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Cancer metastasis modeling requires multidisciplinary approaches that integrate

experimental, computational, and clinical research to unravel the complexities of

cancer spread). By deepening our understanding of the metastatic process,

researchers can efficiently and precisely develop targeted therapies and

personalized treatment strategies to relieve the burden of metastasis on

patients. In this review, we highlight the critical roles of experimental models in

advancing knowledge of metastasis, identifying therapeutic targets, evaluating

treatment strategies, and improving patient outcomes. These models serve as

essential tools for translational research and drug discovery in the fight against

metastatic cancer
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Introduction

Cancer metastasis is a complex, multistep process in which cancer cells spread from the

primary tumor to distant sites throughout the body (1, 2) (Figure 1). Understanding the

mechanisms underlying metastasis is essential for developing effective therapeutic

strategies. To this end, a wide range of experimental models—including xenograft

models, orthotopic models, genetically engineered mouse models (GEMMs), and in vivo

imaging approaches—have been established to investigate different aspects of metastatic

progression (3). Each model offers unique advantages and limitations, and selecting the

appropriate model depends on the specific research questions and objectives (4).

Importantly, integrating multiple experimental models can yield a more comprehensive

understanding of metastasis and enhance the translational relevance of preclinical findings.

This review provides an overview of the existing, widely used, and emerging models of

cancer metastasis for basic, translational, and clinical research. We highlight their critical

roles in elucidating metastatic mechanisms, advancing metastasis-specific therapeutic

strategies, and establishing clinically relevant platforms for drug development and

therapeutic evaluation in patients with metastatic cancer.
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Modeling cancer metastasis plays a pivotal role in advancing

our understanding of the metastatic process and its clinical

implications. Experimental metastasis models are essential for

identifying metastasis-related genes and pathways, assessing

therapeutic strategies, investigating tumor–microenvironment

interactions, evaluating imaging techniques, enabling personalized

medicine, discovering biomarkers, and conducting preclinical

testing for drug development (5). These models allow researchers

to dissect the molecular and cellular mechanisms driving metastasis

by recapitulating key steps of the process, including invasion,

intravasation, circulation, extravasation, and colonization. By
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comparing metastatic and non-metastatic cells or tissues,

researchers can identify genetic and epigenetic alterations that

promote metastatic progression, providing valuable insights into

potential therapeutic targets (6). Experimental models are also

indispensable for evaluating the efficacy of anti-metastatic

therapies. Preclinical testing (7) of drugs or combination

treatments in these models helps determine their ability to inhibit

metastasis, reduce tumor burden at distant sites, and improve

overall survival, serving as a critical step before advancing to

clinical trials. Since the tumor microenvironment profoundly

influences metastasis, these models enable researchers to
FIGURE 1

Metastasis. Schematic overview of the metastatic cascade. The multistep process of cancer metastasis includes local invasion, intravasation into blood or
lymphatic vessels, survival in circulation, extravasation at distant sites, and colonization of secondary organs (lung, liver, kidney, brain, bone, et al.).
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investigate interactions between cancer cells and surrounding

stromal cells, immune cells, extracellular matrix components, and

vasculature. Such interactions regulate processes like epithelial-to-

mesenchymal transition (EMT) (8), angiogenesis, immune evasion,

and metastatic colonization.

Metastasis models are also essential for developing and

optimizing imaging techniques to detect and monitor metastatic

lesions. The use of fluorescent probes, radiolabeled tracers, and

advanced imaging modalities facilitates real-time visualization of

cancer cell dissemination, assessment of metastatic potential,

monitoring of treatment response, and evaluation of imaging-

guided therapeutic interventions (9). Patient-derived experimental

models, such as xenografts and organoids, enable the study of

metastasis in the context of individual tumors. These models

provide a platform for identifying predictive biomarkers,

evaluating personalized treatment responses, and informing

clinical decision-making (10). Overall, metastasis research models

serve as a crucial bridge between basic research and clinical

translation. Extensive exploration and refinement of these models

will greatly enhance our understanding of metastatic mechanisms,

aid in the identification of therapeutic targets, improve treatment

strategies, and ultimately contribute to better outcomes for patients

with metastatic cancer.
Cancer metastasis modeling history

Cancer metastasis modeling has evolved as our understanding

of the disease has advanced. The phenomenon of cancer metastasis

was first documented in the 19th century, but the underlying

mechanisms were not well defined at the time (11). Surgeons

noticed that some patients developed tumors in distant sites after

surgical removal of the primary tumor implying that cancer could

spread throughout the body.

In the early 20th century, scientists found that cancer cells can

grow and form tumors in different hosts by transplanting tumor

fragments or cells from one animal to another, which laid the

foundation for studying tumor biology and provided early insights

into the metastatic potential of cancer cells. In the mid-20th

century, researchers began developing experimental models to

focus on the spread of cancer. This research involved injecting

cancer cells into experimental animals, primarily mice, to

investigate their ability to form secondary tumors at distant sites

in which these models allowed for controlled experimentation and

provided a framework to study the different steps of metastasis. The

adventure of cell culture techniques, such as establishing cancer cell

lines, allowed researchers to study cancer cells in a controlled

laboratory setting since the late 20th century and facilitated the

investigation of cellular and molecular mechanisms underlying

metastasis, including cell migration, invasion, and adhesion (12).

Cancer research was further revolutionized by the advent of

genetic engineering techniques in the late 20th century. Genetically

engineered mouse models (GEMMs) that carried specific genetic

alterations found in human cancers were established. These models

allowed for the study of tumor initiation, progression, and
Frontiers in Oncology 03
metastasis in a more physiologically relevant context. In the

meantime, xenograft models, where human tumor cells are

transplanted into immunocompromised mice, became widely

used for studying cancer metastasis. This approach allowed for

the transplantation of human cancer cells and the assessment of

their metastatic potential in an in vivo system (13).

Imaging technologies have gained substantial advancements

since the beginning of the 21st century especially in intravital

microscopy and bioluminescence imaging (14). These techniques

enabled real-time visualization and tracking of cancer cells in live

animals to provide dynamic insights into the metastatic

process (15).

Patient-derived models, such as patient-derived xenografts

(PDX) and organoids, have been introduced more recently for

studying cancer metastasis. These models better preserve the

genetic and molecular heterogeneity of human tumors and allow

for personalized medicine approaches and drug testing (16).

In summary, the history of cancer metastasis modeling is

outlined by a progression from observational studies to the

development of controlled experimental models that mimic

different aspects of metastasis (17). All those models have played

a crucial role in advancing our understanding of cancer metastasis

and have facilitated the development of new therapies and

treatment strategies (18).
Non-mammalian cancer metastasis
models

While mammalian models like mice are the most adapted

models for studying cancer metastasis, non-mammalian models

utilized to gain insights into metastatic processes are also available.

These non-mammalian models offer more benefits such as lower

cost, ease of manipulation, and unique experimental opportunities

(19). Some non-mammalian models such as zebrafish (Danio rerio),

drosophila melanogaster (Fruit Fly), caenorhabditis elegans

(Nematode), chick embryo chorioallantoic membrane (CAM)

assay, and cnidarians (Hydra and Sea Anemones) are currently

selected in cancer metastasis research (Figure 2).

Zebrafish (Danio rerio) has been a powerful model for studying

cancer metastasis, in which its transparent embryos allow direct

visualization of cancer cell behavior and interactions with host

tissues (20). The genetic and molecular similarities between

zebrafish and humans make this model valuable in studying

cancer cell migration, invasion, extravasation, and colonization

for understanding metastasis and screening anti-metastatic

drugs (21).

Fruit flies (Drosophila melanogaster) can be easily manipulated

with well-characterized genetics to study various biological processes,

including cancer metastasis (22). Drosophila models were frequently

employed to investigate cellular invasion, epithelial-mesenchymal

transition (EMT), and interactions between cancer cells and the

tumor microenvironment (23) in identifying novel metastasis-

regulating genes and signaling pathways.
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As a transparent roundworm, C. elegans (Caenorhabditis

elegans) are widely applied to study various biological processes

(24). Despite lacking an immune system, its simple anatomy and

well-defined cell lineage allow for precise observations of cancer cell

behavior by using C. elegans to explore aspects of metastasis such as

cell migration, invasion, and response to therapeutic interventions.

Chick embryo chorioallantoic membrane (CAM) assay involves

grafting tumor cells onto the chick embryo CAM as an ex vivo

model which provides a rich vascular network, facilitating tumor

cell growth and angiogenesis (25). This assay has been used to study

tumor cell invasion, angiogenesis, and the effects of anti-angiogenic

therapies. It is required for assessing tumor cell interactions with the

vasculature during metastasis.

Cnidarians (Hydra and Sea Anemones) are simple aquatic

organisms exhibiting regenerative capabilities. Some species of

hydra and sea anemones have been used as models for studying

cancer cell migration, invasion, and regeneration (26). These

models offer the advantage of easy manipulation and can provide

insights into the early evolutionary origins of metastatic processes.

