between CRC cells and their microenvironment, providing valuable insights into prospective therapeutic
approaches targeting tumor-stroma interactions.

Keywords: Colorectal cancer; tumor stroma; gut microbiome; gut-associated lymphoid tissue; Wnt signaling
pathway; tumor budding; Conserved Oncogenic Signatures; metastasis

1. Introduction

Colorectal cancer (CRC) represents a significant global health burden, ranking as the third most
common cancer and the second leading cause of cancer-related deaths worldwide. According to the
World Health Organization, approximately 1.8 million new cases of CRC were diagnosed, and nearly
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900,000 deaths were reported in 2020 [1]. The high morbidity and mortality associated with CRC can
be attributed to several factors, including late-stage diagnosis, limited treatment options, and therapy
resistance.

Early detection and diagnosis of CRC are crucial for improving patient outcomes, as the 5-year
survival rate for patients diagnosed at an early stage is significantly higher than for those diagnosed
at advanced stages. Current screening methods for CRC include fecal occult blood tests (FOBT), fecal
immunochemical tests (FIT), flexible sigmoidoscopy, and colonoscopy [2]. While these methods have
been effective in reducing CRC incidence and mortality, they are not without limitations. Barriers to
CRC screening include patient discomfort, invasiveness, financial constraints, and low adherence to
screening guidelines.

Treatment options for CRC primarily depend on the stage of the disease and may include
surgery, chemotherapy, radiotherapy, targeted therapy, and immunotherapy. Despite advances in
surgical techniques and the development of novel therapeutic agents, the prognosis for patients with
advanced or metastatic CRC remains poor, with a 5-year survival rate of less than 20% [3].
Furthermore, the emergence of therapy resistance and the occurrence of tumor recurrence after initial
treatment contribute to the challenges associated with CRC management.

The complexity and heterogeneity of CRC, along with the dynamic interplay between cancer
cells and the tumor microenvironment (TME), underscore the need for a deeper understanding of the
underlying disease mechanisms. The tumor stroma in CRC shares many similarities with the stroma
of other solid tumors, such as the presence of cancer-associated fibroblasts (CAFs), tumor-associated
macrophages (TAMs), extracellular matrix (ECM) components, and immune cells. However, there
are some specific features of the colorectal tumor stroma that distinguish it from other types of cancer
(Figure 1):

1) Microbiome influence - bacteria can modulate the tumor stroma by influencing immune cell
recruitment and activation, as well as by promoting a pro-inflammatory environment;

2) Mucosal immune system: the colorectal mucosa has a unique immune system, known as the
gut-associated lymphoid tissue (GALT), the balance between immune tolerance and anti-tumor
immune responses can be disrupted, leading to alterations in the composition and function of
immune cells within the tumor stroma;

3) Wnt signaling pathway: Aberrant activation of the Wnt signaling pathway is a hallmark of
colorectal cancer, particularly in the case of tumors with mutations in the adenomatous polyposis coli
(APC) gene. This pathway can also influence the tumor stroma by promoting the activation of CAFs
and the secretion of factors that support cancer cell growth and invasion;

4) Tumor budding: Tumor budding, characterized by the presence of small clusters or single
cancer cells at the invasive front of the tumor, is a distinctive feature of colorectal cancer and has been
associated with a more aggressive phenotype and worse prognosis. These budding cancer cells can
interact with the stromal cells, such as CAFs and immune cells, to promote invasion and metastasis;

5) Conserved Oncogenic Signatures (COS): Colorectal cancer stroma displays unique gene
expression signatures known as Conserved Oncogenic Signatures, which are specific to the stromal
compartment of colorectal tumors.
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Figure 1. Unique Features and Complexity of the Colorectal Tumor Microenvironment (TME). (A): In
this illustration, a comprehensive overview of the complex colorectal tumor microenvironment (TME)
is provided. The image demonstrates the interaction between bacteria and their metabolites with the
TME, emphasizing the influence of the microbiome on the tumor stroma. Colorectal cancer (CRC)
cells are depicted within the tumor and its stroma, surrounded by key immune cells, such as tumor-
associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs). Cancer-associated
fibroblasts (CAFs), which support tumor growth and invasion, are also displayed in the TME. The
illustration features regulatory T cells (Tregs) that modulate immune responses, as well as the unique
mucosal immune system in the colorectal mucosa, represented by the gut-associated lymphoid tissue
(GALT) and its interactions with immune cells. Tumor budding, characterized by the presence of
small clusters or single cancer cells at the invasive front of the tumor, is also depicted. This visual
representation effectively captures the distinctive features and interactions within the colorectal TME.
(B): Colorectal cancer frequently exhibits driver mutations in Wnt pathway genes, such as APC and
[-catenin (CTNNB1). The canonical Wnt/p-catenin pathway is depicted, beginning with extracellular
Wnt proteins binding to cell surface receptors Frizzled (Fz) and low-density lipoprotein receptor-
related protein 5/6 (LRP5/6). Upon Wnt binding, the Fz receptor recruits and activates the intracellular
protein Dishevelled (Dvl), leading to the inhibition of the {-catenin destruction complex, which
consists of Axin, Adenomatous Polyposis Coli (APC), Glycogen Synthase Kinase-3f3 (GSK-3p), and
Casein Kinase 1a (CK1a). This inhibition prevents the phosphorylation and subsequent degradation
of B-catenin, allowing it to accumulate in the cytoplasm and translocate into the nucleus.

