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Abstract
Metastasis is a primary cause of cancer-related mortality, and the liver is the most 
common site of tumor metastasis. The molecular heterogeneity and complex tumor 
microenvironment of liver metastases remain major barriers contributing to clinical 
treatment failure. The dearth of accurate metastatic liver tumor models leads to a 
paucity of understanding regarding the mechanisms of liver metastasis and limits 
the exploration of novel therapeutic approaches. Patient-derived organoids provide a 
three-dimensional, tissue-engineered, cell-based in vitro model that reproduces the 
complex structure and function of the corresponding in vivo tissue. The advent of 
this personalized paradigm, tailored to the specific needs of individual patients, has 
enabled the translation of foundational research into clinical applications. This review 
provides a comprehensive summary of various methods for culturing liver metastatic 
cancer organoids, highlighting the novel findings and clinical applicability of 
organoids in liver metastasis research. It also discusses current research achievements 
and recent advances in liver metastatic cancer organoids.
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1. Introduction
Despite current treatments for liver metastatic cancer, 
which combine radiotherapy, chemotherapy, and surgery, 
the prognosis remains unfavorable.1 Furthermore, the 
fusion of tumor cells with macrophages leads to the 
manifestation of tumor heterogeneity, thereby promoting 
tumor metastasis.2 Therefore, there is an urgent clinical 
need for a tumor model that can replicate the genetic 
heterogeneity and complex microenvironment of tumors 
in patients with metastatic cancer.

Patient-derived organoids (PDOs), which are derived from 
human tissue, can help overcome some of these challenges.3 

This model is based on an in vitro three-dimensional (3D) 
cell culture system that can be derived from tissue-resident 
adult stem cells, induced pluripotent stem cells, or directly 
from patient biopsy samples.4-6 Compared to traditional two-
dimensional (2D) cell cultures or animal models, organoids 
recapitulate the in vivo tissue structure and function in 
vitro,7 providing a highly physiologically relevant model for 
understanding human biology and significantly advancing 
the development of personalized medicine.8

Although PDO technology remains in its early stages 
in the field of liver metastasis research, its potential for 
deciphering the spatiotemporal mechanisms of metastasis 
and accelerating clinical therapeutic discoveries should not 
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be underestimated. This review summarizes construction 
strategies for liver metastasis organoids derived from 
different cancer types—including colorectal cancer (CRC), 
pancreatic cancer, breast cancer, and other cancers—
highlights breakthrough findings in elucidating metastasis 
mechanisms, such as “seed–soil” interactions and immune 
evasion, and systematically evaluates organoid applications 
in drug screening, biobanking, and personalized medicine. 
It also outlines the combined application of liver metastasis 
organoids with modern high-technology approaches 
(Figure  1). Ultimately, this review aims to provide novel 
perspectives and methodologies for investigating tumor 
metastasis mechanisms and therapeutic interventions for 
liver metastatic tumors.

2. Culturing liver metastasis organoids from 
different primary tumor origins
The metastatic cascade of a tumor comprises three primary 
phases: Dissemination, dormancy, and colonization. Over 
the years, numerous hypotheses have been proposed to 
elucidate the mechanisms underlying malignant tumor 
metastasis, with the “seed and soil” hypothesis—first posited 
by Stephen Paget in 1889—remaining the most influential. 
This theory suggests that disseminated cancer cells (“seeds”) 
detach from the primary tumor microenvironment (TME; 
the primary “soil”) and invade, entering the circulatory 
system. Before colonization, the primary soil undergoes 
remodeling in distant metastatic target organs to create a 
more conducive TME (the secondary “soil”) for cancer cell 
colonization.9 This is consistent with recent findings that 
non-genetic dynamic adaptation may occur in cells leaving 
the primary tumor to different metastatic stages.10

While the “seed and soil” theory profoundly explains the 
organotropism of metastasis, a crucial transformation must 
occur within the “seed” before it can detach from the “primary 
soil.” Epithelial–mesenchymal transition (EMT) serves as the 
core driver of this initial step.11 Within the primary tumor, 
multifactorial triggers such as gene deletions, cell cycle 
abnormalities, and hypoxia induce EMT.12-14 This results in 
the loss of epithelial polarity and intercellular junctions in 
tumor cells, leading to the breach of the basement membrane 
barrier. Consequently, the cells detach from the primary site, 
either collectively or individually, and invade blood vessels, 
forming circulating tumor cells (CTCs).

Metastatic cancer organoids can be derived from primary 
tumor tissues, metastatic lesions, CTCs, or concentrated 
tumor cells from effusions.15 The organoid culture system 
primarily comprises two key components: A  supportive 
extracellular matrix and a tailored culture medium. The 
matrix, often Matrigel—a protein-rich hydrogel rich in 
laminin and collagen—provides a 3D structural support for in 
vitro organoid culture. The organoid culture medium delivers 
essential nutrients and growth factors, establishing a TME 
model that closely mimics the in vivo tissue or organ of origin.

However, a standardized method for selecting the 
culture medium components to favor either “primary soil” 
or “secondary soil” remains elusive. Therefore, establishing 
liver metastasis organoid culture systems is paramount for 
advancing the field.

Here, we summarize the components of various 
expansion media detailed in published articles over the past 
decade that have successfully cultivated liver metastasis 
organoids, as presented in Table 1.

Figure  1. Sources of liver metastatic cancer organoids, their associated nutrient molecules, and corresponding clinical applications. Created with 
BioRender by Sun T. (2025). https://app.biorender.com/profile/template/details/t-694115604389e1d4f3dcc0c8-sources-of-liver-metastatic-cancer-
organoids.
Abbreviations: CTC: Circulating tumor cell; FGF: Fibroblast growth factor; PEG2: Prostaglandin E2.
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A thorough analysis of the existing culture medium 
formulations for liver metastatic cancer organoids revealed 
a conspicuous contradiction. The prevailing liver metastatic 
organoid culture medium is characterized by two major 
issues: enhanced “seed” memory and deficient “soil” 
signaling. For instance, the medium used to cultivate CRC 
liver metastasis organoids typically contains a Wnt agonist 
(R-spondin1), Noggin, and additional intestinal stem cell 
factors.10,22,23 Similarly, the medium used to cultivate breast 
cancer organoids must retain estrogen, human epidermal 
growth factor receptor 2 (HER2), and other factors of 
the mammary microenvironment.24 These formulations 
are effective in maintaining the stemness of the tumor 
cells; however, they lack the critical liver-derived signals. 
For instance, oncostatin M and hepatocyte growth factor 
are absent in the majority of formulations, and the latter 
is a pivotal factor for liver metastases.25,26 Furthermore, 
these formulations are deficient in their ability to replicate 
the metabolic and immune stresses experienced by the 
liver “soil.” The characteristic high-lactate environment 
and glutamine dependence are not reproduced,27 and 
immunosuppressive factors such as transforming growth 
factor-β (TGF-β) and interleukin (IL)-6 secreted by Kupffer 
cells are not integrated.28 It is comparable to planting rice 
seeds in a desert and cultivating them under the same 
conditions as traditional rice cultivation.