While non-mammalian models provide valuable insights into

metastatic processes, they have limitations. They may not fully

recapitulate the complexity of human metastasis, including

interactions with the immune system and organ-specific

microenvironments. Therefore, non-mammalian models are often
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used complementary to mammalian models to provide additional

insights and novel perspectives in cancer metastasis research (27).
Mammalian cancer metastasis models

Mammalian cancer metastasis models are experimental systems

used to study the process of cancer metastasis, which is the spread of

cancer cells from the primary tumor to distant organs or tissues in the

body. These models are designed to replicate the complex

interactions and steps involved in metastasis, allowing researchers

to investigate the underlying mechanisms and test potential

therapeutic interventions (27). Here are some mammalian cancer

metastasis models commonly used in research discussed next.To

better understand the strengths and limitations of currently available

metastasis models, Table 1 summarizes the key characteristics of

several commonly used experimental systems (Table 1).
PDX-based cancer metastasis models

PDX-based cancer metastasis models, also known as patient-

derived xenograft models, are preclinical models that involve the

implantation of patient-derived tumor tissue directly into
FIGURE 2

Metastasis model. Currently available in vivo metastasis models. (A) C. elegans, (B) Drosophila melanogaster, (C) Zebrafish, (D) Chicken embryo, (E)
Transplantation-based models (including PDX), involving mesenchymal stem cells (MSC), intraperitoneal injection (IP), orthotopic transplantation, and
intravenous colonization (IV), (F) Genetically engineered mouse models (GEMMs), which simulate spontaneous tumor initiation and metastasis in vivo.
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immunocompromised mice or other animal hosts. These models

are developed to preserve the genetic and phenotypic characteristics

of the original tumor, including its metastatic potential, allowing

researchers to study the metastatic behavior of cancer cells in a

more clinically relevant context (28).

PDX models begin with the collection of tumor tissue from

cancer patients, typically obtained through biopsies or surgical

resections. The patient-derived tumor tissue from primary tumors

or metastatic sites is then implanted into immunodeficient mice

including severe combined immunodeficiency (SCID), NOD/SCID,

or NSG (NOD/SCID/IL2Rgnull) mice, which lack a functional

immune system (Figure 3). The implanted tumor tissue can be

subcutaneously implanted or orthotopically transplanted into the

appropriate anatomical site to mimic the original tumor as a PDX

model. The tumor survives, grows, and can be passed into

subsequent generations of mice. Extensive characterization of

PDX models using various molecular and histopathological

techniques is required to confirm their fidelity to the original

patient tumor (29).

Researchers can study the metastatic behavior of cancer cells.

This includes monitoring the dissemination of cancer cells from the

primary tumor site to distant organs or tissues, investigating the

mechanisms of metastasis, and assessing the response to anti-

metastatic therapies once the PDX models are established. PDX-

based cancer metastasis models have been applied to evaluate the

efficacy of potential therapeutic agents in a more clinically relevant

setting. Treating the PDX models with different drugs or drug

combinations helps researchers assess their impact on primary

tumor growth and metastasis (30). Using PDX models to explore
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personalized medicine approaches, treatment responses in individual

patient-derived models can guide treatment decisions (31).

PDX-based cancer metastasis models offer several advantages

over traditional cell line-based models by maintaining the genetic

and phenotypic heterogeneity of the original tumor, including the

metastatic potential, making them more representative of patient

tumors (32). These models provide a novel platform for researchers

to study the complex interactions between cancer cells and the

tumor microenvironment, and they have the potential to guide

clinical decision-making and the development of targeted therapies

for metastatic disease (33).
Patient-derived organoid-based
cancer metastasis models

Patient-derived organoid models or tumor organoids are three-

dimensional cultures derived from patient tumor tissues that mimic

the complexity and heterogeneity of the original tumor which have

gained increasing attention in cancer research and are useful for

studying various aspects of cancer, including metastasis. Tumor

cells isolated from biopsies or surgical resections of patients are first

embedded in a suitable matrix, such as Matrigel, and cultured in a

specialized medium that supports their growth as three-

dimensional organoids. This culture allows the cells to maintain

their genetic and phenotypic characteristics, including their

metastatic potential (34).

Manipulation of Patient-derived organoids is valuable in studying

various steps of the metastatic cascade, including invasion,
TABLE 1 Comparison of common experimental models of metastasis.

Model type Species
Modeling
approach

Immune
system
status

Metastasis
simulation

Timeframe Cost Advantages Limitations

Subcutaneous
Xenograft

Mouse
(nude/NSG)

Subcutaneous
injection

Immunodeficient No Fast Low
Easy to perform;
good for tumor
growth assessment

Does not mimic
metastasis or
tumor
microenvironment

Orthotopic
Xenograft

Mouse
Injection into

organ
of origin

Immunodeficient
or humanized

Yes Moderate Moderate

Better mimics
tumor
microenvironment;
allows metastasis

Technically
demanding;
limited immune
system interactions

Zebrafish
Xenograft

Zebrafish
embryo

Yolk sac or
vessel

injection

Immunodeficient
(larval stage)

Yes Very fast Very low

Transparent body
allows real-time
imaging;
high-throughput

Evolutionary
distance; limited
immune relevance

Genetically
Engineered
Mouse Model
(GEMM)

Mouse

Spontaneous
tumor

formation via
genetic

modification

Immunocompetent Yes Slow High
Natural tumor
progression; intact
immune system

Long development
time; costly;
technically complex

Patient-Derived
Organoid with
Metastatic Assay
(PDO-based)

Human/
Mouse (in

vivo
validation)

Organoid
culture

± injection

Partial (if
co-cultured)

Variable Moderate Moderate

Maintains patient-
specific
heterogeneity;
useful for drug
testing

Limited metastatic
niche simulation;
lacks systemic
interaction
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intravasation, circulation, extravasation, and colonization. Behavior

analysis of cancer cells within the organoids enables researchers to

gain insights into the molecular mechanisms underlying metastasis

and identify potential therapeutic targets (35) and provides a valuable

tool for studying cancer metastasis by offering a more physiologically

relevant and patient-specific context compared to traditional cell line

models (36).
Frontiers in Oncology 06
PDX-derived tumor cell line-based
cancer metastasis models
PDX-derived tumor cell line models are established from

patient-derived xenografts to study the metastatic behavior of

cancer cells (37). PDX tumor cells can be isolated and cultured in
FIGURE 3

PDX models. Establishment of PDX models for metastasis research. Workflow showing the generation of PDX models from surgically resected
human tumors. Tumor fragments were implanted subcutaneously or orthotopically into immunodeficient mice (e.g., NSG or NOD/SCID). Engrafted
tumors were passaged into recipient mice and monitored for metastatic spread to distant organs. This model preserves patient tumor heterogeneity
and enables the study of clinically relevant metastatic behavior.
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vitro to establish cell lines (38) which are derived from the patient’s

tumor and are representative of the tumor’s genetic and

phenotypic features.

Researchers have applied PDX-derived tumor cells in various

experimental setups (39), including in vitro migration and invasion

assays and in vivo metastasis models. These systems allow

monitoring of metastatic potential and evaluation of therapeutic

responses (40).

PDX-derived tumor cell line-based models have both

advantages of PDX models (retention of patient tumor

characteristics) and in vitro cell line models (ease of manipulation

and scalability) (41). Those models offer a valuable tool for studying

the metastatic behavior of cancer cells and assessing potential

therapeutic interventions in a controlled experimental setting.

While PDX-derived tumor cell lines can provide important

insights, they still belong to an in vitro model and may not fully
Frontiers in Oncology 07
recapitulate the complexity of the tumor microenvironment and the

entire metastatic process seen in vivo (42) (Figure 4).
Spontaneous genetically engineered
mouse cancer metastasis models

GEM cancer metastasis models are specifically designed to

study cancer metastasis which involves the manipulation of

specific genes or signaling pathways in mice to recapitulate key

aspects of human cancer metastasis (43) for understanding the

molecular mechanisms underlying metastasis and testing novel

therapeutic approaches (44).

Manipulation of specific genes or signaling pathways to mimic

key features of human cancer metastasis induces the formation of

primary tumors and subsequent metastasis to some organs or
FIGURE 4

Metastasis induction animal models. Schematic of the chemical or environmental exposure-induced metastasis models used to evaluate the
metastatic role in vivo.
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tissues in GEM models mimicking what occurs in human cancers

(45–47). Tissue or organ-specific metastasis GEMmodels have been

established in breast cancer metastasis research by targeting specific

genes in the mammary gland to induce the development of primary

breast tumors that subsequently metastasize to other organs, such as

lungs or bones.

Metastasis models modified from GME provide an opportunity to

investigate the molecular mechanisms underlying metastasis by

studying the genetic alterations introduced in the mice and analyzing

the resulting tumors and metastases in which researchers can identify

critical genes and signaling pathways involved in different steps of the

metastatic cascade (43). GEM cancer metastasis models are valuable for

testing the efficacy of novel therapeutic interventions specifically

targeting metastasis which involve administering targeted therapies,

immunotherapies, or combination treatments to the mice and

assessing their impact on primary tumor growth, metastasis, and

overall survival (47). However, GEM models have limitations and

may not fully recapitulate the entire complexity of human metastasis, a

combination of GEM models with other experimental systems is often

used to gain a comprehensive understanding of metastatic processes.
Cancer cell line xenograft in cancer
metastasis models

Cancer cell line xenograft models are commonly used in cancer

metastasis studies which involve the transplantation of established

cancer cell lines into immunocompromised mice or other animal

hosts to investigate various aspects of metastasis (48). Cancer cell

lines derived from human or animal tumors are selected based on

their known metastatic potential or specific molecular

characteristics associated with metastasis (39) and cultured in

vitro and prepared for transplantation into animal hosts (40).

Cancer cells are injected or implanted into immunocompromised

mice, typically subcutaneously or orthotopically, to mimic the

primary tumor site in a controlled in vivo environment (49).

Development of the primary xenograft tumors is crucial in

assessing the dissemination of cancer cells from the primary site to

distant organs or tissues, the colonization of secondary tumors, and

the evaluation of metastatic burden. Xenograft tumors can be

analyzed using molecular techniques to study the genetic and

phenotypic features associated with metastasis which include

genetic profiling, gene expression analysis, and examination of

specific markers or signaling pathways involved in metastasis (50).