This review will focus on the specific features of the colorectal tumor stroma, discussing the
cellular and molecular mechanisms that govern its role in CRC progression and therapy resistance.
A better understanding of these mechanisms may pave the way for the development of novel
diagnostic tools and targeted therapeutic strategies, ultimately improving the prognosis for CRC
patients.

2. The Gut Microbiome and Colorectal Cancer: Dysbiosis, Tumor Stroma Modulation, and
Emerging Therapeutic Strategies

The gut microbiome, composed of trillions of commensal microorganisms, plays a vital role in
maintaining homeostasis and overall health. Mounting evidence suggests that alterations in the gut
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microbiome, referred to as dysbiosis, may contribute to the initiation and progression of CRC by
modulating the tumor microenvironment (TME), including the tumor stroma [4].

One crucial aspect of this modulation is the direct interaction of specific bacterial species with
the tumor stroma. For instance, Fusobacterium nucleatum, Bacteroides fragilis, and Escherichia coli
have been closely associated with CRC development, while some species exhibit antitumor activity
(Table 1) [5-9]. These bacteria directly interact with stromal cells, including CAFs and immune cells,
influencing their activation and function. F. nucleatum, for example, adheres to and invades CAFs,
leading to the production of pro-inflammatory cytokines like IL-6 and IL-8, which in turn promote
cancer cell proliferation, survival, and migration [10-12].

Once in the nucleus, 3-catenin interacts with T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcription factors, activating the transcription of target genes such as Transforming growth factor-
beta (TGF-{3), Connective tissue growth factor (CTGF), and Matrix metalloproteinases (MMPs). These
factors influence the tumor microenvironment through the activation of cancer-associated fibroblasts
(CAFs), promotion of extracellular matrix (ECM) remodeling, enhancement of cell adhesion,
migration, and proliferation, and facilitation of tumor invasion and metastasis.

Table 1. Bacterias of gut microbiome with pro- and anticancer activities.

Pro-Cancer Bacterias Anti-Cancer Bacterial Species
Fusobacterium nucleatum [5,6] Bifidobacterium longum [13]
Bacteroides fragilis [14] Lactobacillus acidophilus [15,16]
Enterococcus faecalis [17] Lactobacillus rhamnosus [16,18]
Escherichia coli [19] Faecalibacterium prausnitzii [20]
Peptostreptococcus anaerobius [21] Bifidobacterium breve [13]
Streptococcus gallolyticus [22] Lactobacillus reuteri [16]
Clostridium septicum [23] Bifidobacterium adolescentis [13]
Ruminococcus gnavus [13] Lactobacillus plantarum [16]

Another aspect of gut microbiome influence on the CRC stroma is through the production of
bacterial metabolites, such as short-chain fatty acids (SCFAs), secondary bile acids, and polyamines
[24-28]. SCFAs, like butyrate, exhibit anti-inflammatory and anti-tumorigenic properties by
modulating the activation of immune cells and CAFs [24-26]. In contrast, secondary bile acids and
polyamines promote a pro-inflammatory environment and stimulate reactive oxygen species (ROS)
production, leading to DNA damage and activation of oncogenic pathways in both cancer and
stromal cells [27-31].

Dysbiosis can also result in chronic inflammation, a major risk factor for CRC. Pro-inflammatory
bacteria stimulate the production of cytokines and chemokines, such as IL-6, IL-8, IL-1p, and TNF-q,
which recruit and activate various immune cells, including tumor-associated macrophages (TAMs),
T cells, and myeloid-derived suppressor cells (MDSCs) [11,32-34]. The complex interplay among
bacteria, immune cells, and the tumor stroma creates a self-perpetuating pro-inflammatory and pro-
tumorigenic environment, facilitating CRC development and progression.

The gut microbiome can also impact the composition and remodeling of the extracellular matrix
(ECM) in the CRC stroma. Bacteria and their metabolites modulate the expression and activity of
matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), which are
crucial for ECM remodeling [35,36]. Changes in ECM composition and stiffness influence cancer cell
invasion, metastasis, angiogenesis, and immune cell infiltration.

Given the role of the gut microbiome in colorectal tumor stroma development and progression,
researchers are actively exploring strategies to manipulate it. Promising approaches include
probiotics and prebiotics, fecal microbiota transplantation (FMT), dietary interventions, targeted
antimicrobial therapy, and combination therapies.
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Probiotics, live microorganisms conferring health benefits when administered in adequate
amounts, may help restore immune homeostasis and reduce pro-inflammatory and pro-tumorigenic
stimuli contributing to CRC progression [37-39]. Prebiotics, non-digestible food components that
selectively stimulate the growth and activity of beneficial gut bacteria, promote the production of
beneficial bacterial metabolites, such as SCFAs, potentially counteracting dysbiosis' adverse effects
on colorectal tumor stroma development [40,41].

FMT, involving the transfer of fecal material containing a healthy donor's gut microbiota into a
recipient's gastrointestinal tract, aims to restore the recipient's gut microbial balance. While FMT has
been primarily used for treating recurrent Clostridioides difficile infection, emerging evidence
suggests potential for modulating the gut microbiome in colorectal cancer patients, thereby affecting
tumor stroma development and disease progression [42—44].

