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The colon is an organ rich in collagen, while the liver is an organ deficient in collagen. The tissue microenvironment of the two organs differs significantly, but the
incidence of liver metastasis in colorectal cancer is high. Besides vascular drainage factors, the changes in collagen occurring in the liver during the process of colorectal
cancer liver metastasis are also very important. This article aims to discuss the characteristics of collagen changes in the premetastatic stage, liver colonization, and

intrahepatic metastasis process of colorectal cancer liver metastasis.

Introduction

Colorectal Cancer (CRC) is the third most common
cancer worldwide [1]. The liver is the primary target organ
for the metastasis of colorectal cancer, and liver metastasis
is the main cause of death in colorectal cancer patients.
Approximately 40-50% of colorectal cancer patients
experience liver metastasis during the disease [2]. Even after
undergoing RO tumor resection surgery, more than half of the
patients still experience recurrence within 2 years, with a high
recurrence rate of 50-80% [3-5]. With the wide acceptance
of Parenchymal-Sparing Hepatectomy (PSH) [6-8] and the
concept of multiple resections after liver metastasis recurrence,
the surgical decision for treating CLMR largely depends on
disease prediction. Therefore, there is a need for more detailed,
personalized, and accurate prognosis prediction for patients,
which has direct clinical significance.

Extracellular Matrix (ECM) as the most abundant
component in the tumor microenvironment can regulate tumor
cell behavior and tissue tension homeostasis. Collagen is the
main functional component of ECM, forming the scaffold for
various cell growth and the bridge for cell movement in the

tumor microenvironment. Through collagen degradation and
redeposition, ECM remodeling is regulated, promoting tumor
infiltration, angiogenesis, invasion, and migration. This
review hopes to further discuss the importance of collagen
in tumor metastasis through relevant research on collagen
changes and tumor development and supplement or improve
the understanding of the principles of colorectal cancer liver
metastasis.

The classification and characteristics of collagen

Collagen is composed of 28 family members, each of which
plays a unique role in the matrix structure [9]. Type I collagen
is the main structural protein in the interstitial Extracellular
Matrix (ECM) [10]. Type IV collagen is a crucial component of the
Basement Membrane (BM), which is located on the basal surface
of epithelial cells and endothelial cells and plays a vital role in
tumor metastasis [11]. Collagen is composed of three peptide
o chains, which can form either homotrimer or heterotrimer.
The o chains also contain non-collagenous domains, which
are removed by proteolysis in fibrillar collagens (e.g., I, II,
III). After proteolysis, non-collagenous domains can exhibit
new functions [12]. Research shows that changes in collagen
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proteins in the tumor microenvironment are associated with
cancer metastasis and recurrence [13-15]. Type IV collagen is
significantly upregulated in the tumor microenvironment of
colorectal liver metastasis (CRLM) compared to normal liver
tissue [16,17] and types I and III collagen are also densely
expressed in the CRLM microenvironment [17]. Their molecular
conformation also changes, with 19 out of 22 collagen o
chains upregulated compared to normal tissue [16,18,19].
Meanwhile, under the action of matrix metalloproteinases
(MMPs) [20,21], the activation of the fibrinolytic system and
the degradation and remodeling of collagen fibers reshape the
tumor microenvironment of liver metastases [16-19,21-23].
The histopathological growth pattern (HGP) model suggests
that patients with a proliferative type of fibrosis characterized
by collagen protein wrapping around liver metastases have a
better prognosis [20,24-28]. However, Bram Piersma describes
collagen as the “highway” for tumor metastasis, indicating
that metastatic tumors can spread rapidly along collagen fibers
[29]. From studies on breast cancer, it has been found that
the orientation of collagen has a polarizing effect on tumor
growth, as tumors tend to proliferate and metastasize parallel
to collagen fibers but encounter obstacles in the vertical
direction [30-32]. These studies suggest that the quantity,
structure, orientation, and other characteristics of collagen
may be related to tumor metastasis and prognosis.

Detection methods for collagen

Tumor proliferation can alter the function of collagen
[15,33] and it has been shown that these changes depend on
individual collagen levels [17]. Detecting collagen changes in
blood or urine can reflect collagen dissolution and remodeling,
but the exact location and specific reactions cannot be
determined. Methods such as proteomics, which involve
separating and extracting collagen for further testing, can
reveal changes in collagen structure and quantity, but the
conformation of collagen in a three-dimensional environment
is lost. Immunohistochemistry methods, such as Van Gieson
staining or Masson trichrome staining on pathological slides,
can visually display the arrangement of collagen in the tumor
microenvironment. However, they are influenced by factors
such as staining time and batch, which prevents achieving
quantitative analysis accuracy.