Application of cancer cell line xenograft models to evaluate the

efficacy of therapeutic interventions targeting metastasis includes

testing the impact of different drugs, treatment combinations, or

experimental therapies on primary tumor growth and metastatic

spread (51). Cancer cell line xenograft models are a simplified and

controlled system for studying certain aspects of cancer metastasis

allowing researchers to investigate the behavior of cancer cells in

vivo, assess their metastatic potential, and evaluate therapeutic

interventions (52). The limitations of these models, including

potential differences from human tumors, lack of immune system

interactions, and limited representation of the complex tumor
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microenvironment (48) make it essential to integrate cancer cell

line xenograft models with other model systems to gain more

comprehensive insights into cancer metastasis.
Orthotopic cancer metastasis models

Orthotopic cancer metastasis models are developed from

orthotopic models that involve the implantation of cancer cells

into the organ or tissue of origin. One of those examples is that

breast cancer cells can be injected into the mammary fat pad of mice

to mimic breast cancer metastasis (53). These models can

recapitulate the microenvironment and architecture of the

primary tumor site, facilitating the study of organ-specific

metastasis (54).
Metastatic colonization models

To recreate and study specific steps of the metastatic process in

a controlled laboratory setting, metastatic colonization models can

help researchers investigate the mechanisms underlying tumor cell

dissemination, colonization, and growth at distant sites which

provide valuable insights into the molecular and cellular events

that promote or inhibit metastasis, facilitating the development of

new therapeutic strategies to target metastatic disease (55). In

orthotopic models commonly used for metastatic colonization,

tumor cells are injected directly into the organ or tissue from

which the cancer originated. For instance, the injection of breast

cancer cells into the mammary fat pad in mice allows researchers to

study the ability of tumor cells to invade surrounding tissues,

intravasate into the blood or lymphatic vessels, and establish

metastatic colonies in the relevant organ (39). A more frequently

used group of experimental metastasis models in which tumor cells

are injected directly into the bloodstream or other systemic

compartments, bypassing the initial steps of invasion and

intravasation allows researchers to focus on the later stages of

metastasis, such as the ability of tumor cells to survive in

circulation, extravasate at distant sites, and form secondary tumors.
Ex vivo cancer metastasis models

Ex vivo cancer metastasis models apply cultured tissues or

organoids derived from patients or animal models to study the

metastatic behavior of cancer cells which provide a controlled and

manipulable environment to investigate various aspects of

metastasis, such as the invasion of cancer cells, interactions with

the surrounding microenvironment, and response to therapeutic

agents (56). Ex vivo cancer metastasis models currently include

organotypic slice cultures, organoid cultures, microfluidic

platforms, and explant cultures (57).

Organotypic slice cultures are culturing thin slices of intact

tumor or normal tissue ex vivo to maintain the architecture and

cellular heterogeneity of the original tissue, allowing researchers to
frontiersin.org
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study the invasive behavior of cancer cells within a more

physiologically relevant environment. The slices can be exposed

to different factors or drugs to investigate their effects on

metastasis (58).

Organoid cultures can initiate and sustain three-dimensional

structures derived from stem cells or tissue samples capable of self-

organizing and recapitulating the characteristics of the original

tissue. Cancer organoids can be generated from patient-derived

tumor samples or genetically engineered models providing a

platform to study various aspects of metastasis, including

invasion, intravasation, and colonization while retaining the

genetic and phenotypic features of the primary tumor (59).

Microfluidic platforms as microfluidic devices offer a controlled

and dynamic environment to mimic specific aspects of the

metastatic process. These platforms are applied to recreate

features of the tumor microenvironment, such as blood vessels,

lymphatics, and extracellular matrix components so cancer cells can

be introduced into these devices to study their migratory behavior,

response to chemotactic signals, and interactions with different cell

types (60).

Explant cultures can maintain small tissue fragments from

tumors or metastatic sites ex vivo and be cultivated in various

culture systems, including three-dimensional matrices or

bioreactors, to investigate metastatic behavior. Explant cultures

preserve the complex interactions between cancer cells and the

surrounding stroma (61) while allowing researchers to monitor the

growth and spread of cancer cells.

As a valuable tool for studying the biological processes of

metastasis and evaluating potential therapeutic interventions, ex

vivo cancer metastasis models offer a compromise between in vivo

models being complex and less controlled, and in vitro cell culture

models lacking the physiological context of the tumor

microenvironment (62). Integrating ex vivo models with other

experimental systems provides more comprehensive insights into

the metastatic process and develops strategies to prevent or target

metastasis more effectively.
Cancer metastasis models with tissue
or organ-specific

Tissue or organ-specific cancer metastasis models are essential

for studying the unique aspects of metastasis in different tissues or

organs, and they can mimic the microenvironment of a particular

tissue or organ where metastasis occurs and incorporate key cellular

and extracellular components, such as stromal cells, immune cells,

and extracellular matrix components, that are specific to the tissue

of interest (63). These models provide insights into the interactions

between metastatic cancer cells and the surrounding tissue, which

influence metastatic progression by recapitulating the tissue-specific

microenvironment (64).

To unravel the underlying mechanisms of metastasis in

different tissues or organs, tissue-specific metastasis models can

be tailored to represent specific aspects of metastatic processes

observed in tissues. For example, liver metastasis models may focus
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on understanding the interactions between cancer cells and

hepatocytes, meanwhile, models of lung metastasis may refer to

the mechanisms of extravasation and interaction with lung

epithelial cells. Tissue or organ-specific metastasis models are

valuable in evaluating the efficacy of therapeutic strategies

targeting tissue-specific metastases if a particular tissue is known

to have unique signaling pathways or immune responses (65).

Tissue-specific metastasis models which improve the

characterization and evaluation of biomarkers specific to tissues

or organs can be adapted to assess the expression or functions of

tissue-specific biomarkers in metastatic tumors. Metastasis models

with tissue or organ specificity enable the further analysis of tissue-

specific immune responses and immunomodulatory factors to

elucidate the interactions between metastatic cancer cells and

immune cells within the tissue microenvironment for identifying

potential targets for immunotherapies and develop strategies to

enhance anti-tumor immune responses in specific tissues (66).

Tissue or organ-specific metastasis models facilitate the

translation of preclinical findings to clinical practice. They

provide platforms for studying tissue-specific metastasis and

evaluating the efficacy of tissue-specific treatment approaches.

The knowledge gained from these models can inform clinical

decision-making, treatment selection, and the design of clinical

trials for patients with tissue-specific metastases (66).

Cancer metastasis models with tissue or organ-specific

characteristics are critical in understanding the unique aspects of

metastasis in different tissues or organs which help recapitulate

tissue-specific microenvironments, investigate tissue-specific

metastatic mechanisms, evaluate tissue-specific therapeutic

strategies, assess tissue-specific biomarkers, examine tissue-

specific immune responses, and facilitate the translational impact

of research on tissue-specific metastasis (67).Among various organ-

specific metastases, bone metastasis represents a particularly well-

characterized and clinically relevant model.
Mechanisms of bone metastasis

Bone metastasis is a complex, multistep process involving the

colonization and growth of cancer cells within the bone

microenvironment, dramatically contributing to disease progression

and poor clinical outcomes. This process is characterized by a

dynamic and reciprocal interaction between metastatic cancer cells

and the bone microenvironment, commonly referred to as the

“vicious cycle” of bone metastasis (68). Following dissemination

from the primary tumor, cancer cells that reach the bone must first

survive within the unique bone microenvironment. They adhere to

the bonematrix and interact with resident cells, including osteoblasts,

osteoclasts, bone marrow stromal cells, and immune cells (69). Once

established, metastatic cells disrupt the normal balance between bone

formation and resorption.

In osteolytic bone metastases, which are typical of breast cancer

and some lung cancers, tumor cells secrete factors such as

parathyroid hormone-related protein (PTHrP), interleukins (e.g.,

IL-6, IL-11), and other osteoclast-activating factors (70). These
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stimulate osteoblasts to express receptor activator of nuclear factor

kappa-b ligand (RANKL), which in turn promotes osteoclast

differentiation and activation. The resulting bone resorption

releases growth factors stored in the bone matrix, such as

transforming growth factor-beta (TGF-b) and insulin-like growth

factors (IGFs), which further stimulate tumor growth, thereby

perpetuating the vicious cycle. Conversely, osteoblastic bone

metastases, commonly seen in prostate cancer, are associated with

excessive bone formation (71). Tumor-derived factors such as

endothelin-1 and bone morphogenetic proteins (BMPs) stimulate

osteoblast activity, leading to abnormal bone deposition. However,

this newly formed bone is often structurally weak and disorganized,

contributing to skeletal complications.
Bone-specific metastasis models

Experimental models are essential tools for dissecting the

complex interactions between cancer cells and the bone

microenvironment, as well as for evaluating potential therapeutic

strategies. In vitro models, including 2D co-culture systems, 3D

spheroids, and organ-on-a-chip platforms, allow controlled studies

of cancer–bone cell interactions and early metastatic steps (72). In

vivo models, such as intratibial injection, intracardiac injection, or

orthotopic models in mice, recapitulate various stages of bone

colonization and the development of osteolytic or osteoblastic

lesions, providing insights into disease progression and

therapeutic responses. Importantly, the integration of

complementary in vitro and in vivo models is crucial to overcome

the limitations of individual systems and to generate a more

comprehensive understanding of bone metastasis. Such
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biology of the bone metastatic niche, helping to identify molecular

drivers of metastasis and to develop clinically relevant therapeutic

strategies (Figure 5).
Analysis modes of metastasis models

Chip-based analysis of cancer metastasis
models

Chip-based analysis utilizes microfluidic or lab-on-a-chip

devices to study cancer metastasis within a miniaturized and

precisely controlled environment, enabling efficient investigation

of key metastatic processes (73). These platforms offer researchers

precise control over biological samples and experimental

conditions, allowing for systematic exploration of various aspects

of cancer metastasis.