Dietary interventions offer another means to influence gut microbial composition and function.
Adopting a diet rich in fruits, vegetables, whole grains, and lean proteins, while limiting the intake
of processed and red meats, high-fat dairy products, and added sugars, can promote a healthy gut
microbiome [45-47]. Such dietary changes may potentially reduce inflammation and the risk of
colorectal cancer by modulating the gut microbiome and its interactions with the tumor stroma.

Targeted antimicrobial therapy, selectively targeting specific pathogenic bacteria implicated in
colorectal cancer progression such as Fusobacterium nucleatum and Bacteroides fragilis, could be a
potential approach to mitigate their influence on the tumor stroma [48-50]. However, developing
targeted antimicrobial therapies requires a thorough understanding of the complex interactions
between these bacteria and the colorectal tumor stroma, as well as the identification of specific
molecular targets.

Combination therapies, which involve combining microbiome-targeting interventions with
conventional cancer therapies such as chemotherapy, radiotherapy, or immunotherapy, may enhance
treatment efficacy by modulating the tumor stroma and improving the overall tumor
microenvironment [51]. These combination strategies could help overcome therapy resistance and
improve patient outcomes.

In summary, the gut microbiome plays a crucial role in colorectal cancer development and
progression by modulating the tumor stroma through direct bacterial interactions, production of
bacterial metabolites, and bacteria-induced inflammation. Dysbiosis can lead to a pro-inflammatory
and pro-tumorigenic environment, further promoting colorectal cancer. Strategies such as probiotics,
prebiotics, fecal microbiota transplantation, dietary interventions, targeted antimicrobial therapy,
and combination therapies hold promise for mitigating the gut microbiome's influence on colorectal
tumor stroma development and progression. Further research is needed to optimize these
approaches and improve patient outcomes.

3. Gut-Associated Lymphoid Tissue (GALT) and its Influence on Colorectal Tumor Stroma
Development and Stability

The gut-associated lymphoid tissue (GALT) is a critical component of the mucosal immune
system, responsible for maintaining intestinal homeostasis and protecting the host from pathogens.
However, under certain conditions, GALT can contribute to the development and stability of the
colorectal tumor stroma, ultimately supporting tumor survival.

One way GALT can influence tumor survival is through immune tolerance and
immunosuppression. Tumors can exploit GALT's tolerogenic environment to evade immune
surveillance. Regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) are essential
for maintaining immune tolerance within GALT. Tumor cells can recruit Tregs and MDSCs to the
tumor stroma, where they suppress anti-tumor immune responses by inhibiting the function of
cytotoxic T cells and natural killer (NK) cells. This immunosuppressive microenvironment enables
the tumor to survive and progress [52].

Additionally, GALT plays a central role in regulating inflammatory responses. In the context of
colorectal cancer, GALT-driven chronic inflammation can contribute to tumor stroma development
and progression. Pro-inflammatory cytokines and chemokines, such as IL-6, IL-8, IL-13, and TNF-a,
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can activate stromal cells, including CAFs and tumor-associated macrophages (TAMs). These cells,
in turn, support tumor growth, angiogenesis, and metastasis, creating a pro-tumorigenic
environment in the colorectal tumor stroma [53,54].

Furthermore, antigen presentation and immune cell infiltration should be considered. GALT
contains a high concentration of antigen-presenting cells (APCs), such as dendritic cells and
macrophages, which play a pivotal role in shaping the immune response. In the context of colorectal
cancer, dysfunctional APCs may inefficiently present tumor antigens, leading to suboptimal
activation of cytotoxic T cells and a weakened anti-tumor immune response. Additionally, the
complex cellular composition of the tumor stroma, including immune cells like TAMs, MDSCs, and
Tregs, can impede the infiltration and function of effector T cells, further supporting tumor immune
escape [54-56].

Lastly, lymphangiogenesis is a crucial factor. GALT is rich in lymphatic vessels, which are
essential for the transport of immune cells and antigens. Tumor cells can exploit the lymphatic
network within GALT to facilitate metastasis to regional lymph nodes and distant organs. Moreover,
tumor-induced lymphangiogenesis can modulate the tumor stroma, allowing for increased
infiltration of immunosuppressive cells and further supporting tumor survival and progression [52].

Given the fundamental mechanisms of GALT's influence on tumor stroma development, several
potential targets within GALT associated with immune regulation and inflammation can be explored
as intervention methods. Regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs)
play a central role in immune suppression within the tumor microenvironment. Inhibiting their
recruitment or function could potentially enhance anti-tumor immunity. Current investigations focus
on strategies to deplete or block the function of Tregs and MDSCs, including the use of monoclonal
antibodies, small molecules, and immune checkpoint inhibitors [57,58]. Immune checkpoint blockade
is a promising strategy for enhancing anti-tumor immunity in various cancers, including colorectal
cancer. Immune checkpoints are inhibitory pathways that regulate immune responses and maintain
self-tolerance. Tumors often exploit these pathways to evade immune surveillance. Blocking immune
checkpoints, such as CTLA-4, PD-1, and PD-L1, with monoclonal antibodies has shown promise in
multiple cancer types [59].