Collagen can generate second harmonic generation under
conditions of multi-photon excitation due to its unique
structure. These signals can be detected and used for multi-
photon imaging [34-37]. Multi-photon imaging can visualize
the assembly of collagen in tissue at the supramolecular
level [38] and can be used to quantitatively extract collagen
morphology, intensity, and texture features. Multi-photon
imaging is an ideal method for collagen research. It does
not require staining, is sensitive to collagen, and is fast and
efficient. It can also be used for in vivo tissue imaging.

The two images are consecutive section scans of liver
metastasis in colorectal cancer at the same location. The
image on the left is HE staining, and the image on the right
is a multiphoton imaging image. The bottom left corner of
the image shows colorectal cancer tissue, while the top right
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corner shows liver cell tissue. In the multiphoton imaging,
green represents collagen fibers (Figure 1).

The role of collagen in the pre-transfer microenviron-
ment

Colorectal Cancer (CRC) exhibits extensive matrix collagen
before liver metastasis. This process involves the formation of
fibroblast-like cells and collagen fibers, as well as infiltration
of endothelial cells, Hepatic Stellate Cells (HSC), and tumor
cells. During this process, matrix collagen plays a role in
the growth, matrix, and metastasis of tumor cells through
autocrine or paracrine mechanisms [39]. For example, MMP-
2, as an important receptor for matrix collagen, is regulated
by fibroblasts, endothelial cells, and tumor cells [40]. The
expression of MMP-2 on endothelial cells serves as a receptor
for epithelial cell adhesion molecule (ECAM) and Epithelial Cell
Adhesion-like molecule (ECAL) derived from tumor stem cells,
while the epithelial cell adhesion molecule derived from tumor
stem cells inhibits the expression of ECAM and ECAL through
activation signaling pathways. Tumor cell matrix collagen is a
major component of the connection between the extracellular
matrix and endothelial cells [41]. Research has shown that
Matrix Metalloproteinase 9 (MMP-9) can regulate metastatic
behavior, including degradation of extracellular matrix
components and formation of motile organelles, making it a
therapeutic target for human colorectal tumors [42].

One fundamental stage during the metastasis process is
the establishment of the Pre-Metastatic Niche (PMN) before
the formation of clinically relevant metastasis, which plays
a critical role in the occurrence of colorectal liver metastasis
(CRCLM). Factors secreted by tumor and stromal cells induce
the formation of the pre-metastatic niche by influencing
the recruitment and functional activation of immune cells,
leading to early changes in the microenvironment of distant
organs without cancer cells, thus mediating the preparation
of the metastatic site to facilitate subsequent tumor cell
colonization [43]. The initiation of distant organ metastasis
involves a gradual shift of tissue homeostasis towards a
dysfunctional environment tilted towards the establishment
of Circulating Tumor Cell (CTC) colonization: vascular leakage,
lymphangiogenesis, extracellular matrix remodeling, and
the generation of an immunosuppressive microenvironment
[44]. Various cellular and molecular events are involved in

Figure 1: HE staining and multiphoton imaging images of the border of liver
metastasis in colorectal cancer.
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the formation of liver Polymorphonuclear Cells (PMN) in CRC,
such as Bone Marrow-Derived Cells (BMDCs), hepatic stellate
cells, Kupffer cells, extracellular matrix, and CRC-derived
factors. The formation of liver PMN depends on the complex
interaction between CRC and the hepatic microenvironment,
including recruitment of BMDCs, angiogenesis, immune
suppression, inflammatory response, and remodeling of the
extracellular matrix [44]. Exciting new research is beginning
to reveal the complex interactions between multiple cell types
and regulatory factors in the tumor microenvironment, where
these cell types and regulatory factors cooperate to control
the invasion and metastasis of tumor cells. By dynamically
interacting with tumor cells, stromal cells participate in all
stages of tumor initiation, development, metastasis, relapse,
and drug response, thus influencing the fate of patients.

The migration and invasion of tumor cells in the liver
are regulated by various factors, and matrix collagen is one
important regulatory factor. Tumor cells induce the production
of collagen fibers in the extracellular matrix by binding
to collagen receptors in the surrounding matrix and then
transmit these fibers to the liver tissue to promote the growth
and metastasis of tumor cells by regulating angiogenesis and
infiltration of tumor cells. Currently, many studies have shown
a close correlation between matrix collagen and the migration
and invasion of tumor cells.