Microfluidic devices can be engineered to replicate essential

features of the tumor microenvironment, including vasculature,

lymphatics, and extracellular matrix components (74). This allows

researchers to study cancer cell interactions with surrounding

immune cells, stromal cells, and signaling molecules in a

physiologically relevant and highly controllable setting.

Cell migration and invasion, and microfluidic devices are the

normal available options to assess the migration and invasion of

cancer cells. The ability of cancer cells to migrate through confined

spaces, cross endothelial barriers, or invade three-dimensional

matrices can be investigated through the precise control of flow

conditions in understanding the mechanisms involved in cancer cell

dissemination during metastasis.
FIGURE 5

Analysis modes of metastasis models including chip-based analysis, imaging analysis, evolutionary profiling, and lineage tracing molecular marks.
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Analyzing circulating tumor cells (CTCs), microfluidic devices

can capture and analyze circulating tumor cells (CTCs) present in

the bloodstream of cancer patients or animal models. These devices

can isolate CTCs from blood samples, al lowing their

characterization and study to provide insights into the metastatic

potential of cancer cells and help monitor disease progression (75).

Microfluidic devices can be utilized for high-throughput drug

screening to evaluate the efficacy of potential therapeutic agents on

cancer metastasis for drug screening and therapeutic testing (76).

The response of metastatic cells to different drugs or drug

combinations can be examined by incorporating cancer cells and

relevant components of the tumor microenvironment into the chip

in the identification of targeted therapies or personalized

treatment strategies.

Microfluidic devices are emerging as powerful tools for isolating

and analyzing single cells from metastatic tumors (77). These

platforms enable the precise capture of individual cancer cells,

facilitating detailed molecular profiling, including gene expression

analysis, DNA sequencing, and proteomic studies. By replicating

essential features of the tumor microenvironment—such as

vasculature, lymphatics, and extracellular matrix—microfluidic

devices also allow researchers to investigate cancer cell interactions

with immune cells, stromal cells, and signaling molecules in a

physiologically relevant setting.

Single-cell analysis represents a state-of-the-art approach for

uncovering cellular heterogeneity within metastatic tumors. It

enables the identification of specific subpopulations and

molecular signatures associated with metastatic potential and

disease progression (78).

The advantages of chip-based analysis in cancer metastasis

research lie in its precise control, scalability, and ability to mimic

key aspects of the tumor microenvironment. Although these

technologies are still rapidly evolving, they offer significant

potential for studying diverse aspects of metastasis, including

cellular behavior, microenvironmental interactions, and responses

to therapeutic interventions. Ultimately, chip-based platforms

contribute to a deeper understanding of metastatic mechanisms

and hold promise for guiding the development of more effective,

targeted therapeutic strategies.
Imaging analysis in cancer metastasis
models

Imaging analysis provides valuable insights into the behavior and

progression of metastatic lesions in the study of cancer metastasis

models. Various imaging techniques are also developed to visualize,

characterize, and monitor metastatic lesions in preclinical models. So

far Imaging modalities like bioluminescence imaging (BLI),

fluorescence imaging, positron emission tomography (PET)

imaging, magnetic resonance imaging (MRI), computed

tomography (CT) imaging, and intravital microscopy have been

commonly applied in cancer metastasis research (79).

BLI uses luciferase-expressing cancer cells or reporter genes to

track tumor growth and metastasis in live animals in which
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luciferase activity is visualized by injecting a substrate, which

emits light that can be captured and quantified using specialized

cameras. BLI offers longitudinal monitoring of metastatic lesions

and enables researchers to assess the response to therapeutic

interventions (80).

Fluorescence imaging techniques including fluorescence

microscopy and fluorescent molecular imaging utilize fluorescent

probes or dyes to visualize specific molecules or structures of

interest. Metastatic lesions and the assessment of their

distribution and size can be visualized by fluorescently labeled

antibodies or molecular probes targeting metastatic markers (81).

PET imaging involves the injection of radiolabeled tracers that

are taken up by metastatic lesions in which the emitted positrons

are detected by specialized scanners, generating three-dimensional

images of the tumor burden. The combination of PET imaging with

CT or MRI greatly improves the collection of anatomical context

and more detailed information about the metastatic lesions (82).

By utilizing powerful magnets and radiofrequency pulses to

generate detailed images of the body’s internal structures, MRI can

provide high-resolution anatomical images of metastatic lesions,

aiding in their detection and characterization. Functional MRI

techniques like diffusion-weighted and dynamic contrast-

enhanced MRI can provide information about t issue

microstructure and perfusion for studying metastasis.

CT imaging uses X-rays to generate cross-sectional images of

the body to provide detailed anatomical information in analysis of

the size, location, and progression of metastatic lesions. CT imaging

combined with contrast agents enhances the visualization of blood

vessels and tumor perfusion (83).

Intravital microscopy as one of the specialized microscopy

techniques to visualize metastatic processes in live animals

enables real-time imaging of cellular behavior, interactions, and

dynamic processes within the tumor microenvironment (84).

Intravital microscopy can take valuable insights into the

mechanisms of metastasis, including tumor cell migration,

invasion, and interactions with the surrounding stroma.

All these imaging modalities contribute to our understanding of

cancer metastasis by allowing non-invasive visualization and

characterization of metastatic lesions in preclinical models which

aid in assessing tumor burden, monitoring disease progression,

evaluating therapeutic responses, and uncovering the underlying

mechanisms of metastasis. The smart combination of all those

advanced image analysis techniques will produce more quantitative

and qualitative information critical for studying cancer metastasis.
Lineage tracing molecular marks in
cancer metastasis models

Lineage tracing molecular marks utilized in cancer metastasis

models to track and identify the progeny of specific cells or lineages

during the metastatic process enables researchers to understand the

clonal dynamics, cellular heterogeneity, and fate of individual cells

during metastasis (85). Lineage tracing in cancer metastasis models

includes genetic lineage tracing, fluorescent protein labeling,
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barcoding, Single-cell RNA sequencing, and various lineage-specific

reporter systems.

Genetic lineage tracing introduces genetic markers or reporters

into specific cell populations by using genetically engineered mice

or viral vectors to express fluorescent proteins, such as GFP (green

fluorescent protein), or enzymes capable of permanently labeling

cells, such as Cre recombinase or Flp recombinase (86). Crossing

these mice with cancer models or inducing the expression of the

markers in specific cells helps track the descendants of marked cells

during metastasis.

Fluorescent proteins, such as GFP, can be expressed under the

control of specific promoters or genetic elements associated with

metastatic cells. By introducing these markers into cancer cells or

using them to label specific populations of cells, researchers can

track the migration, invasion, and colonization of these cells during

metastasis (87).

Barcoding is to introduce unique DNA or RNA sequences into

individual cell clones labeled with a specific barcode, allowing the

identification, and tracking of their progeny during metastasis

through applying viral vectors or CRISPR-based techniques to

introduce the barcodes into cancer cells. Barcoding with high-

throughput sequencing technologies is the most used method for

analysis of the metastatic potential and clonal evolution of

individual cancer cells (88).

Single-cell RNA sequencing (scRNA-seq) profiles gene

expression at the single-cell level. Sequencing the RNA from

individual cells helps identify the transcriptional signatures of

specific cell lineages or clones during metastasis and provides

insights into the cellular heterogeneity and differentiation

trajectories of metastatic cells (89).

Various lineage-specific reporter systems are employed to trace

the progeny of specific cell types during metastasis by using genetic

elements or promoters that are active only in certain cell lineages or

stages of development. The metastatic potential of cell populations

can be selectively labeled and tracked by driving the expression of

reporters or markers under these lineage-specific promoters,

researchers. Lineage tracing molecular marks helps trace the

origin, dynamics, and fate of cancer cells during metastasis and

uncover the clonal evolution, cellular heterogeneity, and

mechanisms underlying metastatic progression (90). Lineage

tracing with advanced molecular and imaging approaches allows

for a deeper understanding of the metastatic process and may

contribute to the development of targeted therapies against

metastatic disease (91).
Evolutionarily profiling the cancer
metastasis models

Evolutionary profiling of cancer metastasis models involves

studying the dynamic changes and evolutionary processes that

occur during metastasis. This profiling aims to understand how

tumors evolve, acquire metastatic properties, and adapt to new

microenvironments. Some approaches for evolutionarily profiling

cancer metastasis models include genetic profiling, studying clonal
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dynamics and heterogeneity, tumor microenvironment

characterization, functional profiling, imaging-based profiling,

and integrating multi-omics data (92).

Genetic profiling of genomic alterations in primary tumors and

metastatic lesions, such as mutations, copy number variations, and

chromosomal rearrangements, is crucial in identifying genetic

changes contributing to metastasis and assessing the clonal

evolution of metastatic cells.

Analysis of clonal dynamics and heterogeneity of the

subpopulations of cells contribute to metastasis. Techniques like

single-cell sequencing, bulk sequencing, and lineage tracing are

available to detect the clonal composition, genetic diversity, and

evolutionary trajectories in metastatic tumors to understand the

cellular dynamics and selection pressures during metastasis.