Another potential target is pro-inflammatory cytokines and chemokines, such as IL-6, IL-8, IL-
1B, and TNF-a, which contribute to the promotion of tumor growth, angiogenesis, and metastasis.
Targeting these key pro-inflammatory mediators could reduce inflammation within the tumor
microenvironment. Inhibitors of these cytokines or their receptors are being explored as potential
therapeutic agents for various cancers, including colorectal cancer [60]. In addition to inhibition,
enhancing the function of APCs, including dendritic cells and macrophages, could lead to more
efficient activation of cytotoxic T cells and a stronger anti-tumor immune response.
Immunotherapeutic approaches, such as dendritic cell vaccines or adoptive cell transfer, aim to
improve the antigen-presenting capacity of these cells [61].

Targeting lymphangiogenesis could potentially limit the spread of tumor cells to regional lymph
nodes and distant organs and is an attractive approach for treatment. Therapeutic agents targeting
the vascular endothelial growth factor (VEGF) family members or their receptors, which play a
crucial role in lymphangiogenesis, are being explored as potential treatment options [62,63].

In conclusion, understanding the complex role of GALT in colorectal cancer progression offers
valuable insights for developing novel therapeutic strategies. By targeting key components of the
immune response, inflammation, and lymphangiogenesis within GALT, it may be possible to
interfere with the pathological processes that support tumor survival and progression. This approach
holds promise for the development of more effective therapies for colorectal cancer and may
ultimately improve patient outcomes.

4. The Role of the Wnt Signaling Pathway in Colorectal Cancer Tumor Stroma Development and
Maintenance

The Wnt signaling pathway is a crucial signaling cascade involved in various physiological
processes such as embryonic development, cell proliferation, differentiation, and tissue homeostasis.
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Aberrant activation of the Wnt pathway has been implicated in numerous human cancers, including
CRC [64]. In CRC, the Wnt signaling pathway plays a central role in driving tumorigenesis and
maintaining the tumor microenvironment. It is also essential for tumor stroma development,
remodeling, and stability, making it a critical contributor to tumor progression. The Wnt signaling
pathway's specificity for CRC provides potential molecular targets for regulating this pathway to halt
tumor support.

The Wnt signaling pathway can be broadly divided into two categories: canonical (3-catenin-
dependent) and non-canonical (B-catenin-independent). In CRC, the canonical Wnt/f3-catenin
signaling is the primary pathway involved in tumorigenesis. Under normal physiological conditions,
[(-catenin levels are tightly regulated through phosphorylation and subsequent degradation.
However, in CRC, mutations in genes encoding components of the Wnt pathway, such as APC,
CTNNBI (encoding (3-catenin), and AXIN2, lead to stabilization and accumulation of 3-catenin [65].
Consequently, [3-catenin translocates to the nucleus, where it interacts with the TCF/LEF family of
transcription factors, leading to the activation of target genes involved in cell proliferation, survival,
and stemness [66].

The specificity of Wnt signaling in CRC can be attributed to the high frequency of mutations in
the APC gene, occurring in approximately 80% of sporadic CRC cases [67]. The APC protein, a key
component of the B-catenin destruction complex, plays a crucial role in maintaining intestinal
epithelial homeostasis. Loss of APC function due to mutations results in aberrant activation of Wnt/[3-
catenin signaling, leading to uncontrolled cell proliferation and the initiation of CRC. Furthermore,
the Wnt signaling pathway is intimately involved in the maintenance and regulation of intestinal
stem cells, which are essential for tissue regeneration and repair. Dysregulation of Wnt signaling in
CRC disrupts the balance between stem cell proliferation and differentiation, contributing to tumor
growth and progression [68].

Wnt signaling contributes to the formation and maintenance of the tumor stroma in CRC
through various mechanisms. One such mechanism is the crosstalk between tumor cells and stromal
cells, where Wnt signaling can mediate communication between tumor cells and stromal cells like
CAFs and tumor-associated macrophages (TAMs). In turn, these stromal cells secrete Wnt ligands
like Wnt3a, Wnt5a, and Wnt7b, and other factors that further activate Wnt signaling in tumor cells,
creating a positive feedback loop that promotes tumor growth and progression [69,70].

Another mechanism involves the regulation of extracellular matrix (ECM) remodeling. Wnt
signaling can modulate the expression of matrix metalloproteinases (MMPs) and other ECM
remodeling enzymes, which are involved in the degradation and reorganization of the ECM. This
remodeling process creates a permissive environment for tumor cell invasion and metastasis [71].

Wnt signaling also plays a role in angiogenesis, promoting the formation of new blood vessels
by regulating the expression of pro-angiogenic factors, such as vascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF) [72,73]. Enhanced angiogenesis within the tumor stroma
supports tumor growth by providing nutrients and oxygen while also facilitating the metastatic
spread of tumor cells through the Additionally, Wnt signaling can influence the tumor immune
microenvironment by affecting the recruitment and function of immune cells within the tumor
stroma. Activation of Wnt signaling can lead to the recruitment of immunosuppressive cells, such as
myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), which inhibit anti-tumor
immune responses and promote tumor progression [74,75].