The central question guiding this inquiry is: How can 
we effectively address this particular issue? The addition 
of hepatic factors should be implemented gradually to 
preserve tumor stemness. In the long term, the objective 
is to establish metastatic niche organoids that integrate 
vascular endothelium, hepatic stellate cells, and immune 
components. First, we can simulate metastatic evolution in 
stages. For example, days 0 to 7 can be defined as stage 1. 
In this stage, a primary foci medium is used; for instance, 
R-spondin1 is added to a CRC liver metastasis organoid 
medium to maintain cell survival. Stage 2, from days 8 to 
14, involves the gradual addition of hepatic “soil” factors, 
such as hepatocyte growth factor, oncostatin M, and 10 mM 
lactate, to induce metastatic adaptation. In this way, there is 
a potential for achieving dual objectives through a single 
action, thereby yielding a dual-purpose outcome.

Furthermore, the low success rate in culturing liver 
cancer organoids is largely attributed to the absence 
of epithelial stem cell characteristics in hepatocellular 
carcinoma cells, which are crucial for their proliferation 
within organoid culture systems.29 The plasticity of 
EMT has been demonstrated to regulate stem cell self-
renewal. Therefore, replicating or inducing the EMT 
program is crucial for establishing organoid models of 
liver metastatic cancer with high culture success rates and 
for simulating early metastatic events. Deficiency of the 
chromatin remodeling factor ATRX induces typical EMT 
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transformation characteristics. PDOs established with 
ATRX knockout exhibited downregulation of colonic 
epithelial factors (e.g., HNF4A, CDX1) and upregulation 
of squamous markers (e.g., KRT5), accompanied by 
enhanced TGF-β–induced EMT. This validates its role in 
driving lineage confusion and transformation potential in 
human CRC.30

In summary, the key to successfully developing a liver 
metastasis organoid model lies in precisely mimicking 
its in vivo evolutionary pathway. The phased culture 
strategy proposed herein—transitioning from simulating 
the primary tumor environment to the metastatic 
environment—represents a critical experimental approach 
to address the current deficiency of “soil” signals in culture 
media. Simultaneously, the recreation of critical biological 
processes such as EMT provides a vital foundation for 
ensuring the model can simulate early metastatic events. 
These cultivation principles establish a fundamental 
technical framework for the specific operational procedures 
of liver metastasis organoids. The subsequent section 
details the generalized culture process for liver metastatic 
cancer organoids (Figure 2).

3. Organoids as a platform for studying the 
mechanisms of cancer metastasis
3.1. Investigating the mechanisms of liver metastasis 
using organoid models

Deciphering the mechanisms governing the evolution 
of tumor metastasis is crucial for addressing the clinical 
challenges posed by metastatic cancers.

Liver metastasis in cancer is a multifaceted process, 
involving diverse cellular components and signaling 
pathways. Advanced 3D culture techniques offer a more 
physiologically relevant environment compared to 
conventional 2D cultures. By manipulating organoids or 
their microenvironment, researchers can gain valuable 
insights into the signaling pathways implicated in liver 
metastasis.

Recent studies have elucidated several key cancer 
metastatic pathways using organoids. For instance, 
metabolic profiling and metabolic inhibitor interventions 
on PDOs derived from primary tumors and liver 
metastases revealed that the ubiquitin-specific protease 3 
antisense RNA–MYC–glycolysis regulatory axis promotes 
liver metastasis by enhancing H3K18 lactylation and 
CDC27 expression in CRC.23 Wang et al.22 utilized APCmin/+ 

transgenic mice-derived colorectal tumor organoids to 
investigate the influence of lentiviral infection, revealing 
that casein kinase 1 isoform ε, through phosphorylation of 
the amino-terminal enhancer of split at Ser121, suppressed 
CRC metastasis. Moorman et al.31 established organoids 
from specimens of patients undergoing colon resection and 
metastatic tumor resection, discovering that PROX1 drives 
cells into an atypical differentiation state, thereby promoting 
tumor metastasis. The aforementioned study demonstrates 
that patient-derived liver metastatic organoids provide a 
flexible in vitro cancer model for validating driver mutation 
pathways and drug resistance mechanisms in tumor 
metastasis.

Despite these breakthroughs, challenges remain. The 
liver’s dual blood supply is a primary factor contributing 

Figure 2. Establishment of organoids from different sources that have been modified to model the characteristics of liver metastases, along with the 
culture procedure. The general workflow for culturing liver metastatic cancer organoids involves isolating tumor cells, embedding them in a matrix, and 
maintaining them under customized culture conditions that promote proliferation. Created with BioRender by Sun T. (2025). https://app.biorender.com/
profile/template/details/t-6941152869b30f84ec76e161-.
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to its status as the predominant target organ for tumor 
metastasis. However, a co-culture system that incorporates 
both liver cancer tissue and blood vessels has yet to mature. 
Future advancements should prioritize the development of 
co-culture models that incorporate vascular, stromal, and 
immune elements to better simulate the hepatic metastatic 
microenvironment and facilitate a deeper mechanistic 
understanding.

3.2. Liver metastasis organoids and the tumor 
microenvironment

Reconstitution of the immune TME by incorporating 
components such as cancer-associated fibroblasts (CAFs), T 
cells, B cells, and natural killer (NK) cells into the organoid 
media allows for the exploration of complex crosstalk among 
various cellular populations.32 For instance, Neal et  al.33 
established air–liquid interface PDOs from 100  patient 
tumors and identified CD8+ (Tc) and CD4+ (Th) T cells, B 
cells, NK cells, and CD3+ T cells within these PDOs. Nan 
et al.34 established a co-culture system of pancreatic cancer 
PDOs and CAFs, demonstrating that TGF-β–activated 
kinase 1 in CAFs promotes tumor invasion. Esposito 
et al.35 developed patient-derived immune organoids 
(PD-IOs). Notably, they utilized immune components 
derived from patients’ peripheral blood rather than TME 
components, thereby circumventing impaired immune 
activation in immunodeficient tumors caused by low 
T-cell content or exhaustion. These studies suggest that a 
deeper understanding of the immune microenvironment’s 
role within tumor PDOs and its interactions with 
tumor epithelial cells could provide novel insights for 
immunotherapeutic strategies.