Evolutionary profiling of the tumor microenvironment in

metastasis involves characterizing the interactions between cancer

cells and the surrounding stromal cells, immune cells, and

extracellular matrix components which includes assessing the

presence and activation state of immune cells, analyzing the

composition of the extracellular matrix, and evaluating

angiogenesis and hypoxia within metastatic lesions. Functional

profiling of functional changes associated with metastasis includes

analyzing alterations in signaling pathways, gene expression

profiles, epigenetic modifications, and metabolic changes.

Profiling of functional genomics, proteomics, and metabolomics,

provides insights into the molecular mechanisms underlying

metastasis (93).

MRI, PET, optical imaging, and other imaging techniques

utilized to profile the spatial and temporal dynamics of metastatic

lesions allow researchers to monitor tumor growth, visualize the

distribution of metastatic lesions, and assess the response to

therapeutic interventions. Advanced imaging approaches like

multiplexed imaging and intravital microscopy can confer more

high-resolution characterization of the tumor microenvironment

and cellular interactions (94).

Integrat ing mult i -omics data inc luding genomic ,

transcriptomic, proteomic, and epigenomic data can acquire a

comprehensive view of the evolutionary landscape of metastatic

tumors in identifying key driver events, pathways, and regulatory

networks associated with metastasis (95). Evolutionarily profiling

cancer metastasis models provides a deeper understanding of the

molecular and cellular changes that occur during metastasis. All this

knowledge can guide the development of targeted therapies, identify

biomarkers of metastatic progression, and offer insights into

strategies for prevention and treatment of metastatic disease (96).
Metastasis induction models

Chemically induced cancer metastasis
models

Chemically induced cancer metastasis models involving the

administration of specific chemical agents or treatments to induce

metastatic lesions in animal models are used to study the
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mechanisms of metastasis and evaluate potential therapeutic

interventions. Carcinogens from chemical substances induce the

development of tumors and metastatic tumors in animal models

which involve exposing animals to known carcinogens, such as

tobacco smoke, chemical mutagens, or specific compounds, to

initiate the formation of primary tumors that can subsequently

metastasize. The carcinogen-induced models employed in various

animal species include mice, rats, and other relevant models.

Certain chemicals or compounds can promote tumor growth

and facilitate metastasis. For example, phorbol esters, such as 12-O-

tetradecanoylphorbol-13-acetate (TPA), are known to induce

inflammation and enhance metastatic potential in experimental

models. These tumor-promoting agents are applied topically or

systemically to initiate or facilitate the metastatic process in

animal models.

Angiogenesis, forming new blood vessels, plays a crucial role in

tumor growth and metastasis. Some chemical compounds, such as

vascular endothelial growth factor (VEGF) or fibroblast growth factor

(FGF) analogs, can induce angiogenesis and promote the growth of

metastatic lesions. These compounds are administered to animal

models to mimic the angiogenic process seen in cancer metastasis (97).

The immune system plays a critical role in regulating cancer

metastasis. Certain chemical agents, such as immunosuppressive

drugs or immune-modulating compounds, can manipulate the

immune response and facilitate metastasis in animal models.

These models help researchers investigate the interplay between

the immune system and metastatic cells (98).

Metastasis-promoting treatments apply chemotherapeutic

agents or radiation treatments primarily targeting primary tumors

to influence the metastatic process. These treatments may induce

DNA damage or alter the tumor microenvironment, promoting the

development of metastatic lesions. Animal models are the best

choice utilized to study the impact of these treatments on metastasis

and explore potential strategies to mitigate metastatic spread (99).

Chemically induced cancer metastasis models provide controlled

and reproducible systems for studying the metastatic process and

evaluating the efficacy of therapeutic interventions. However, the

values of these models are restricted by the specific mechanisms

targeted by the chemicals used and the potential differences from

naturally occurring metastasis in human patients. Therefore,

chemically induced models combined with other metastasis

models such as genetically engineered models or patient-derived

models will elicit a more comprehensive understanding of cancer

metastasis (100).
Environmentally induced cancer metastasis
models

Environmentally induced cancer metastasis models that expose

animals to specific environmental factors or conditions to induce

tumor metastasis mimic environmental exposure conditions that

are associated with an increased risk of cancer metastasis in

humans. Chronic inflammation is associated with an increased

risk of cancer development and metastasis. Animal models can be
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achieved through the administration of pro-inflammatory agents,

such as lipopolysaccharides (LPS), or by genetic manipulation to

generate chronic inflammatory conditions (101).

Diet and nutrition also contribute to cancer development and

progression, including metastasis. The specific dietary factors such

as high-fat diets, high-sugar diets, or diets deficient in certain

nutrients affect tumor growth and metastasis in animal models

which provide insights into the relationship between diet,

metabolism, and metastatic processes (102).

It is known that exposure to environmental pollutants and

toxins has been associated with increased cancer risk, including

metastasis. Animal models exposing specific pollutants such as

cigarette smoke, industrial chemicals, or air pollutants allow

researchers to invest igate the mechanisms by which

environmental factors contribute to the metastatic process (103).

Hypoxia, or low oxygen levels as a common feature of the tumor

microenvironment is associated with increased metastatic potential.

Animal models by manipulating oxygen levels in the environment

or by introducing hypoxia-inducible factors enable researchers to

study the impact of hypoxia on tumor growth, angiogenesis, and

metastasis (104).

Physical factors such as mechanical forces, radiation, or

temperature changes can alter tumor progression and metastasis.

Animal models subjected to specific physical conditions such as

mechanical compression, ionizing radiation, or temperature

variations, are applied to assess their effects on tumor behavior

and metastasis which help in understanding the role of physical

forces in the metastatic process (105).

Environmentally induced cancer metastasis models are

controlled approaches to study the impact of specific

environmental factors on metastasis. However, these models are

limited to impact factors such as the complexity of human

exposures and potential differences between animal models and

human responses. Therefore, environmentally induced models

combined with other metastasis models including genetically

engineered models or patient-derived models can promote a more

comprehensive understanding of cancer metastasis in the context of

environmental influences (106).
Clinical lab-assisted metastasis prediction,
monitoring, and treatment

Clinical laboratory-assisted metastasis prediction and

monitoring involving various laboratory tests and biomarkers are

important to assess the risk of metastasis, detect metastatic lesions,

and monitor the development of metastatic disease in cancer

patients while providing valuable information for prognosis,

treatment decision-making, and evaluating therapeutic response.

Imaging techniques like CT, MRI, PET, or bone scans for detecting

the presence and extent of metastatic lesions in different organs or

tissues (107) help identify metastatic sites and monitor changes in

tumor burden over time.

Tumor markers produced by cancer cells or normal cells in

response to cancer such as prostate-specific antigen (PSA) for
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prostate cancer or carcinoembryonic antigen (CEA) for colorectal

cancer can indicate the presence of metastasis or monitor treatment

response (108). Blood tests are the most efficient way to measure the

levels of these tumor markers and track their changes over

time (109).

Circulating tumor cells (CTCs) are cancer cells detached from

the primary tumor entering the bloodstream. Detection and

enumeration of CTCs in peripheral blood samples can acquire

substantial information about the presence of disseminated cancer

cells and the risk of metastasis by technologies such as CTC

isolation platforms, immunostaining, or molecular analysis

employed to capture and analyze CTCs (110).

Circulating tumor DNA (ctDNA) referring to the small

fragments of DNA released by tumor cells into the bloodstream

can be analyzed through liquid biopsies by detecting specific genetic

alterations or mutations associated with metastatic disease. ctDNA

analysis can depict the molecular characteristics of metastatic

lesions and monitor treatment response or disease progression.

Biomarker profiling of various biomolecules such as proteins,

nucleic acids, or metabolites helps identify specific markers

associated with metastasis by applying techniques such as gene

expression profiling, next-generation sequencing, proteomics, or

metabolomics to identify and validate biomarkers that predict the

likelihood of metastasis or monitor metastatic progression (111).

Histopathological examination of biopsy or surgical specimens

remains an essential and practical tool for detecting metastatic

lesions. Pathologists examine the tissue samples under a microscope

to identify microscopic features indicative of metastasis (112).

Immunohistochemistry can be used to assess specific protein

expression patterns associated with metastatic potential.

Molecular imaging: Molecular imaging techniques, such as

positron emission tomography (PET) combined with specific

radiotracers or contrast agents, can provide functional and

molecular information about metastatic lesions. Molecular

imaging can identify specific molecular targets or biomarkers

associated with metastasis and aid in treatment planning and

monitoring (113).

Clinical laboratory-assisted metastasis prediction and

monitoring provide valuable information for patient management

and treatment decisions. These laboratory tests and biomarkers

contribute to early detection, prognostication, and evaluation of

therapeutic responses in metastatic cancer patients (114).

Integrating multiple laboratory approaches can provide a

comprehensive assessment of metastatic disease and guide

personalized treatment strategies (Figure 6).
Cancer metastasis models for targeted
therapy

Cancer metastasis models are instrumental in the development

and implementation of targeted therapies for metastatic cancer

being crucial in dissecting the mechanisms of metastasis and aiding

in the identification and optimization of targeted treatment

strategies. Cancer metastasis models improve targeted therapy
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through understanding the molecular basis of metastasis, target

identification and validation, preclinical evaluation of targeted

therapies, optimization of treatment strategies, study of resistance

mechanisms, personalized treatment selection, and facilitation of

translational impact (115). Metastasis models help elucidate the

molecular alterations and signaling pathways involved in metastatic

progression by simulating the interactions between cancer cells, the

tumor microenvironment, and the host immune system (116). By

integrating patient-specific data such as genomic information and

molecular profiling, metastasis research models can identify genetic

mutations, altered signaling pathways, or overexpressed proteins

critical for metastasis. Target validation in metastasis models helps

prioritize, select, and evaluate the most promising candidates for

further development as targeted therapies (117).