Given the critical role of the Wnt signaling pathway in colorectal cancer and its impact on the
tumor stroma, several molecular targets have been proposed for therapeutic intervention. These
targets aim to inhibit Wnt signaling and disrupt the tumor-supporting functions of the tumor stroma:
1.  Porcupine inhibitors: Porcupine is an enzyme required for the palmitoylation and secretion of

Wnt ligands. Inhibition of Porcupine prevents the secretion of Wnt ligands, thereby blocking

Wnt signaling activation [76]. Several Porcupine inhibitors, such as LGK974 and ETC-159, are

currently being evaluated in clinical trials for the treatment of Wnt-driven cancers, including

CRC [77,78].
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2. Frizzled receptor antagonists: Frizzled receptors are cell surface receptors that bind to Wnt
ligands and activate Wnt signaling [77]. Targeting Frizzled receptors with antagonistic
antibodies or small molecules can prevent Wnt ligand binding and subsequent pathway
activation. OMP-18R5 (vantictumab) and OMP-54F28 (ipafricept) are two examples of Frizzled
receptor antagonists under clinical investigation [79,80].

3. Tankyrase inhibitors: Tankyrases are enzymes that regulate the stability of the scaffold protein
AXIN, a component of the (3-catenin destruction complex. Tankyrase inhibitors stabilize AXIN,
promoting the degradation of (3-catenin and thus inhibiting Wnt signaling [81,82]. G007-LK and
NVP-TNKS656 are examples of Tankyrase inhibitors in preclinical development [83].

4. p-catenin inhibitors: Directly targeting (>-catenin can inhibit its interaction with TCF/LEF
transcription factors, preventing the activation of Wnt target genes [82]. Small molecules, such
as PRI-724 and BC2059, have been developed to target the [3-catenin/TCF interaction and are
currently in clinical trials [84,85].

In conclusion, the Wnt signaling pathway plays a pivotal role in colorectal cancer by influencing
the tumor stroma and promoting tumor growth and progression. The specificity of Wnt signaling in
CRC, primarily due to the high frequency of APC mutations, makes it an attractive target for
therapeutic intervention. Several molecular targets within the Wnt pathway have been identified,
and their modulation holds promise for disrupting the tumor-supporting functions of the tumor

stroma in CRC. Continued research and clinical trials are needed to fully understand the potential of
these therapeutic strategies in treating colorectal cancer patients.

5. Tumor Budding and Its Influence on the Tumor Stroma in Colorectal Cancer

Tumor budding is a histological feature characterized by small clusters or single cancer cells at
the invasive front of the tumor [86]. These budding tumor cells possess features of epithelial-
mesenchymal transition (EMT) and display increased migratory and invasive properties. Tumor
budding is considered an important and unique prognostic factor in CRC, as it is associated with
aggressive tumor behavior, lymph node metastasis, and poor clinical outcomes. The interaction
between tumor budding cells and the tumor stroma is crucial for the progression of CRC.

Tumor budding cells exhibit EMT, a process in which epithelial cells lose their polarity and cell-
cell adhesion properties and acquire mesenchymal features. This process enhances their migratory
and invasive capabilities, ultimately leading to tumor invasion and metastasis. EMT in CRC is driven
by various signaling pathways, such as TGF-B, Wnt, and Notch, which are also involved in
modulating the tumor stroma [87].

The tumor stroma, composed of CAFs, immune cells, and extracellular matrix (ECM), plays a
crucial role in supporting tumor growth, angiogenesis, and metastasis. Tumor budding cells secrete
various growth factors, cytokines, and chemokines that influence the stroma and create a tumor-
promoting microenvironment, such as TGF-3, VEGEF, IL-6, IL-8, Chemokine (C-X-C motif) ligand 12
(CXCL12) and its receptor C-X-C chemokine receptor type 4 (CXCR4), and Matrix Metalloproteinases
(MMPs). In turn, the stromal cells produce factors that enhance the invasive and metastatic potential
of the budding cells, such as Fibroblast Growth Factors (FGFs), Hepatocyte Growth Factor (HGF),
Platelet-Derived Growth Factor (PDGF), Stromal Cell-Derived Factor-1 (SDF-1, also known as
CXCL12), Matrix Metalloproteinases (MMPs), Tenascin-C, and Lysyl Oxidase (LOX). This establishes
a reciprocal feedback loop [88-91].

Tumor budding is strongly associated with tumor invasion and metastasis in CRC. Budding
cells invade the stroma and degrade the ECM through the secretion of MMPs. They can also enter
the lymphatic or blood vessels, leading to lymph node and distant organ metastasis. The stromal
cells, particularly CAFs, support this process by secreting factors that promote invasion and
angiogenesis [88,92].
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Targeting tumor budding in CRC is a promising therapeutic strategy, as it may disrupt the
tumor-stroma crosstalk, inhibit invasion and metastasis, and improve clinical outcomes. Several
cellular and molecular targets are being investigated for their potential to stop tumor budding and
its supportive role in cancer progression:

1. EMT Inhibitors: Targeting the EMT process can inhibit tumor budding and potentially prevent
invasion and metastasis. Inhibition of EMT-driving pathways, such as TGF-$, Wnt, and Notch,
can restore epithelial properties and reduce the invasive potential of tumor cells [93-95]. Small
molecules, monoclonal antibodies, and other therapeutic agents targeting these pathways are
under investigation.