Tumor-associated macrophages (TAMs) are present 
throughout all stages of hepatocellular carcinoma 
progression. Macrophages, key components of the immune 
system, are generally classified into two subsets: Classically 
activated (M1) macrophages and alternatively activated 
(M2) macrophages. Macrophages exert either pro- or anti-
tumor effects through polarization into distinct subtypes. 
The morphology and metabolic characteristics of TAMs are 
closely associated with prognosis: Smaller TAMs correlate 
with a favorable prognosis, whereas larger TAMs are 
linked to immunosuppression and poor prognosis.36 
Employing organoids to investigate CRC liver metastases 
(CRLM), researchers demonstrated that macrophages 
play a pivotal role in promoting tumor cell invasion and 
angiogenesis through the secretion of IL-6 and monocyte 
chemoattractant protein 1.31

The EEF1G⁺ macrophage subset enriched within 
liver metastases has been demonstrated to correlate with 
metastatic progression and immune evasion. These cells 
may promote tumor invasion through the secretion of 
pro-angiogenic factors, such as sphingosine-1-phosphate 

(SPP1).37-39 Macrophages cooperate with other cells within 
the liver metastasis microenvironment, thereby promoting 
tumor metastasis. Specifically, M2-like macrophages 
are highly abundant in advanced-stage tumors.40 Tumor 
organoids provide in vivo evidence for tumor metastasis 
mechanisms. CD163⁺ M2 macrophages in colorectal 
liver metastases jointly promote the formation of an 
immunosuppressive microenvironment by releasing TGF-
β, thereby supporting tumor proliferation and metastasis.41

In pancreatic cancer liver metastasis, SPP1⁺ macrophages 
accelerate the colonization and growth of metastatic foci by 
modulating the intrahepatic fibrotic microenvironment.39,42 
Using gene knockout mouse organoids, we found that 
recipient mice harboring NAT10-KO organoids exhibited 
fewer liver metastatic nodules compared to the control 
group.43 Similarly, upon modification of the prostate cancer 
model mouse organoids and subsequent implantation 
into the prostates of WT C57BL/6 mice, macrophages 
and neutrophils were identified as the most prominent 
immune cell subsets interacting with invasive tumor cells 
in liver metastasis44 (Figure  3). These findings provide 
valuable tools for investigating TAM heterogeneity and 
immunosuppression.

Traditional organoid co-culture systems can incorporate 
immune cells or stromal cells. However, accurately simulating 
the direct spatial competition between tumor cells and 
hepatocytes within metastatic foci remains challenging. The 
recent development of a matrix-free microtissue model by 
Lamprou et al.45 overcomes this issue by promoting tumor 
cell proliferation within hepatocyte scaffolds and inducing 
apoptosis through short-range interactions. Despite 
substantial progress, current organoid models still face 
limitations in fully replicating the intricate hepatic TME, 
particularly regarding dynamic immune cell recruitment, 
vascular remodeling, and hypoxia-driven adaptation.

Abilez et al.46 developed a vascularized liver-like organ 
(hVO) to recapitulate for the first time in vitro the hepatic 
sinusoidal endothelial phenotype (LYVE1+/THBD+) 
and pericyte–vessel interactions. Despite the utilization 
of normal liver-like organs as a model in the study, the 
introduction of hepatocellular carcinoma cells into hVO 
co-cultures facilitated the examination of how tumor 
cells exploit the vascular network. Recent breakthroughs 
in vascularized organoid-on-chip platforms provide 
unprecedented resolution for studying tumors–endothelial 
crosstalk. Du et al.47 developed a personalized vascularized 
tumor organoid system with self-assembled hierarchical 
vasculature, demonstrating that highly metastatic tumor 
cells actively migrate toward blood vessels via Notch-
pathway activation. These models confirm the biological 
behavior of tumor cells actively migrating toward blood 
vessels and provide preliminary insights into the underlying 
molecular drivers.

https://dx.doi.org/10.36922/OR025370029
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4. Clinical applications: Organoid models in 
liver metastatic cancers
The establishment of metastasis models commonly 
employs animal models. Murine models, in particular, 
more accurately recapitulate the complexity of the tumor 
ecosystem in a comprehensive and “human-like” manner 
compared to other animal models. Currently utilized 
murine models encompass orthotopic models, allograft 
models, cell line-derived xenograft models, patient-derived 
xenograft (PDX) models, and CTC-derived xenograft 
models. While murine models have been instrumental 
in identifying and validating oncogenic drivers, cancer 
stem cell tumorigenesis, and mechanisms of tumor drug 
resistance, they also have several limitations, including low 
metastatic efficiency and constraints within the TME.48

The lethality of liver metastasis stems from its 
heterogeneous evolution and microenvironmental 
adaptation. This characteristic poses a challenge for 
traditional animal models, such as murine PDX, due to their 
time-consuming nature, high cost, and species-specific 
discrepancies in capturing the spatiotemporal dynamics of 
human tumors. Furthermore, animal models often present 
economic, temporal, and ethical limitations, thereby 
restricting their applicability in research.49 The advent of 
organoid technology has addressed this gap. Organoids, 
which are multicellular in vitro structures derived from 

adult or embryonic stem cells, can be generated from 
patient tumor tissues. They retain genetic and phenotypic 
characteristics, closely resembling actual human organs.7,50

In this section, we will categorize metastatic 
hepatocellular carcinomas by their primary site of origin. 
We will also discuss the construction of organoid models 
of these liver metastases and their application in clinical 
studies (Figure 4).

4.1. CRC liver metastasis

CRC represents the third most prevalent malignancy 
worldwide.51 The liver is the primary target organ for 
CRC metastasis.52 The incidence of liver metastasis is 
as high as 50–60%, with a higher rate observed in right-
sided CRC compared to left-sided colon cancer and rectal 
cancer.53 CRC cells remodel the TME, evade immune 
surveillance, and invade the underlying matrix to access 
the liver. Subsequently, they reprogram the hepatic 
microenvironment, establishing a niche that is conducive 
to CRC cell proliferation.54

In metastatic CRC management, it is crucial to 
consider the unique characteristics of the tumor, including 
molecular alterations, microsatellite instability status, 
primary tumor laterality, prior therapies, and the extent 
of tumor involvement.51 Patient-derived CRC organoids, 
which largely recapitulate the heterogeneity of the primary 

Figure 3. Interconnections between liver metastatic cancer-like organs and the tumor microenvironment. Created with BioRender by Sun T. (2025). 
https://app.biorender.com/profile/template/details/t-69411865efbf0d596c8be645-pathway.
Abbreviations: CCL2: C-C motif chemokine ligand 2; CXCL2: Chemokine (C-X-C motif) ligand 2; GC: Gastric cancer; IL: Interleukin; JAK2: Janus 
kinase 2; LSEC: Liver sinusoidal endothelial cell; OSM: Oncostatin M; SPP1: Sphingosine-1-phosphate; STAT3: Signal transducer and activator of 
transcription 3; TAK1: Transforming growth factor-β–activated kinase 1; TGF-β: Transforming growth factor-β.
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tumor, have emerged as a pivotal tool for investigating 
the mechanisms of CRC liver metastasis and evaluating 
therapeutic strategies.