Cancer metastasis models allow researchers to simulate the

response of metastatic tumors to targeted agents, including small

molecule inhibitors, monoclonal antibodies, and immunotherapies

by assessing factors such as tumor regression, inhibition of

metastatic spread, and survival outcomes on the effectiveness of

targeted therapies in a metastatic setting. Models for cancer

metastasis improve the optimization of treatment strategies for

targeted therapy and help evaluate the effectiveness of different

treatment regimens, including dose optimization, treatment

schedules, and combination therapies. These models simulate the

response of metastatic tumors to various treatment scenarios to

guide the selection of optimal treatment strategies that maximize

therapeutic efficacy and minimize the development of

resistance (118).

Translational metastasis models facilitate the studying the

mechanisms of resistance to targeted therapies by simulating the

evolution of cancer cells under selective pressure from targeted

agents. These models can predict the emergence of resistant clones,

identify potential resistance mechanisms, and help improve

strategies to overcome or prevent resistance, such as combination

therapies or alternative target identification.

Metastatic cancer models with patient-specific data contribute

to personalized treatment selection for targeted therapy by

integrating genomic and molecular information from individual

patients and simulating the response of metastatic tumors to

different targeted agents. Those metastasis models bridge the gap

between preclinical research and clinical practice by providing a

platform for translational studies and enabling clinicians to make

informed decisions about the most effective targeted therapies for

each patient based on their unique molecular profile and metastatic

characteristics (119).
Cancer metastasis models for
chemotherapy

Cancer metastasis models are crucial in understanding the

response of metastatic tumors to chemotherapeutic agents and

optimizing treatment strategies by evaluating drug efficacy,

optimizing treatment regimens, studying drug resistance

mechanisms, enabling personalized treatment selection, predicting
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treatment response, optimizing combination therapies, and

facilitating the translational impact of chemotherapy research.

Application of these models enhances the effectiveness of

chemotherapy treatments and improves outcomes for patients

with metastatic cancer (120).
Cancer metastasis models for radiotherapy

Cancer metastasis models are valuable tools for studying the

effects of radiotherapy on metastatic tumors which strengthen

understanding of the response of metastatic tumors to radiation

therapy, contribute to treatment planning in radiotherapy, provide

a platform for evaluating treatment response to radiotherapy,

enable the evaluation of combination therapies involving

radiotherapy, assist with studying the mechanisms of radiation

resistance that arise during radiotherapy, and guide personalized

treatment selection in radiotherapy (121). These models enhance

the efficiency of radiotherapy and improve outcomes for patients

with metastatic cancer.
Cancer metastasis models for
immunotherapy

Cancer metastasis models for immunotherapy specifically

contribute to understanding immune responses, predicting

treatment responses, optimizing combination therapies, studying

resistance mechanisms, and identifying biomarkers (122).

Metastasis models help analyze the complex interactions between

the immune system and metastatic tumors. These models Simulate
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the immune response within the tumor microenvironment to

interrogate the mechanisms of immune evasion and tumor

immune surveillance and identify factors that influence the

effectiveness of immunotherapy in metastatic cancer (123).

Molecular profiles of tumor metastasis models help predict the

response of individual patients to immunotherapy. Incorporating

patient-specific data such as immune cell profiles, tumor antigen

expression, and immune checkpoint expression into the models can

simulate the response of metastatic tumors to different

immunotherapeutic agents which clinicians in selecting the most

effective immunotherapies for each patient based on their unique

molecular profile and metastatic characteristics.

Cancer metastasis models can simulate the effects of combining

immunotherapeutic agents with other treatment modalities, such as

chemotherapy, radiation therapy, or targeted therapies by assessing the

response of metastatic tumors to various combination therapy

scenarios to optimize treatment approaches and identify synergistic

interactions between immunotherapy and other treatments (124). For

studying the mechanisms of resistance to immunotherapy, these

models can simulate the evolution of cancer cells under selective

pressure from immunotherapeutic agents to predict the emergence

of resistant clones and identify potential resistance mechanisms to

overcome or prevent immunotherapy resistance, such as combination

therapies or identification of alternative treatment approaches (125).

Metastasis models integrate genomic and molecular information from

individual patients to identify potential predictive biomarkers, such as

tumor mutational burden, immune cell infiltration patterns, or

expression levels of immune checkpoint molecules which help select

patients more likely to benefit from immunotherapy.

Metastasis models with patient-specific data contribute to

personalized treatment selection in immunotherapy by integrating
FIGURE 6

Clinical lab-assisted metastasis models for prediction, monitoring and treatment. Summary of clinical applications of metastasis models in target
therapy, chemotherapy, radiotherapy, immunotherapy, personal medicine, and clinical trials.
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genomic and molecular information from individual patients.

These models can simulate the response of metastatic tumors to

different immunotherapeutic agents and enable clinicians to make

informed decisions about the most effective immunotherapies for

each patient based on their unique molecular profile and metastatic

characteristics (126).

Metastasis models can bridge the gap between preclinical

research and clinical practice in immunotherapy, provide a

platform for the preclinical evaluation of immunotherapeutic

agents, and facilitate the translation of promising agents from the

laboratory to clinical trials (127). Cancer metastasis models not only

contribute to understanding immune responses, predicting

treatment responses, optimizing combination therapies, studying

resistance mechanisms, identifying biomarkers, enabling

personalized treatment selection, and facilitating the translational

impact of immunotherapy research but also enhance the

effectiveness of immunotherapies and improve outcomes for

patients with metastatic cancer (128).
Cancer metastasis models for personalized
medicine

For personalized medicine, cancer metastasis models enable a

better understanding of the complex processes involved in

metastasis and aid in developing personalized treatment strategies

via predicting metastatic potential, identifying therapeutic targets,

evaluating treatment efficacy, optimizing treatment combinations,

assessing treatment resistance, translating preclinical findings, and

personalizing clinical trial design. Incorporating patient-specific

data such as tumor characteristics, genetic mutations, and

molecular profiles helps analyze the metastatic potential of a

tumor (100). Cancer metastasis models can identify key genes,

signaling pathways, and cellular processes involved in metastasis by

simulating the interactions between cancer cells, the tumor

microenvironment (129), and the host immune system which

helps in selecting personalized therapies that target these specific

drivers of metastasis. Tumor metastasis models can also be used to

evaluate the effectiveness of different treatment strategies and

predict the treatment response in individual patients.

Metastatic tumors often exhibit complex molecular profiles and

resistance mechanisms and can simulate the effects of different drug

combinations to identify synergistic treatment approaches (130).

These models can predict the emergence of resistant clones and

identify potential resistance mechanisms by simulating the

evolution of cancer cells and their response to treatments which

aids in devising personalized treatment strategies to overcome or

prevent treatment resistance.

Tumor metastasis models provide a platform to evaluate the

efficacy and safety of potential therapeutic interventions before they

are tested in human clinical trials and ensure that personalized

treatment approaches are built upon robust evidence from

preclinical models (131). Metastasis models assist in designing
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trials that target specific subtypes of metastatic tumors by

simulating different patient populations, treatment protocols, and

response criteria, these models (132). Playing a vital role in

personalized medicine, cancer metastasis models are needed in

predicting metastatic potential, identifying therapeutic targets,

evaluating treatment efficacy, optimizing treatment combinations,

assessing treatment resistance, translating preclinical findings, and

informing personalized clinical trial design.
Cancer metastasis models for clinical trial

As valuable tools in the context of clinical trials for studying the

efficacy and safety of potential treatments for metastatic cancer,

cancer metastasis models contribute to clinical trials by involving

preclinical evaluation, treatment optimization, patient selection and

stratification, biomarker identification, predicting treatment

response, safety assessment, and translational impact. These

models are currently applied to assess the efficacy and safety of

novel therapies in a controlled and reproducible manner, identify

promising treatments, and guide decision-making regarding their

progression to clinical trials (133). These models also help select

optimal treatment approaches by simulating the response of

metastatic tumors to different treatment regimens including

dosing, timing, and combination therapies.

Modeling cancer metastasis can simulate the response of

metastatic tumors in different patient populations by integrating

patient-specific data, such as molecular profiles, clinical

characteristics, and metastatic sites (134). Model establishing for

cancer metastasis can predict treatment response or detect disease

progression in clinical trials via identifying and validating

biomarkers. Tumor metastasis models can predict treatment

response to specific therapies based on patient-specific

characteristics by integrating patient-specific data into the models,

such as genomic profiles, molecular alterations, and tumor

microenvironment characteristics (135).

Clinical metastasis models can help identify potential toxicities

and guide the determination of safe dosage levels by evaluating the

effects of therapies on normal tissues, organs, and the immune

system. Safety assessment in metastasis models helps reduce patient

risks during clinical trial development (136). Clinical-relevant

metastasis models bridge the gap between preclinical research and

clinical practice by providing a platform for evaluating potential

treatments in a metastatic context. The information gained from

these models will improve the design and implementation of clinical

trials and ensure that promising treatments identified in preclinical

studies are appropriately translated to the clinical setting (137).