The role of collagen in the dormancy of metastatic tu-
mors

In 1993, COPPOCK et al. discovered that lung fibroblasts,
after entering the resting phase (Go phase), start expressing
a series of quiescence-inducing genes (quiescins). The
expression of these genes is crucial for maintaining the cells in
a dormant state. They regulate and modulate various biological
processes within the cells, including gene transcription, protein
synthesis, and activity of intracellular signaling networks. The
expression of these quiescence-inducing genes helps cells
remain in a non-proliferative state and prevents them from
entering the next stage of the cell cycle. The mechanism of cell
entry into the resting phase holds significant importance in the
study of lung fibroblasts and provides valuable insights into
the development of pulmonary diseases and cellular biology
research. Among them, 8 genes are upregulated, including
decorin, Cir, Q6, Qi0, and collagen chain genes COLG6A1,
COL3A1, COL1A1, and COL1A2. Particularly, the expression
level of the COL3A1 gene reaches tenfold its original level
after the cell enters the resting phase [45]. These research
findings further suggest a hypothesis that collagen may
contribute to maintaining a cell’s quiescent state, including
tumor cells. At the same time, the transcriptional regulation
of certain collagen genes in metastatic tumor cells may play a
role in balancing proliferation and quiescence signals during
the metastasis process. Metastatic tumor cells are in a non-
proliferative quiescent state, called tumor dormancy, which
can last for many years before regaining proliferative capacity
[46]. Collagen is highly enriched in the extracellular matrix
of dormant tumor cells and its composition differs from that
of the proliferative phase extracellular matrix [47]. In the
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extracellular matrix of dormant tumor cells, tumor-derived
COLIII expression increases, which is essential for maintaining
the dormant state. Disruption of it restores tumor -cell
proliferation through DDR1-mediated STAT1 signaling.

Second Harmonic Generation (SHG) microscopy further
revealed the changes in type III collagen structure and
abundance accompanying the transition from dormancy to
reactivation. Clinical sample analysis showed that the level of
type III collagen was elevated in the tumors of patients with
lymph node-negative head and neck squamous cell carcinoma
compared to those with lymph node-positive metastasis. When
COLIII disappeared in dormant cells, tumor cells regained their
proliferative ability. Furthermore, collagen proteins are also
involved in maintaining the quiescent state of other cell types
such as stem cells. For example, COLV produced by muscle
satellite stem cells maintains their quiescent state through
the Calcitonin Receptor (CALCR), while COLVI regulates the
self-renewal ability of satellite cells. Barkan et al. reviewed the
potential contribution of the interaction between tumor cells
and the microenvironment of metastatic sites in regulating
tumor dormancy and growth, with a particular focus on the
potential role of the extracellular matrix (ECM) in regulating
dormancy maintenance and release. These long-term surviving
disseminated tumor cells remain in a dormant state but may be
triggered to proliferate by largely unknown factors [48].

The role of collagen in tumor metastasis

In the initial stages of tumorigenesis, tumorigenic epithelial
cells proliferate rapidly in a two-dimensional (2D) environment
at the top of the basal membrane [49,50]. As transformation
progresses, cancer cells acquire the ability to penetrate the
basal membrane and invade the underlying Extracellular Matrix
(ECM) [50]. Consistent with the expression of an invasive
phenotype, tumor cells adapt to the sudden transition in a
growth environment. Invading cells are no longer confined to
the planar surface of the ECM but are compelled to proliferate
within a dense Three-Dimensional (3D) matrix primarily
composed of type I collagen or cross-linked fibronectin [51,52].
However, despite the potent growth-inhibitory properties of
the ECM [53-55], cancer cells can accelerate proliferation in
this 3D environment by evading anti-growth signals [49,56].

The migration and invasion of tumor cells in the liver
are regulated by multiple factors, and matrix collagen is one
important regulatory factor among them. Tumor cells induce
the production of collagen fibers in the extracellular matrix by
binding to collagen receptors in the surrounding matrix, and
then transmit these fibers to liver tissue, promoting the growth
and metastasis of tumor cells by regulating angiogenesis and
infiltration of tumor cells. Currently, many studies have already
indicated a close correlation between matrix collagen and the
migration and invasion of tumor cells.