Utilizing primary CRC surgical specimens and 
matched liver metastasis samples, Mo et al.18 successfully 
established a biobank of CRLM PDOs. Their study 
revealed the sustained activation of the yes-associated 
protein/transcriptional co-activator with PDZ-binding 
motif pathway within metastatic lesions and the dynamic 
selection of chemoresistant clones, providing a molecular 
rationale for targeted therapies. Utilizing CRC PDOs, Cioce 
et al.55 identified chemotherapeutic agents and investigated 
the molecular determinants of CRC metastasis to the liver. 
Screening of CRLM PDOs revealed that the combination 
of pentoxifylline and 5-fluorouracil inhibited organoid 
growth, whereas activation of the IL-6–signal transducer 
and activator of transcription 3 axis promoted metastasis 
by maintaining an aldehyde dehydrogenase-high, drug-
resistant cell population. Investigation on the sensitivity 
of CRCLM PDOs to 38 clinically relevant drugs, revealing 

that multidrug-resistant PDOs exhibited resistance to 
epidermal growth factor receptor inhibition and sensitivity 
to mitogen-activated protein kinase inhibition within a 
RAS-mutant background.17,56

These findings collectively demonstrate that liver 
metastasis organoids derived from CRC, owing to their 
high genetic fidelity and ease of modeling, have become the 
benchmark model in the field of liver metastasis organoids 
for predicting the efficacy of clinical drugs and elucidating 
the mechanisms of cancer cell metastasis.

4.2. Pancreatic ductal adenocarcinoma (PDAC)

PDAC is projected to become the second leading cause 
of cancer-related death in the next decade.57 The vast 
majority of pancreatic cancer patients are diagnosed with 
liver metastases, which are the leading cause of death in 
PDAC, with a median overall survival of <6  months.58 
This renders patient-derived pancreatic cancer organoids 
of particular significance in elucidating the metastatic 
mechanisms of PDAC.

Figure 4. Establishment of organoids from various cancer sources and their clinical applications. Created with BioRender by Sun T. (2025). https://app.
biorender.com/profile/template/details/t-694115ba15c13df98ce0435d-summary.
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Yan et al.21 used patient-derived PDAC organoids for in 
vivo xenotransplantation and confirmed that extracellular 
signal-regulated kinase signaling is a key driver of PDAC 
liver metastasis. Jeong et al.59 evaluated the transcriptome 
characteristics of PDOs in invasive and non-invasive PDAC 
without treatment. They found that differentially expressed 
genes (e.g., TGF-β pathway members) in invasive PDAC 
organoids were related to TME remodeling. Laura et al.60 
utilized the oxidant hydrogen peroxide to induce the 
transformation of pancreatic organoids, exploring the 
pathogenic role of oxidative stress in PDAC. Their study 
revealed that oxidative stress drives the progression from 
precancerous lesions to malignant tumours through the 
nuclear factor erythroid 2-related factor 2/enhancer of 
zeste homolog 2 signaling axis.

The largest prospective study of PDO-based precision 
therapy for advanced refractory PDAC was reported in 
France.61 The sample source included 50 metastatic liver 
cancer biopsies. For each PDO, 25 single-drug phenotyping 
assays were performed. Approximately 91% of patients were 
matched to the effective drug, with a chemosensitivity rate 
of 83.3% and specificity of 92.9%. This clinical relevance 
highlights the potential efficacy of organoids in precision 
medicine and supports further studies on PDO-based 
functional precision medicine in the clinic.

In summary, patient-derived pancreatic cancer organoids 
have emerged as a precise tool for investigating the 
mechanisms of liver metastasis. These mechanistic insights 
have been translated into a highly predictive pre-clinical 
platform, providing robust evidence for large-scale functional 
precision medicine studies and closing the loop from 
fundamental mechanisms to clinical decision-making. Both

4.3. Breast cancer liver metastasis

Globally, breast cancer accounts for approximately 30% of 
all cancers diagnosed in women and remains the second 
leading cause of cancer-related mortality among women, 
with a mortality-to-incidence ratio of approximately 15%.62 
However, metastatic breast cancer is considered incurable 
with existing therapeutic modalities. The most common 
sites of metastasis for breast cancer include the bone, liver, 
lung, and brain. The liver is the third most common site of 
metastasis and is associated with a relatively poor prognosis 
compared to breast cancers without liver metastases.1,63,64 
The occurrence of liver metastases in breast cancer is likely 
associated with molecular typing.

A review of clinical data indicates that triple-negative 
breast cancer (TNBC) and HER2-positive subtypes are more 
prone to early liver metastases, with an incidence ranging 
from 30% to 50%. In contrast, luminal A/B liver metastases are 
more likely to manifest at advanced stages.65 This discrepancy 
is closely linked to the inherent characteristics of tumor cells 
and their ability to adapt to the microenvironment. Different 

organoid types require distinct culturing conditions, 
contingent on their specific characteristics. For instance, 
luminal organoids require the supplementation with 
estrogen and progesterone, while HER2-positive organoids 
necessitate the addition of HER2-Ig. TNBC organoids, on 
the other hand, require a serum-free medium.66

Previous studies suggest that the success rate of 
establishing liver metastasis-like organoids is influenced 
by the type of organ and hormone levels, reflecting their 
key role in regulating specific microenvironments.67 
Concomitantly, the evolution of heterogeneity and drug 
resistance in breast cancer has become a central challenge in 
clinical treatment. Chen et al.20 developed a patient-derived 
breast cancer organoid platform comprising 132 primary 
and metastatic breast cancer samples and successfully 
established 99 organoids. In most cases, the prediction of 
trastuzumab resistance in a HER2-positive liver metastasis-
like organ has been shown to correspond precisely with the 
patient’s clinical progression. In another case, a TNBC liver 
metastasis-like organ was unexpectedly sensitized to the 
proteasome inhibitor bortezomib, and subsequent imaging 
confirmed a 40% reduction in the size of the liver metastasis. 
This finding underscores the significance of type-specific 
organoids in the context of “new uses for old drugs.” While 
bortezomib has been approved solely for the treatment of 
hematologic tumors, its potential mechanism of action 
involves the inhibition of the nuclear factor κ-light-chain-
enhancer of activated B cells (NF-κB) pathway, which is 
known to be overactive in TNBC.68

Based on 51  samples from metastatic breast cancer 
patients, Lin et al. successfully established 46 organoids—
including 12 from patients with liver metastases—to 
guide treatment decisions and evaluated the outcomes of 
advanced breast cancer patients who received organoid-
guided therapy (OGT) compared to treatment of the 
physician’s choice (TPC). They found that the progression-
free survival in the PDO prediction group was significantly 
better than that in the empirical treatment group, verifying 
the clinical guidance efficacy of organoids in complex 
drug-resistance scenarios. However, OGT results for three 
patients were incongruent with their TPC outcomes, and 
these patients exhibited rapid disease progression following 
OGT. Notably, all three patients had TNBC. The observed 
discrepancy in clinical response may be attributable to high 
tumor burden, declining health status, and the absence of 
the TME in the PDO model, suggesting a significant role for 
the TME in malignant progression and drug resistance in 
TNBC.69 This finding aligns with the “organoid-informed 
trials” concept proposed by other studies:70,71 Organoid 
predictions must be combined with molecular typing to 
create differentiated decision-making frameworks.