Cancer metastasis models can provide preclinical evaluation,

optimize treatment strategies, aid in patient selection and

stratification, identify biomarkers, predict treatment response,

assess safety (138), and facilitate the translational impact of

research which enhances the effectiveness and efficiency of clinical

trials for metastatic cancer, ultimately improving patient outcomes.
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The future of cancer metastasis
models

The future of cancer metastasis models will providemore exciting

promise and potential for advancing our understanding of cancer

progression and developing effective treatments. Since cancer

metastasis models will continue to evolve and become more

accurate and sophisticated, advances in new technologies like

computational modeling, machine learning, and artificial

intelligence (AI) will generate more realistic and comprehensive

models. Better models will more efficiently capture the complexity

of metastasis and incorporate various factors such as genetic

mutations, cellular interactions, and microenvironmental influences.

Predictably, the future of cancer metastasis models will likely be

tailored to individual patients by integrating patient-specific data, such

as genomic information, molecular profiles, and clinical data, models.

Metastasis models will be highlighted by integrating data frommultiple

omics technologies, such as genomics, transcriptomics, proteomics,

and metabolomics. The combination of these diverse datasets enhances

a more comprehensive understanding of the molecular mechanisms

underlying metastasis in identifying novel biomarkers, therapeutic

targets, and potential drug combinations (139).

Future models will also focus on accurately exploring the

interactions between cancer cells and their surrounding

microenvironment, including immune cells, stromal cells, and

extracellular matrix components. This holistic approach will be

applied to the dynamic processes driving metastasis and facilitate

the development of targeted therapies.

Combining in vitro and in vivo systems will likely be crucial in

studying cancer metastasis despite that in silico models are valuable.

In vitro models, such as organoids and 3D cultures, can capture

specific aspects of cancer biology, while animal models offer a more

systemic view. Integrating these approaches will enhance our
Frontiers in Oncology 17
understanding of metastasis and enable the evaluation of

therapeutic interventions.

Cancer metastasis models will continue to play a vital role in

high-throughput screening platforms for drug discovery. Utilizing

large-scale screening approaches benefits researchers in identifying

potential drugs specifically targeting metastatic processes. These

models can also be used to predict drug response and optimize

treatment regimens for individual patients (140).

Collaboration and data sharing among researchers and

institutions will be crucial for advancing cancer metastasis

models. Integrating diverse datasets from various research groups

will enable the development of more robust and generalizable

models. Initiatives like data consortia and open-access

repositories will facilitate the sharing of data, methods, and

models, accelerating progress in the field (141).

The future of cancer metastasis models is promising. Advances

in computational modeling, personalized medicine, multi-omics

integration, microenvironment modeling, hybrid in vitro/in vivo

approaches, high-throughput screening, and collaborative efforts

will revolutionize our understanding of metastasis and aid in

developing effective treatments for cancer patients(Figure 7).
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FIGURE 7

Approaches to modeling cancer metastasis: from bench to bedside. This schematic illustrates the progressive modeling systems used to study
cancer metastasis, from in vitro cancer cell lines and 2D/3D cultures (e.g., organoids, spheroids) to in vivo animal models (e.g., PDX, GEMMs),
ultimately aiming at clinical applications in patients. The diagram emphasizes the increasing biological complexity and translational relevance across
model systems, demonstrating the manner preclinical platforms underlie the development of patient-tailored therapies and inform clinical decision-
making for metastatic cancer.
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20. Martıńez-López MF, López-Gil JF. Small fish, big answers: zebrafish and the
molecular drivers of metastasis. Int J Mol Sci. (2025) 26:871. doi: 10.3390/ijms26030871

21. Astell KR, Sieger D. Zebrafish in vivo models of cancer and metastasis. Cold
Spring Harb Perspect Med. (2020) 10:a037077. doi: 10.1101/cshperspect.a037077

22. Sharpe JL, Morgan J, Nisbet N, Campbell K, Casali A. Modelling cancer
metastasis in Drosophila melanogaster. Cells. (2023) 12:677. doi: 10.3390/cells12050677

23. Jung JE, Lee JY, Park HR, Kang JW, Kim YH, Lee JH. MicroRNA-133 targets
phosphodiesterase 1C in Drosophila and human oral cancer cells to regulate epithelial-
mesenchymal transition. J Cancer. (2021) 12:5296–309. doi: 10.7150/jca.56138

24. Nguyen Hoang TTN, Sanganeria CP, Chung SH. Fine adjustment of
Caenorhabditis elegans orientation on channeled agar pads for imaging
neuroregeneration. J Vis Exp. (2025) :e67811. doi: 10.3791/67811

25. Wan Z, Hirche C, Fricke F, Dragu A, Will PA. Chick chorioallantoic membrane
as an in vivo model for the study of angiogenesis and lymphangiogenesis. J Vasc Res.
(2025) 62:109–20. doi: 10.1159/000542875

26. Parisi MG, Grimaldi A, Baranzini N, La Corte C, Dara M, Parrinello D, et al.
Mesoglea extracellular matrix reorganization during regenerative process in Anemonia
viridis (Forskål, 1775). Int J Mol Sci. (2021) 22:5971. doi: 10.3390/ijms22115971

27. Sajjad H, Imtiaz S, Noor T, Siddiqui YH, Sajjad A, Zia M. Cancer models in
preclinical research: a chronicle review of advancement in effective cancer research.
Anim Models Exp Med. (2021) 4:87–103. doi: 10.1002/ame2.12165

28. Invrea F, Rovito R, Torchiaro E, Petti C, Isella C, Medico E. Patient-derived
xenografts (PDXs) as model systems for human cancer. Curr Opin Biotechnol. (2020)
63:151–6. doi: 10.1016/j.copbio.2020.01.003

29. Chen X, Shen C, Wei Z, Zhang R, Wang Y, Jiang L, et al. Patient-derived non-
small cell lung cancer xenograft mirrors complex tumor heterogeneity. Cancer Biol
Med. (2021) 18:184–98. doi: 10.20892/j.issn.2095-3941.2020.0012

30. Kim Y, Kim D, Cao B, Carvajal R, Kim M. PDXGEM: Patient-derived tumor
xenograft-based gene expression model for predicting clinical response to anticancer
therapy in cancer patients. BMC Bioinf. (2020) 21:288. doi: 10.1186/s12859-020-03633-z

31. Keil M, Conrad T, Becker M, Keilholz U, Yaspo ML, Lehrach H, et al. Modeling
of personalized treatments in colon cancer based on preclinical genomic and drug
sensitivity data. Cancers (Basel). (2021) 13:6018. doi: 10.3390/cancers13236018

32. Shi J, Li Y, Jia R, Fan X. The fidelity of cancer cells in PDX models:
Characteristics, mechanism and clinical significance. Int J Cancer. (2020) 146:2078–
88. doi: 10.1002/ijc.32662
frontiersin.org

https://doi.org/10.1007/s00284-025-04306-x
https://doi.org/10.1007/s00210-025-03957-8
https://doi.org/10.1002/ame2.70028
https://doi.org/10.1002/ame2.70028
https://doi.org/10.3791/62382
https://doi.org/10.1016/S1470-2045(24)00623-7
https://doi.org/10.3390/cimb47040263
https://doi.org/10.1186/s41199-020-00056-4
https://doi.org/10.1038/s41416-023-02186-1
https://doi.org/10.2174/0118744710373025250423042401
https://doi.org/10.3389/fimmu.2023.1171141
https://doi.org/10.3390/ijms22041886
https://doi.org/10.3390/ijms22041886
https://doi.org/10.3390/cancers14030648
https://doi.org/10.3390/cancers14030648
https://doi.org/10.3390/cancers15143695
https://doi.org/10.3390/cells10030489
https://doi.org/10.3390/tomography9010016
https://doi.org/10.1002/ddr.70093
https://doi.org/10.1371/journal.pone.0279821
https://doi.org/10.1038/s43018-022-00337-6
https://doi.org/10.1007/s00018-025-05668-y
https://doi.org/10.3390/ijms26030871
https://doi.org/10.1101/cshperspect.a037077
https://doi.org/10.3390/cells12050677
https://doi.org/10.7150/jca.56138
https://doi.org/10.3791/67811
https://doi.org/10.1159/000542875
https://doi.org/10.3390/ijms22115971
https://doi.org/10.1002/ame2.12165
https://doi.org/10.1016/j.copbio.2020.01.003
https://doi.org/10.20892/j.issn.2095-3941.2020.0012
https://doi.org/10.1186/s12859-020-03633-z
https://doi.org/10.3390/cancers13236018
https://doi.org/10.1002/ijc.32662
https://doi.org/10.3389/fonc.2025.1602489
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sun et al. 10.3389/fonc.2025.1602489
33. Rivera M, Fichtner I, Wulf-Goldenberg A, Sers C, Merk J, Patone G, et al.
Patient-derived xenograft (PDX) models of colorectal carcinoma (CRC) as a platform
for chemosensitivity and biomarker analysis in personalized medicine. Neoplasia.
(2021) 23:21–35. doi: 10.1016/j.neo.2020.11.005

34. Li H, Dai W, Xia X, Wang R, Zhao J, Han L, et al. Modeling tumor development
and metastasis using paired organoids derived from patients with colorectal cancer liver
metastases. J Hematol Oncol. (2020) 13:119. doi: 10.1186/s13045-020-00957-4

35. Kim SY, Kim SM, Lim S, Lee JY, Choi SJ, Yang SD, et al. Modeling clinical
responses to targeted therapies by patient-derived organoids of advanced lung
adenocarcinoma. Clin Cancer Res. (2021) 27:4397–409. doi: 10.1158/1078-0432.CCR-
20-5026

36. Bruun J, Kryeziu K, Eide PW, Moosavi SH, Eilertsen IA, Langerud J, et al.
Patient-derived organoids from multiple colorectal cancer liver metastases reveal
moderate intra-patient pharmacotranscriptomic heterogeneity. Clin Cancer Res.
(2020) 26:4107–19. doi: 10.1158/1078-0432.CCR-19-3637