Microenvironmental features associated with collagen
architecture

In recent years, the focus of academic research has been
on tumor immunity, and some new strategies for anti-tumor
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therapy have been developed. It has been found that the
three-dimensional structure of the Extracellular Matrix (ECM)
influences the migration of immune cells. When immune cells
need to enter the interior of tumor tissue, they must actively
migrate through the ECM. In the matrix of healthy tissues,
the porosity of collagen fibers is relatively high, which is very
beneficial for T lymphocytes and natural killer cells to enter
tissues and play a physiological immune surveillance role.
However, the size and density of collagen fibers can affect
the external resistance encountered by immune cells during
the migration process, further influencing the quantity and
speed of immune cell entry into tissues. Specifically, the larger
and denser the collagen fibers are, the greater the resistance
faced by immune cells during migration, thereby limiting the
quantity and speed of immune cell entry into tumor tissue.

These research findings are of great significance for us to
better understand the process of tumor immunity and to seek
ways to improve tumor treatment strategies. FRIEDL and other
researchers found that immune cells’ nuclei can deform and
move along loose and well-arranged collagen scaffolds in a
typical amoeboid motion [57]. In addition, the Extracellular
Matrix (ECM) plays a crucial role in regulating the immune
response within primary tumors. ECM is a complex structural
network composed of protein and sugar molecules that
surround and provide support and protection to cells. During
tumor development, changes occur in the ECM, resulting in the
functional limitation of cytotoxic immune cells. When there is
excessive expression of hyper-crosslinked collagen protein and
glycoproteins surrounding cancer cells, the ECM’s hardness
increases. This change in hardness hinders the infiltration
and motility of immune cells. Immune cells are unable to
effectively enter tumor tissue and interact with cancer cells.
This phenomenon is known as “immune exclusion,” where
immune cells are restricted around the tumor and unable to
exert their cytotoxic effects.

Immune rejection is an important issue in tumor
immunotherapy. During this process, tumor cells can evade
attacks from the immune system by utilizing changes in the
extracellular matrix (ECM), thus maintaining their survival
and growth. Therefore, understanding and intervening in ECM
changes are crucial for enhancing the effectiveness of immune
therapy. In recent years, researchers have discovered some
methods to overcome immune rejection. For example, they
can use specific drugs or biotechnological means to reduce the
stiffness of the ECM, thereby increasing the infiltration ability
of immune cells. Additionally, they can restore the interaction
between immune cells and cancer cells by targeting specific
ECM molecules. By studying and understanding the role of
ECM in tumor immunity, we can provide important clues
for developing novel immunotherapies. These intervention
strategies targeting ECM changes hold promise for providing
more effective treatment options for cancer patients and opening
new possibilities for future tumor immunotherapy. Research by
HA RTMANN et al. found that although the expression of T cell
chemokines CXCL10 or CXCL4 was upregulated in pancreatic
cancer, the infiltration of T lymphocytes in the tumor was
still suppressed due to the presence of high-density collagen
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[58]. SALMON et al. discovered that high-density collagen near
blood vessels and tumor epithelial cells can guide the migration
trajectory of T lymphocytes, limiting their entry into the tumor
[59]. LARUE et al. also found that in pancreatic cancer, collagen
synthesis and degradation directly influence the generation of
a highly fibrotic and immune-suppressive microenvironment
[60]. Tumor-associated Macrophages (TAMs) can increase
intracellular argininelevels and upregulate inducible nitric oxide
synthase through mannose receptor-mediated mechanisms,
resulting in the synthesis of reactive nitrogen species (RNS).
RNS, through a paracrine mechanism, stimulates pancreatic
stellate cells to synthesize a large amount of collagen, which
is then deposited in the extracellular matrix, leading to fibrosis
in pancreatic tumors.

The prognostic value of collagen

Histopathological Growth Patterns (HGP) of liver
metastases have become an important prognostic factor for the
postoperative survival of colorectal cancer patients. The HGP
occurs at the interface between tumor cells and the surrounding
liver parenchyma, and it serves as a qualitative measure of
tumor behavior. Previous studies have shown that different
HGP types in colorectal cancer liver metastases reflect the
interaction between the tumor and the host, and are associated
with postoperative prognosis. HGP can be categorized into
three main patterns: desmoplastic HGP, in which a thick matrix
containing connective tissue, lymphocytes, and blood vessels
separates the tumor from non-tumor parenchyma; pushing
HGP, where tumor cells compress adjacent liver cell plates
without invading them; and replacement HGP, where tumor
components mimic the structure of liver cells and infiltrate
into liver tissue. Two other HGP patterns, sinusoidal HGP and
portal vein HGP, are extremely rare. Among these patterns,
replacement HGP is associated with poorer overall survival,
while desmoplastic HGP has the best prognosis [24,28].
Patients with desmoplastic HGP often experience intrahepatic
recurrence, which has the best prognosis, while the other two
types (non-desmoplastic HGP) are more likely to have multi-
organ recurrence and poorer prognosis [61].