Although current models still have limitations in fully 
simulating the TME, particularly in subtypes such as 
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TNBC that are highly dependent on microenvironmental 
interactions, OGT regimens have already significantly 
improved patients’ progression-free survival. These findings 
demonstrate that breast cancer organoid models serve as 
a functional bridge connecting molecular subtyping with 
clinical decision-making, representing a critical step in 
advancing breast cancer precision medicine from “genetic 
mapping” to “functional validation.”

4.4. Lung cancer liver metastasis

Lung cancer is generally categorized into two primary 
forms: Non-small cell lung cancer (NSCLC), which 
accounts for 85% of total diagnoses, and small cell 
lung cancer (SCLC), which accounts for 15% of total 
diagnoses. In the classification system for NSCLC, lung 
adenocarcinomas are the most prevalent subtype, with 
squamous-cell carcinomas ranking second.72 Distant 
metastasis is the primary driver of mortality.73,74 Among 
metastatic sites, the liver is commonly involved, with liver 
metastases occurring in approximately 33–40% of patients 
with lung cancer.75 Notably, liver metastases from lung 
cancer are often asymptomatic, with few clinical indications 
prompting early imaging surveillance.76

However, current organoid models of lung cancer 
liver metastasis predominantly capture late-stage disease 
phenotypes. Unlike other tumors, liver metastasis in lung 
cancer is highly dependent on the migratory capacity of 
CTCs. Most liver metastases from lung cancer arise from 
hematogenous dissemination, where CTCs traverse the 
hepatic portal circulation and become trapped within the 
capillary beds of hepatic sinusoids, initiating colonization 
of liver tissue.77,78 Thus, the development of models that can 
mimic early metastatic events is necessary, including the 
visualization of the retention, extravasation, and colonization 
processes of CTCs within the hepatic ecotone. Zheng et al.79 
recently developed holographic acoustic tweezers technology 
and applied it to organoid-organoid systems, including the 
visualization and preservation of the hepatobiliary system. 
Incorporating CTCs into this system could enable the 
simulation of early transfer colonization.

Moreover, most existing models lack critical components 
of the hepatic microenvironment, such as parenchymal cells 
and Kupffer cells, limiting their ability to fully recapitulate 
the complex interplay between CTCs and the liver 
sinusoidal barrier. Future advancements should focus on 
integrating live-cell imaging to trace early metastatic events, 
utilizing liquid biopsy approaches to capture viable CTCs, 
and incorporating liver-on-chip systems to dynamically 
reconstruct the pre-metastatic liver microenvironment, 
thereby improving early diagnostic capabilities.

Fortunately, organoid models provide new opportunities 
to elucidate the mechanisms underlying metastasis and 
to predict therapeutic responses. In NSCLC, a lung 

adenocarcinoma PDO platform identified differential 
expression of FGFR1 and CDKN1B in metastasis-derived 
organoids from the liver (MDO-liver) and brain (MDO-
brain) compared to other metastatic sites. The inhibition of 
FGFR1 enhanced the sensitivity of MDO-liver and MDO-
brain organoids to sotorasib treatment in vitro by 3.1-fold,80 
highlighting the unique value of lung cancer liver metastasis 
organoids in uncovering site-specific vulnerabilities and 
guiding precision therapy.

Conversely, SCLC is a highly aggressive subtype with 
limited targeted therapies. Recent studies have highlighted 
that targeting periostin/NOTCH1 signaling leads to a 
significant reduction in liver metastasis in both SCLC 
PDOs and xenograft models.81

In summary, lung cancer liver metastasis organoid 
models precisely reveal fundamental differences in the 
molecular mechanisms driving liver metastasis among 
distinct subtypes within the same major tumor category. 
However, existing models still struggle to simulate critical 
early events such as the retention and extravasation of 
CTCs within hepatic sinusoids, and they generally lack a 
complete liver microenvironment.

While substantial progress has been made in constructing 
organoid models of liver metastases from CRC, PDAC, 
breast cancer, and lung cancer, several challenges remain, 
particularly regarding the simulation of a fully functional 
microenvironment.

In addition, organoid research for liver metastases 
originating from melanoma, gastrointestinal stromal 
tumors (GISTs), and neuroendocrine tumors (NETs) 
remains underdeveloped. Melanoma liver metastases 
exhibit a paucity of histiocytes, primarily due to the limited 
number of tumor cells present in liver lesions and the 
inherent plasticity of melanoma cells, which undergo rapid 
dedifferentiation in vitro.82 For GISTs, a high resistance 
rate to tyrosine kinase inhibitors (e.g., imatinib)83 and the 
lack or low expression of LGR5—a critical stem cell marker 
required for traditional organoid expansion protocols84-88—
pose significant barriers to culture establishment. Liver 
metastases of NETs, which are often associated with severe 
endocrine symptoms,84 present additional challenges 
due to their pronounced cellular heterogeneity and the 
requirement for specialized hormonal support, such as 
somatostatin analogs. Standardized culture protocols for 
NET liver metastases have yet to be developed.

4.5. Practical barriers to the clinical translation of 
liver metastasis organoids

Despite the significant potential of liver metastasis 
organoids in basic and pre-clinical research, these models 
face multiple challenges in transitioning to routine clinical 
practice. First, lengthy turnaround times pose a primary 
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obstacle. The process from sample acquisition to drug 
sensitivity reporting is usually protracted, often taking 
several weeks. In the case of highly aggressive cancers, 
patients’ conditions may rapidly deteriorate during 
this period, compelling physicians to initiate treatment 
immediately based on standard guidelines or experience 
rather than waiting for results. This limitation restricts 
their application in urgent first-line therapies.85 Second, 
high costs and limited scalability hinder their widespread 
adoption. The cost of culture media, substrates, and 
specialized personnel can be a significant barrier to their 
implementation in healthcare institutions with limited 
resources. Furthermore, organoid generation success rates 
and patient accessibility remain suboptimal. Variations in 
sample quality and tumor types mean that not all patients 
can successfully generate organoids. The dearth of globally 
consistent cultivation and testing standards, compounded 
by the absence of rigorous regulatory approval processes, 
necessitates the validation of their clinical efficacy and 
reliability through large-scale prospective clinical trials.86,87

Overcoming these obstacles requires a multi-pronged 
approach: optimizing and streamlining processes through 
cutting-edge modern technologies, conducting forward-
looking clinical studies to accumulate high-level evidence, 
and actively collaborating with regulatory authorities. It 
is only through concerted efforts that this technology can 
realize its full potential in the field of precision medicine.