37. Wulf-Goldenberg A, Hoffmann J, Becker M, Brzezicha B, Walther W. Patient-
derived xenografts from solid tumors (PDX) for models of metastasis. Methods Mol
Biol. (2021) 2294:43–58. doi: 10.1007/978-1-0716-1350-4_4

38. Schott CR, Koehne AL, Sayles LC, Young EP, Luck C, Yu K, et al. Osteosarcoma
PDX-derived cell line models for preclinical drug evaluation demonstrate metastasis
inhibition by dinaciclib through a genome-targeted approach. Clin Cancer Res. (2024)
30:849–64. doi: 10.1158/1078-0432.CCR-23-0873

39. De Angelis ML, Francescangeli F, Nicolazzo C, Xhelili E, La Torre F, Colace L,
et al. An orthotopic patient-derived xenograft (PDX) model allows the analysis of
metastasis-associated features in colorectal cancer. Front Oncol. (2022) 12:869485.
doi: 10.3389/fonc.2022.869485

40. Baschnagel AM, Kaushik S, Durmaz A, Goldstein S, Ong IM, Abel L, et al.
Development and characterization of patient-derived xenografts from non-small cell lung
cancer brain metastases. Sci Rep. (2021) 11:2520. doi: 10.1038/s41598-021-81832-1

41. Xu X, Shang L, Wang P, Zhou J, Ouyang X, Zheng M, et al. Creating matched in
vivo/in vitro patient-derived model pairs of PDX and PDX-derived organoids for
cancer pharmacology research. J Vis Exp. (2021) 5(171):e61382. doi: 10.3791/61382

42. Blanchard Z, Brown EA, Ghazaryan A, Welm AL. PDX models for functional
precision oncology and discovery science. Nat Rev Cancer. (2025) 25:153–66.
doi: 10.1038/s41568-024-00779-3

43. Hill W, Caswell DR, Swanton C. Capturing cancer evolution using genetically
engineered mouse models (GEMMs). Trends Cell Biol. (2021) 31:1007–18. doi: 10.1016/
j.tcb.2021.07.003

44. Murphy KC, Ruscetti M. Advances in making cancer mouse models more
accessible and informative through non-germline genetic engineering. Cold Spring
Harb Perspect Med. (2024) 14:a041348. doi: 10.1101/cshperspect.a041348

45. Regua AT, Arrigo A, Doheny D, Wong GL, Lo H-W. Transgenic mouse models
of breast cancer. Cancer Lett. (2021) 516:73–83. doi: 10.1016/j.canlet.2021.05.027

46. Park S, Rong L, Owczarek TB, Bernardo MD, Shoulson RL, Chua CW, et al. Novel
mousemodels of bladder cancer identify a prognostic signature associated with risk of disease
progression. Cancer Res. 2021 81(20):5161–75. doi: 10.1158/0008-5472.CAN-21-1254

47. Grasset EM, Dunworth M, Sharma G, Loth M, Tandurella J, Cimino-Mathews
A, et al. Triple-negative breast cancer metastasis involves complex epithelial-
mesenchymal transition dynamics and requires vimentin. Sci Transl Med. (2022) 14:
eabn7571. doi: 10.1126/scitranslmed.abn7571

48. Caceres S, Alonso-Diez A, Crespo B, Peña L, Illera MJ, Silvan G, et al. Tumor
growth progression in ectopic and orthotopic xenografts from inflammatory breast
cancer cell lines. Vet Sci. (2021) 8:194. doi: 10.3390/vetsci8090194

49. Shi Z, Mao B, Chen X, Hao P, Guo S. Mouse stromal cells confound proteomic
characterization and quantification of xenograft models. Cancer Res Commun. (2023)
3:202–14. doi: 10.1158/2767-9764.CRC-22-0431

50. Tan P, Cai H, Wei Q, Tang X, Zhang Q, Kopytynski M, et al. Enhanced chemo-
photodynamic therapy of an enzyme-responsive prodrug in bladder cancer patient-
derived xenograft models. Biomaterials. (2021) 277:121061. doi: 10.1016/
j.biomaterials.2021.121061

51. Sperger JM, Helzer KT, Stahlfeld CN, Jiang D, Singh A, Kaufmann KR, et al.
Expression and therapeutic targeting of TROP-2 in treatment-resistant prostate cancer.
Clin Cancer Res. (2023) 29:2324–35. doi: 10.1158/1078-0432.CCR-22-1305

52. Jo H, Yagishita S, Hayashi Y, Ryu S, Suzuki M, Kohsaka S, et al. Comparative
study on the efficacy and exposure of molecular target agents in non-small cell lung
cancer PDX models with driver genetic alterations.Mol Cancer Ther. (2022) 21:359–70.
doi: 10.1158/1535-7163.MCT-21-0371

53. Butti R, Kapse P, Bhadauriya G, Ahmad S, Chaubal R, Parab P, et al.
Development and characterization of a patient-derived orthotopic xenograft of
therapy-resistant breast cancer. Oncol Rep. (2023) 49:99. doi: 10.3892/or.2023.8536

54. Sanon S, Bos PD. In vivo imaging to measure spontaneous lung metastasis of
orthotopically-injected breast tumor cells. J Vis Exp. (2022) 23(184):e64002.
doi: 10.3791/64002

55. Allen TA, Cullen MM, Hawkey N, Mochizuki H, Nguyen L, Schechter E, et al. A
zebrafish model of metastatic colonization pinpoints cellular mechanisms of circulating
tumor cell extravasation. Front Oncol. (2021) 11:641187. doi: 10.3389/fonc.2021.641187
Frontiers in Oncology 19
56. Braun R, Lapshyna O, Eckelmann S, Honselmann K, Bolm L, Ten Winkel M,
et al. Organotypic slice cultures as preclinical models of tumor microenvironment in
primary pancreatic cancer and metastasis. J Vis Exp. (2021) 28(172):e62541.
doi: 10.3791/62541

57. Duzagac F, Saorin G, Memeo L, Canzonieri V, Rizzolio F. Microfluidic
organoids-on-a-chip: quantum leap in cancer research. Cancers (Basel). (2021)
13:737. doi: 10.3390/cancers13040737

58. Spennati G, Horowitz LF, McGarry DJ, Rudzka DA, Armstrong G, Olson MF,
et al. Organotypic platform for studying cancer cell metastasis. Exp Cell Res. (2021)
401:112527. doi: 10.1016/j.yexcr.2021.112527

59. Choi D, Gonzalez-Suarez AM, Dumbrava MG, Medlyn M, de Hoyos-Vega JM,
Cichocki F, et al. Microfluidic organoid cultures derived from pancreatic cancer
biopsies for personalized testing of chemotherapy and immunotherapy. Adv Sci
(Weinh). (2024) 11:e2303088. doi: 10.1002/advs.202303088

60. Dornhof J, Kieninger J, Muralidharan H, Maurer J, Urban GA, Weltin A.
Microfluidic organ-on-chip system for multi-analyte monitoring of metabolites in 3D
cell cultures. Lab Chip. (2022) 22:225–39. doi: 10.1039/d1lc00689d

61. Pettersen S, Øy GF, Egeland EV, Juell S, Engebråten O, Mælandsmo GM, et al.
Breast cancer patient-derived explant cultures recapitulate in vivo drug responses. Front
Oncol. (2023) 13:1040665. doi: 10.3389/fonc.2023.1040665

62. Golan S, Bar V, Salpeter SJ, Neev G, Creiderman G, Kedar D, et al. Clinical
evaluation of an ex vivo organ culture system to predict patient response to cancer
therapy. Front Med (Lausanne). (2023) 10:1221484. doi: 10.3389/fmed.2023.1221484

63. Drew J, Machesky LM. The liver metastatic niche: modelling the extracellular
matrix in metastasis. Dis Model Mech. (2021) 14:dmm048801. doi: 10.1242/
dmm.048801

64. Kim MS, Ha SE, Wu M, Zogg H, Ronkon CF, Lee MY, et al. Extracellular matrix
biomarkers in colorectal cancer. Int J Mol Sci. (2021) 22:9185. doi: 10.3390/
ijms22179185

65. van Tienderen GS, van Beek MEA, Schurink IJ, Rosmark O, Roest HP, Tieleman
J, et al. Modelling metastatic colonization of cholangiocarcinoma organoids in
decellularized lung and lymph nodes. Front Oncol. (2022) 12:1101901. doi: 10.3389/
fonc.2022.1101901

66. Huppert LA, Green MD, Kim L, Chow C, Leyfman Y, Daud AI, et al. Tissue-
specific tregs in cancer metastasis: opportunities for precision immunotherapy. Cell
Mol Immunol. (2022) 19:33–45. doi: 10.1038/s41423-021-00742-4

67. Del Piccolo N, Shirure VS, Bi Y, Goedegebuure SP, Gholami S, Hughes CCW,
et al. Tumor-on-chip modeling of organ-specific cancer and metastasis. Adv Drug
Delivery Rev. (2021) 175:113798. doi: 10.1016/j.addr.2021.05.008

68. Globa Masset ME, Canto FB, Monteiro AC. Understanding the relationship
between bone-remodeling T cells and microbiota in breast cancer bone metastases.
IntechOpen. (2025). doi: 10.5772/intechopen.1010215

69. Hofbauer LC, Bozec A, Rauner M, Jakob F, Perner S, Pantel K. Novel approaches
to target the microenvironment of bone metastasis. Nat Rev Clin Oncol. (2021) 18:488–
505. doi: 10.1038/s41571-021-00499-9
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