Recent research has shown that Colorectal Liver Metastases
(CRLM) with Growth Patterns (HGP) characterized by
desmoplastic reaction have higher rates of Ro resection. This
suggests that the presence of a fibrous and inflammatory cell-
rich stroma surrounding liver metastases can reduce positive
margin rates. However, in the absence of such stroma, as in
infiltrative or pushing HGP, the risk of positive margins and
subsequent liver recurrence increases. In such cases, surgical
resection should be expanded [62]. Invasive growth patterns
and microvessel density (MVD) are associated factors, and
primary tumors with high MVD tend to form liver metastases
with high MVD (P = 0.007), which are predictive factors
for poor prognosis in primary colorectal cancer (CRC) and
colorectal liver metastases [26]. Histopathological growth
patterns are associated with immune cell infiltration in patients
with colorectal cancer liver metastases, as suggested by a
Japanese study recently published online in 2023, indicating
that desmoplastic HGP (dHGP) tumors have more CD68+ M1
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macrophages and CD8+ lymphocytes at the tumor margin,
which may be correlated with better postoperative survival in
dHGP patients [63]. Therefore, accurate preoperative growth
pattern prediction can help design more personalized surgical
plans.

Summary and prospects

There are many hypotheses and speculations about the
reasons for the changes in the tumor microenvironment, such
as the seed and soil hypothesis, the co-evolution hypothesis,
etc. However, regardless of how the tumor microenvironment
is formed and changed, collagen, as the framework and main
component of the microenvironment, can serve as a window to
understanding the occurrence and development of tumors. By
examining and classifying the collagen structure, it is possible
to predict the possible biological behavior of tumors and even
develop related targets to delay or limit tumor metastasis.

A series of studies have found a close association between
tumor growth and the characteristics of collagen. In the case
of in situ cancer, the hardness of collagen directly affects the
stress of tumor cells, thereby promoting tumor growth. The
hardness of collagen also affects the drainage function of
microvessels and lymphatic vessels, leading to local hypoxia.
Due to insufficient local vascular density, drugs cannot
penetrate the tumor area smoothly. In addition, high collagen
density hinders the migration of T cells, preventing them from
contacting tumor cells. At the same time, cancer-associated
fibroblasts (CAFs) traverse collagen, pulling tumor cells
further for metastasis, and forming a high-speed channel.
In the process of distant metastasis of the tumor, suitable
collagen conditions are necessary for tumor colonization.
Only with a suitable microenvironment can metastatic tumors
settle and grow smoothly. In addition, the regulation of
collagen can also induce dormancy in metastatic tumor tissue,
thereby inhibiting further spread. In the microenvironment of
metastatic tumors, collagen is closely related to factors such
as angiogenesis and immune infiltration, forming different
pathological histological growth patterns of metastatic tumor
microenvironment. Collagen plays a crucial role in the process
of tumor metastasis and becomes a potential therapeutic target.
Research on collagen can cover aspects such as the prevention
of tumor metastasis, treatment of dormant metastatic tumors,
and treatment plans for metastatic tumors, highlighting the
importance and diversity of its regulatory mechanisms.

The collagen in the tumor microenvironment is closely
related to tumor behavior (such as metastasis, colonization,
dormancy, etc.). Whether it is the hypothesis of tumor behavior
following the tumor environment described in the “seed and
soil” theory and “pre-metastatic microenvironment”, or the
hypothesis of environmental changes following the tumor
described in the “co-evolution” and ‘“tumor-associated
fibroblast induction” theories, both hypotheses are correct.
What we can be sure of is that the tumor microenvironment
collagen is closely related to tumor behavior. It can be used
as a window to understand the past and future of tumors. In
terms of short-term benefits, we can develop more precise
surgical and post-operative monitoring plans for patients,
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and transform liver metastasis of colorectal cancer into a
controllable long-term disease. In the long run, we can study
the differences and mechanisms of collagen changes, use it as
a target, and develop treatment methods that inhibit tumor
budding and colonization, and promote tumor dormancy and
immunity.

In summary, collagen can serve as an emerging target
for investigating its association with the occurrence and
development of colorectal cancer liver metastasis, playing a
role in prevention, treatment, and surgical prognosis.
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