5. Integration of organoids with emerging 
technologies
Recent technological advancements are propelling 
organoid systems to a new level of sophistication. The 
integration of novel tools, such as single-cell omics, genetic 
engineering, organ-on-a-chip technologies, and artificial 
intelligence (AI), is transforming organoid platforms into 
comprehensive systems for elucidating disease pathogenesis 
and supporting clinical decision-making (Figure 5).

5.1. Single-cell sequencing technology

It is possible to reveal the underlying mechanisms that 
drive tumor plasticity through single-cell sequencing,88,89 
which has been widely used to identify the mechanisms 
of metastasis in various cancers.90-94 Combining organoids 
with single-cell sequencing to map the cellular heterogeneity 
of liver metastases can visually reveal the organoids of liver 
metastases. Mo et al.18 had an interesting experiment in the 
process of building a biobank of primary CRC and paired 
liver metastases from CRC liver metastasis. They used 
scVelo to perform cell trajectory analysis. They found that 
a large number of stem cells in primary CRC organoids 
showed a tendency to differentiate into maturation-like 
cells. The mature cells in liver metastasis organoids showed 
a tendency to revert to stem cell-like cells. Stem cell-like 

tumor cells exhibit excellent self-renewal potential in liver 
metastasis.

In summary, the integration of single-cell omics 
technologies with organoid models offers a powerful 
approach to unravel cellular communication events and 
the evolutionary dynamics that underpin liver metastasis. 
This synergistic strategy holds significant potential for 
identifying new therapeutic targets and optimizing 
treatment strategies for metastatic disease.

5.2. CRISPR-Cas9 technology

While clustered regulatory interspaced short palindromic 
repeats (CRISPR)-Cas9 technology facilitates the 
construction of disease models, most models may not 
fully recapitulate the diverse disease phenotypes observed 
across all patients. Organoid models, which preserve tumor 
heterogeneity and TME components (e.g., macrophages, 
fibroblasts), combined with gene editing, offer a dynamic 
platform for dissecting metastatic mechanisms and 
circumventing specific ethical concerns. CRISPR-Cas9 
technology enables single-base editing with high precision 
and efficiency in organoids, allowing for the accurate 
simulation of patient-specific mutations. Matano et al.95 
demonstrated that targeting tumor suppressor genes (e.g., 
APC, SMAD4, and TP53) and oncogenes (e.g., KRAS and 
PIK3CA) in healthy human intestinal organoids using 
CRISPR-Cas9 can simulate the development of CRC. 
Subsequent transplantation experiments demonstrated 
that the edited organoids could form micrometastases and 
latent tumor-initiating cells, confirming that the technology 
enhances the efficiency of tumor organoid modeling. The 
CRISPR-organoid fusion strategy opens up new avenues 
for precision medicine targeting metastatic progression.

5.3. Organ-on-a-chip and microfluidic engineering

Although PDOs have shown significant advantages in 
preserving tumor heterogeneity and microenvironment 
interactions, traditional organoids are still limited by static 
culture conditions and face challenges in reproducing 
dynamic physiological characteristics in vivo (e.g., blood 
flow shear stress, oxygen gradient, and intercellular 
mechanical stress). To address these limitations, organ-
on-a-chip technology has emerged as a transformative 
approach, combining microfluidic engineering and tissue 
engineering to construct highly biomimetic models of 
metastasis.

To evaluate the metastatic potential of mucosal 
melanoma PDO and plantar melanoma PDO, Chen et al.96 
used tumor PDO and polycarbonate membranes to simulate 
tumor invasion and internalization within the vascular 
system. To simulate the formation of the premetastatic 
TME and study the mechanism of breast cancer-derived 
extracellular vesicles (EVs) in liver metastasis, Kim et al.97 
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developed a human liver chip, demonstrating that breast 
cancer-derived EVs activate liver sinusoidal endothelial 
cells (LSECs), hepatocytes, and liver fibroblasts in the liver 
microarray to create conditions conducive to metastasis of 
breast cancer cells to the liver microenvironment. Breast 
cancer-derived EVs also increase fibronectin on LSECs 
to promote adhesion of breast cancer cells to the liver 
microenvironment. This liver chip provides a potential 
platform for studying the mechanisms of liver-targeted 
metastasis. In future studies, it will be necessary to integrate 
fluid shear stress and oxygen gradient to simulate hepatic 
sinusoidal blood flow.

This interdisciplinary integration provides unprecedented 
tools to accurately analyze the mechanism of metastasis, 
optimize drug screening platforms, and develop 
individualized treatment strategies, marking a paradigm shift 
from “in vitro simulation” to “biomimetic reconstruction” in 
tumor research.

6. Future perspectives
Compared to conventional cell lines and PDX, tumor 
organoids better preserve the molecular and tissue 
phenotypes of the original tumors, thereby maximizing 
patient-specific heterogeneity. Notably, the global shift 
toward reducing reliance on animal models highlights 
the increasing significance of organoid technology. In July 
2025, the European Commission announced its “Chemical 
Industry Action Plan,” which provides a roadmap for 
phasing out animal testing by promoting innovative 
alternatives, such as organoids and organ-on-a-chip 
systems. Similarly, the United States National Institutes 
of Health declared in July 2025 that it will no longer 
fund projects relying solely on animal experiments and 
emphasized the adoption of new approach methodologies. 
These include computational modeling, AI, and organoid 
technologies. These policies highlight the potential of 
organoids to transform medical research by offering more 
ethical, cost-effective, and human-relevant models.

Figure 5. Combined use of organoids from liver metastatic cancer patients and new technologies. Created with BioRender by Sun T. (2025). https://app.
biorender.com/profile/template/details/t-6929624b1f28ab3c2c91b850-figure4.
Abbreviations: AI: Artificial intelligence; CRISPR: Clustered regularly interspaced short palindromic repeats; sgRNA: Single guide RNA.
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Nevertheless, current models only partially replicate 
the complex characteristics and evolutionary trajectories of 
metastatic tumors, and several critical challenges remain. 
For example:
(i)	 Biomimetic microenvironmental enhancement 

is urgently needed, incorporating LSECs, Kupffer 
cells, and hemodynamic parameters to simulate the 
spatiotemporal evolution of the premetastatic niche, 
including hypoxic gradients and immunometabolic 
interactions.

(ii)	 Standardization and scalability must be achieved 
through the establishment of international culture 
consensus guidelines (e.g., for medium composition 
and passage protocols) and the integration of AI-driven 
high-throughput screening platforms to enhance data 
comparability and application efficiency.

(iii)	Clinical translational innovation should be prioritized, 
including the development of “organoid-informed 
trials” and the incorporation of organoid-based 
drug susceptibility data into clinical guidelines such 
as the National Comprehensive Cancer Network 
recommendations. In addition, the establishment 
of linkage platforms connecting liquid biopsy 
technologies (e.g., circulating tumor DNA and 
CTCs) with organoid models could enable dynamic 
monitoring of drug resistance evolution.