2. Targeting CAFs: CAFs play a critical role in supporting tumor budding by secreting factors that
promote EMT, invasion, and angiogenesis. Inhibiting CAF activation, proliferation, or function
may disrupt the tumor-stroma crosstalk and reduce the supportive role of CAFs in tumor
budding. Several strategies, including targeting CAF-derived factors, such as fibroblast
activation protein (FAP) [96] or transforming growth factor-beta (TGE-3), are being explored
[97].

3. Inhibition of MMPs: MMPs are enzymes that degrade the ECM, facilitating tumor invasion and
metastasis [98]. Budding tumor cells produce MMPs to invade the stroma and promote tumor
progression. Inhibiting MMP activity may prevent the degradation of the ECM and reduce
tumor budding-associated invasion and metastasis. Several MMP inhibitors have been
developed, and some are currently being tested in preclinical and clinical studies for their
potential in CRC treatment [99,100].

4. Targeting Immune Cells: The immune cells within the tumor stroma, such as tumor-associated
macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs), contribute to the
supportive tumor microenvironment and facilitate tumor budding. Modulating the function of
these immune cells or reprogramming them to adopt an anti-tumor phenotype may help inhibit
tumor budding and improve CRC outcomes. Immunotherapies, such as immune checkpoint
inhibitors and adoptive cell transfer, are being investigated for their potential to target these
immune cells [101,102].

5. Targeting Tumor-Stroma Interactions: The reciprocal feedback loop between tumor budding
cells and the stroma is crucial for CRC progression. Disrupting the signaling pathways involved
in this crosstalk, such as the chemokine ligand-receptor axis (e.g., CXCL12-CXCR4), may inhibit
tumor budding and its associated invasion and metastasis. Therapeutic agents targeting these
signaling pathways are under investigation [103,104].

6. Therapeutic Approaches Targeting Tumor-Initiating Cells: Tumor-initiating cells (TICs) or
cancer stem cells are a subpopulation of tumor cells that possess self-renewal and differentiation
capabilities, driving tumor heterogeneity and resistance to therapy. Tumor budding has been
linked to the presence of TICs, which are capable of initiating new tumor growth at the invasive
front. Targeting TICs using specific surface markers, such as CD133, CD44, and Lgr5, or cellular
processes like self-renewal and differentiation, can help inhibit TICs and tumor budding [105-
107]. Targeting metabolic reprogramming in TICs, such as glucose metabolism, glutamine
metabolism, or fatty acid synthesis, may selectively affect TICs and impair their survival and
function [108,109].

In conclusion, tumor budding is an essential and unique feature of colorectal cancer that

significantly influences the tumor stroma and contributes to aggressive tumor behavior, invasion,
and metastasis. Several potential cellular and molecular targets are being investigated to stop tumor


https://doi.org/10.20944/preprints202306.0263.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023 doi:10.20944/preprints202306.0263.v1

10

budding and its supportive role in CRC progression. Targeting tumor budding may disrupt the
tumor-stroma crosstalk, inhibit invasion and metastasis, and ultimately improve the clinical
outcomes of CRC patients. Further research is required to identify and validate effective therapeutic
strategies that specifically target tumor budding and its underlying molecular mechanisms in
colorectal cancer.

6. Conserved Oncogenic Signatures in Colorectal Cancer Stroma

Colorectal cancer stroma displays unique gene expression signatures known as Conserved
Oncogenic Signatures (COS), which are specific to the stromal compartment of colorectal tumors.
These signatures represent consistent and reproducible patterns of gene expression that have been
identified across various colorectal cancer patients and studies [110-112]. The presence of COS
suggests that there are specific interactions between colorectal cancer cells and their stromal
components, which may drive tumor progression and influence treatment outcomes. Key players in
this signature include Fibronectin (FN1), Matrix metalloproteinases (MMPs), Vascular endothelial
growth factor (VEGF), Transforming growth factor-beta (TGF-3), and Interleukins (e.g., IL-6, IL-8)
[113-116].

Although COS represent consistent and reproducible patterns of gene expression, there may still
be some degree of inter-patient variability due to factors such as genetic background, lifestyle, and
tumor stage. These inter-patient differences in COS may influence treatment response and outcomes,
highlighting the importance of personalized medicine approaches. By analyzing the unique
molecular characteristics of each patient's tumor, including their specific COS, clinicians can develop
tailored treatment plans that maximize therapeutic efficacy and minimize side effects.

For example, some of the genes identified in the COS are involved in extracellular matrix
remodeling, which is known to play a critical role in facilitating tumor invasion and metastasis [117].
These genes include matrix metalloproteinases, which degrade various components of the
extracellular matrix; lysyl oxidase, which contributes to collagen cross-linking and stabilization;
fibronectin, a major component of the extracellular matrix that mediates cell adhesion and migration;
and collagens, the primary structural proteins in the extracellular matrix (Table 2). By targeting the
specific genes or pathways involved in this process, it may be possible to inhibit tumor progression
and improve treatment outcomes.

Moreover, the study of COS in colorectal cancer stroma has revealed the potential role of the
immune system in colorectal cancer development and progression. Some of the gene expression
signatures identified are associated with immune cell infiltration, immune cell activation, and
immune checkpoint pathways, indicating that the immune system may play a significant role in
shaping the tumor microenvironment (Table 2). Targeting these immune-related genes or pathways
may help modulate the immune response and enhance the effectiveness of immunotherapies in
colorectal cancer patients.

Table 2. Cytokines and Growth Factors Involved in Colorectal Cancer Stroma.

Gene Full Name Role in Colorectal Cancer Stroma References

MMP2 Matrix Metalloproteinase 2 ECM remodeling, degrades various ECM [118,119]
components, facilitates tumor cell invasion

and metastasis.

MMP9 Matrix Metalloproteinase 9 ECM remodeling, degrades collagen and [118,119]
other ECM components, promotes tumor

cell invasion, supports angiogenesis.

MMP14 Matrix Metalloproteinase 14 ECM remodeling, involved in the cleavage [120,121]

of cell surface proteins and the breakdown
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of ECM components, promotes tumor

invasion and angiogenesis.

LOX

Lysyl Oxidase

ECM remodeling, catalyzes the cross-
linking of collagens and elastin, contributes
to the stiffening of the tumor
microenvironment and promotes tumor

progression.

[122,123]

FN1

Fibronectin

ECM remodeling, involved in cell adhesion,
migration, and proliferation; its increased
expression is associated with tumor
progression and poor prognosis in

colorectal cancer.

[124]

COL1A1

Collagen Type I Alpha 1 Chain

ECM remodeling, major structural
component of the ECM, its increased
expression is associated with tumor
progression and poor prognosis in

colorectal cancer.

[125]

COL3A1

Collagen Type III Alpha 1
Chain

ECM remodeling, another structural

component of the ECM, its increased
expression is associated with tumor
progression and poor prognosis in

colorectal cancer.

[126]

COL5A1

Collagen Type V Alpha 1
Chain

ECM remodeling, another structural

component of the ECM, its increased
expression is associated with tumor
progression and poor prognosis in

colorectal cancer.

[127]

CD274

Programmed Death-Ligand 1
(PD-L1)

Immune checkpoint molecule, inhibits T
cell activation, promotes immune evasion

by tumor cells.

[128-130]

PDCD1

Programmed Cell Death
Protein 1 (PD-1)

Immune checkpoint receptor, dampens
immune response, allows tumor cells to

escape immune surveillance.

[128-130]

CTLA4

Cytotoxic T-Lymphocyte-

Associated Protein 4

Immune checkpoint receptor, inhibits T cell
activation, contributes to immune evasion

by tumor cells.

[131,132]

CXCL9

Chemokine (C-X-C motif)
Ligand 9

Recruits immune cells, such as T cells and
natural killer cells, to the tumor
microenvironment; enhanced anti-tumor

immunity.

[133]
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CXCL10 Chemokine (C-X-C motif) Recruits immune cells, such as T cells and [133,134]
Ligand 10 natural killer cells, to the tumor
microenvironment; enhanced anti-tumor
immunity.
CCL2 Chemokine (C-C motif) Recruitment of monocytes, macrophages, [135,136]
Ligand 2 and other immune cells to the tumor site;
altered expression associated with immune
cell infiltration and tumor progression.
IFNG Interferon Gamma Activates and modulates immune response [137]
against tumor cells, affects expression of
immune checkpoint molecules and other
immune-related genes.
VEGFA Vascular Endothelial Growth | Promotes growth of new blood vessels from [138-140]
Factor A existing vasculature, stimulates endothelial
cell proliferation, migration, and survival.
VEGFR2 | Vascular Endothelial Growth | Primary receptor for VEGFA on endothelial [141,142]
Factor Receptor 2 (KDR) cells, activation by VEGFA leads to a
signaling cascade promoting angiogenesis
and vascular permeability.
ANGPT1 Angiopoietin-1 Regulates angiogenesis by binding to the [143,144]
endothelial cell receptor tyrosine kinase,
Tie2, promotes vessel maturation and
stability.
ANGPT2 Angiopoietin-2 Acts as an antagonist of ANGPT1, binds to [144,145]
Tie2, promotes vessel destabilization and
sprouting angiogenesis.
FGF2 Fibroblast Growth Factor 2 Regulates angiogenesis, stimulates [146,147]
(bFGF) endothelial cell proliferation, migration,
and differentiation, acts synergistically with
VEGFA to promote blood vessel formation.
PDGFB Platelet-Derived Growth Promotes recruitment of pericytes to newly [148,149]
Factor B formed blood vessels, essential for blood
vessel maturation and stabilization.

Another important aspect of COS in colorectal cancer stroma is the identification of genes and

pathways involved in angiogenesis. By identifying specific angiogenesis-related genes in the COS,

researchers can better understand the mechanisms driving this process and develop targeted
therapies to inhibit angiogenesis in colorectal cancer patients (Table 2).

In conclusion, COS in colorectal cancer stroma is a distinct concept from the previous chapters
on the Gut Microbiome, the Gut-Associated Lymphoid Tissue (GALT), the Wnt Signaling, and the
Tumor Budding. While the previous chapters focus on specific components or processes within the
tumor microenvironment, COS represents a unique gene expression signature specific to the stromal
compartment of colorectal tumors. Although there may be some overlap or interplay among these
topics, COS is an individual mechanism that could potentially serve as a therapeutic target.
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7. Culmination of Colorectal Cancer Tumor-Stroma Interactions in Metastasis: The Seed and Soil
Hypothesis

The development of metastatic CRC significantly impacts patient prognosis and treatment
outcomes, as metastatic disease is often more challenging to treat and associated with a poorer
prognosis. A deeper understanding of the mechanisms underlying metastasis in CRC is essential for
developing novel therapeutic strategies that can improve patient survival and quality of life. In this
context, the concept of "the seed" and "the soil" plays a crucial role in understanding the intricate
interplay between cancer cells and their supportive stroma during the metastatic process.