7. Conclusion
Organoid models of liver metastases, by closely mimicking 
tumor heterogeneity and dynamic microenvironmental 
interactions, have become valuable tools for elucidating 
metastatic mechanisms and guiding precision therapies. 
These models have demonstrated significant clinical 
translational potential in common cancers such as CRC, 
pancreatic cancer, and breast cancer. As pre-clinical 
predictive platforms, liver metastasis organoids are 
widely utilized for mechanistic studies, biobanking, drug 
screening, clinical decision support, and the development 
of personalized treatment strategies.

The integration of emerging technologies—such 
as single-cell sequencing, spatial omics, gene editing, 
microfluidics, and organ-on-a-chip platforms—has further 
expanded the analytical capabilities of liver metastasis 
organoids, addressing many limitations associated with 
traditional culture systems.

Liver metastasis organoid models are reshaping 
the paradigm of precision therapy through their 
capacity to decipher the metastatic mechanism and 
microenvironmental interactions. Future studies are 
encouraged to address existing challenges and promote 
standardized clinical translation, thereby enabling stratified 
interventions and closed-loop management of long-term 
survival.

Acknowledgments
None.

Funding
This work was supported by the China Postdoctoral 
Science Foundation (Grant No.  2024M750460); the 
Nanjing Postdoctoral Research Foundation Project (Grant 
No. FTJ-bh-2); Zhongda Hospital Affiliated to Southeast 
University, Jiangsu Province High-Level Hospital Pairing 
Assistance Construction Funds (Grant No. zdyyxy35); the 
Fundamental Research Funds for the Central Universities 
(Grant No. 2242025K30022); and the Non-communicable 
Chronic Diseases–National Science and Technology Major 
Project (Grant Nos. 2024ZD0520400 and 2024ZD0520403).

Conflict of interest 
The authors declare that they have no competing interests. 

Author contributions
Conceptualization: Tong Sun, Hao Lin
Visualization: Tong Sun
Writing–original draft: All authors
Writing–review & editing: All authors

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References
1.	 Tsilimigras DI, Brodt P, Clavien PA, et al. Liver metastases. 

Nat Rev Dis Primer. 2021;7(1):27.

	 doi: 10.1038/s41572-021-00261-6

2.	 Gast CE, Silk AD, Zarour L, et al. Cell fusion potentiates 
tumor heterogeneity and reveals circulating hybrid cells that 
correlate with stage and survival. Sci Adv. 2018;4(9):eaat7828.

	 doi: 10.1126/sciadv.aat7828

3.	 Zhao Z, Chen X, Dowbaj AM, et al. Organoids. Nat Rev 
Methods Primer. 2022;2(1):94.

	 doi: 10.1038/s43586-022-00174-y

4.	 Crespo M, Vilar E, Tsai SY, et al. Colonic organoids derived from 
human induced pluripotent stem cells for modeling colorectal 
cancer and drug testing. Nat Med. 2017;23(7):878-884.

	 doi: 10.1038/nm.4355

5.	 Hofer M, Lutolf MP. Engineering organoids. Nat Rev Mater. 
2021;6(5):402-420.

https://dx.doi.org/10.36922/OR025370029
http://dx.doi.org/10.1038/s41572-021-00261-6
http://dx.doi.org/10.1126/sciadv.aat7828
http://dx.doi.org/10.1038/s43586-022-00174-y
http://dx.doi.org/10.1038/nm.4355


Volume 1 Issue 4 (2025)	 13� doi: 10.36922/OR025370029 

	 doi: 10.1038/s41578-021-00279-y

6.	 Wang Z, McWilliams-Koeppen HP, Reza H, et al. 
3D-organoid culture supports differentiation of human 
CAR+ iPSCs into highly functional CAR T cells. Cell Stem 
Cell. 2022;29(4):515-527.e8.

	 doi: 10.1016/j.stem.2022.02.009

7.	 Kim J, Koo BK, Knoblich JA. Human organoids: Model 
systems for human biology and medicine. Nat Rev Mol Cell 
Biol. 2020;21(10):571-584.

	 doi: 10.1038/s41580-020-0259-3

8.	 Han X, Cai C, Deng W, et al. Landscape of human organoids: 
Ideal model in clinics and research. Innov. 2024;5(3):100620.

	 doi: 10.1016/j.xinn.2024.100620

9.	 Borrelli C, Roberts M, Eletto D, et al. In vivo interaction 
screening reveals liver-derived constraints to metastasis. 
Nature. 2024;632(8024):411-418.

	 doi: 10.1038/s41586-024-07715-3

10.	 Gerstberger S, Jiang Q, Ganesh K. Metastasis. Cell. 
2023;186(8):1564-1579.

	 doi: 10.1016/j.cell.2023.03.003

11.	 Huang Y, Hong W, Wei X. The molecular mechanisms and 
therapeutic strategies of EMT in tumor progression and 
metastasis. J Hematol OncolJ Hematol Oncol. 2022;15(1):129.

	 doi: 10.1186/s13045-022-01347-8

12.	 Zhang X, Sai B, Wang F, et al. Hypoxic BMSC-derived 
exosomal miRNAs promote metastasis of lung cancer cells 
via STAT3-induced EMT. Mol Cancer. 2019;18(1):40.

	 doi: 10.1186/s12943-019-0959-5

13.	 Hu J, Tan P, Ishihara M, et al. Tumor heterogeneity in VHL 
drives metastasis in clear cell renal cell carcinoma. Signal 
Transduct Target Ther. 2023;8(1):155.

	 doi: 10.1038/s41392-023-01362-2

14.	 Qiu M, Wang J, Xia W, et al. Glypican-5 to suppress NSCLC 
metastasis and EMT process by blocking Wnt/β-catenin 
signaling pathway. J Clin Oncol. 2016;34(15 Suppl):e23014.

	 doi: 10.1200/jco.2016.34.15_suppl.e23014

15.	 Zheng X, Zhang X, Yu S. Organoids derived from metastatic 
cancers: Present and future. Heliyon. 2024;10(9):e30457.

	 doi: 10.1016/j.heliyon.2024.e30457

16.	 Puca L, Bareja R, Prandi D, et al. Patient derived organoids 
to model rare prostate cancer phenotypes. Nat Commun. 
2018;9(1):2404.

	 doi: 10.1038/s41467-018-04495-z

17.	 Bruun J, Kryeziu K, Eide PW, et al. Patient-derived 
organoids from multiple colorectal cancer liver metastases 
reveal moderate intra-patient pharmacotranscriptomic 
heterogeneity. Clin Cancer Res. 2020;26(15):4107-4119.

	 doi: 10.1158/1078-0432.CCR-19-3637

18.	 Mo S, Tang P, Luo W, et al. Patient-derived organoids from 
colorectal cancer with paired liver metastasis reveal tumor 
heterogeneity and predict response to chemotherapy. Adv 
Sci. 2022;9(31):2204097.