The "seed" represents the colon cancer cell, which undergoes a series of genetic and epigenetic
alterations during carcinogenesis. As the cancer cell accumulates mutations, it acquires immunogenic
properties that enable it to evade the host's immune system [150]. Simultaneously, the tumor stroma,
or "the soil," undergoes changes that promote immunosuppression and create a nurturing
environment for the growing cancer cell [151,152]. The dynamic relationship between the cancer cell
and its stroma is critical for primary tumor progression and the eventual development of metastasis.

In the metastatic process, it is unlikely that a single, isolated cancer cell from the primary tumor
can form a metastatic lesion in a distant organ. Intact organs represent a "desert" that lacks the
supportive stromal environment necessary for a highly immunogenic cancer cell to survive and
thrive. Instead, the hypothesis suggests that metastasis may arise from conglomerates of cells,
consisting of cancer cells and associated stromal elements, that together create a suitable
microenvironment for the survival and growth of metastatic cancer cells.

One potential example of such a metastatic unit is the presence of Cancer-Associated
Macrophage-like Cells (CAMLs) in circulation [153]. CAMLs are a unique cell population that
consists of both cancer cells and stromal macrophages. These cells have been detected in the
bloodstream of cancer patients and have been suggested to play a role in metastasis [154,155]. In this
scenario, the cancer cell and the macrophage together form a primary metastatic unit that is capable
of colonizing distant organs and establishing metastatic lesions. The presence of the stromal
macrophage in this unit may provide the necessary support and immunosuppressive environment
for the highly immunogenic cancer cell to survive and grow in the "desert" of an intact organ (Figure
2).
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Figure 2. Colorectal Cancer Metastasis: Tumor-Stroma Interactions and the Seed and Soil Hypothesis.
(A): During tumor progression, a colorectal cancer (CRC) cell develops through mutational and
epigenetic events, exhibiting uncontrolled proliferation and evasion from apoptosis. The CRC cell, or
"seed," thrives within the "soil" provided by cancer-associated fibroblasts (CAFs) and tumor-
associated macrophages (TAMs). These stromal cells create a humoral (“bubbles” in the picture) and
cellular shield and facilitate the supply of nutrients and exogenous growth stimuli to tumor cells. Key
factors involved in this process include matrix metalloproteinases (MMP2, MMP9, MMP14),
chemokines (CCL2, CXCL9, CXCL10), growth factors (VEGFA, FGF2, PDGFB, TGF, TNF-a), and
cytokines (IL-1b, IL-10), which contribute to extracellular matrix remodeling, immune cell
recruitment, and angiogenesis. Surface molecules such as CD274 (PD-L1), PDCD1 (PD-1), and CTLA4
suppress T-cell activation, enabling tumor cells to evade immune surveillance and fostering a
supportive microenvironment for the CRC cell. (B): The illustration demonstrates the interaction and
invasion of Cancer-Associated Macrophage-like Cells (CAMLSs) into a blood vessel. As a hybrid of
macrophages and CRC cells, CAMLs utilize specific molecules, such as matrix metalloproteinases
(MMPs), integrins, and selectins, to infiltrate the vessel wall, emphasizing their invasive capabilities.
Moreover, CAMLs can attach to cancer-associated fibroblasts (CAFs) or facilitate tumor cells
undergoing epithelial-mesenchymal transition (EMT) to ease invasion into the blood vessel. This
visual representation illustrates the complex interactions within the tumor microenvironment that
contribute to tumor progression and metastasis. (C): Formation of metastasis: tumor and stromal cell
associates (such as CAMLs) carry the necessary "seeds" and an initial supply of "soil" to protect CRC
cells during the early stages and prepare fertile "soil" for the protection and further proliferation of
tumor cells. These cells utilize various molecular factors, such as integrins, matrix metalloproteinases
(MMPs), and chemokines, to facilitate invasion and adaption to new tissues, promoting metastatic
growth and colonization.
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This hypothesis of metastasis involving cancer cell-stromal cell conglomerates underscores the
importance of considering both cancer cells and their surrounding stroma in the development of
therapeutic strategies for metastatic CRC. By targeting both the "seed" and the "soil," researchers can
potentially disrupt the metastatic process and improve patient outcomes.

8. Conclusions

In conclusion, the primary colorectal tumor stroma plays a vital role in the development of
metastasis. As cancer cells acquire immunogenic properties, the tumor stroma adapts to create an
immunosuppressive and trophic environment that supports cancer cell growth. The metastatic
process may involve cancer cell-stromal cell conglomerates that together establish metastatic lesions
in distant organs. Understanding this complex interplay between cancer cells and their stroma is
crucial for developing novel therapeutic strategies that can effectively target both the "seed" and the
"soil" to prevent or treat metastatic colorectal cancer.
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