	 doi: 10.1002/advs.202204097

19.	 Tan T, Mouradov D, Lee M, et al. Unified framework for 
patient-derived, tumor-organoid-based predictive testing of 
standard-of-care therapies in metastatic colorectal cancer. 
Cell Rep Med. 2023;4(12):101335.

	 doi: 10.1016/j.xcrm.2023.101335

20.	 Chen P, Zhang X, Ding R, et al. Patient-derived organoids 
can guide personalized-therapies for patients with advanced 
breast cancer. Adv Sci. 2021;8(22):2101176.

	 doi: 10.1002/advs.202101176

21.	 Yan Z, Ohuchida K, Fei S, et al. Inhibition of ERK1/2 in 
cancer-associated pancreatic stellate cells suppresses cancer-
stromal interaction and metastasis. J  Exp Clin Cancer Res. 
2019;38(1):221.

	 doi: 10.1186/s13046-019-1226-8

22.	 Wang Z, Zhou L, Wang Y, et al. The CK1δ/ε-AES axis 
regulates tumorigenesis and metastasis in colorectal cancer. 
Theranostics. 2021;11(9):4421-4435.

	 doi: 10.7150/thno.53901

23.	 Zhou JM, Dai WX, Wang RJ, et al. Organoid modeling 
identifies USP3-AS1 as a novel promoter in colorectal cancer 
liver metastasis through increasing glucose-driven histone 
lactylation. Acta Pharmacol Sin. 2025;46:1404-1418.

	 doi: 10.1038/s41401-024-01465-8

24.	 Ouzounova M, Lee E, Piranlioglu R, et al. Monocytic and 
granulocytic myeloid derived suppressor cells differentially 
regulate spatiotemporal tumour plasticity during metastatic 
cascade. Nat Commun. 2017;8(1):14979.

	 doi: 10.1038/ncomms14979

25.	 Gao Q, Li N, Pan Y, et al. Hepatocyte growth factor 
promotes melanoma metastasis through ubiquitin-specific 
peptidase 22-mediated integrins upregulation. Cancer Lett. 
2024;604:217196.

	 doi: 10.1016/j.canlet.2024.217196

26.	 Igarashi R, Oda M, Okada R, et al. Generation of human 
adult hepatocyte organoids with metabolic functions. 
Nature. 2025;641(8065):1248-1257.

	 doi: 10.1038/s41586-025-08861-y

27.	 Liao Y, Chen Q, Liu L, et al. Amino acid is a major 
carbon source for hepatic lipogenesis. Cell Metab. 
2024;36(11):2437-2448.e8.

	 doi: 10.1016/j.cmet.2024.10.001

28.	 Li T, Song X, Chen J, et al. Kupffer cell-derived IL6 promotes 
hepatocellular carcinoma metastasis via the JAK1-ACAP4 
pathway. Int J Biol Sci. 2025;21:285-305.

https://dx.doi.org/10.36922/OR025370029
http://dx.doi.org/10.1038/s41578-021-00279-y
http://dx.doi.org/10.1016/j.stem.2022.02.009
http://dx.doi.org/10.1038/s41580-020-0259-3
http://dx.doi.org/10.1016/j.xinn.2024.100620
http://dx.doi.org/10.1038/s41586-024-07715-3
http://dx.doi.org/10.1016/j.cell.2023.03.003
http://dx.doi.org/10.1186/s13045-022-01347-8
http://dx.doi.org/10.1186/s12943-019-0959-5
http://dx.doi.org/10.1038/s41392-023-01362-2
http://dx.doi.org/10.1200/jco.2016.34.15_suppl.e23014
http://dx.doi.org/10.1016/j.heliyon.2024.e30457
http://dx.doi.org/10.1038/s41467-018-04495-z
http://dx.doi.org/10.1158/1078-0432.CCR-19-3637
http://dx.doi.org/10.1002/advs.202204097
http://dx.doi.org/10.1016/j.xcrm.2023.101335
http://dx.doi.org/10.1002/advs.202101176
http://dx.doi.org/10.1186/s13046-019-1226-8
http://dx.doi.org/10.7150/thno.53901
http://dx.doi.org/10.1038/s41401-024-01465-8
http://dx.doi.org/10.1038/ncomms14979
http://dx.doi.org/10.1016/j.canlet.2024.217196
http://dx.doi.org/10.1038/s41586-025-08861-y
http://dx.doi.org/10.1016/j.cmet.2024.10.001


Volume 1 Issue 4 (2025)	 14� doi: 10.36922/OR025370029

	 doi: 10.7150/ijbs.97109

29.	 Nuciforo S, Fofana I, Matter MS, et al. Organoid models of 
human liver cancers derived from tumor needle biopsies. 
Cell Rep. 2018;24(5):1363-1376.

	 doi: 10.1016/j.celrep.2018.07.001

30.	 Cammareri P, Raponi M, Hong Y, et al. Loss of colonic 
fidelity enables multilineage plasticity and metastasis. 
Nature. 2025;644(8076):547-556.

	 doi: 10.1038/s41586-025-09125-5

31.	 Moorman AR, Benitez EK, Cambuli F, et al. Progressive 
plasticity during colorectal cancer metastasis. Nature. 
2024;637:947-954.

	 doi: 10.1038/s41586-024-08150-0

32.	 Polak R, Zhang ET, Kuo CJ. Cancer organoids 2.0: Modelling 
the complexity of the tumour immune microenvironment. 
Nat Rev Cancer. 2024;24(8):523-539.

	 doi: 10.1038/s41568-024-00706-6

33.	 Neal JT, Li X, Zhu J, et al. Organoid modeling 
of the tumor immune microenvironment. Cell. 
2018;175(7):1972-1988.e16.

	 doi: 10.1016/j.cell.2018.11.021

34.	 Sheng N, Shindo K, Ohuchida K, et al. TAK1 promotes an 
immunosuppressive tumor microenvironment through 
cancer-associated fibroblast phenotypic conversion in 
pancreatic ductal adenocarcinoma. Clin Cancer Res. 
2024;30(22):5138-5153.

	 doi: 10.1158/1078-0432.ccr-24-1004

35.	 Esposito A, Agostini A, Quero G, et al. Colorectal 
cancer patients-derived immunity-organoid platform 
unveils cancer-specific tissue markers associated with 
immunotherapy resistance. Cell Death Dis. 2024;15(12):878.

	 doi: 10.1038/s41419-024-07266-5

36.	 Soldani C, De Simone G, Polidoro MA, et al. Riboflavin-LSD1 
axis participates in the in vivo tumor-associated macrophage 
morphology in human colorectal liver metastases. Cancer 
Immunol Immunother. 2024;73(4):63.

	 doi: 10.1007/s00262-024-03645-1

37.	 Du Y, Lin Y, Gan L, et al. Potential crosstalk between 
SPP1 + TAMs and CD8 + exhausted T cells promotes an 
immunosuppressive environment in gastric metastatic 
cancer. J Transl Med. 2024;22(1):158.

	 doi: 10.1186/s12967-023-04688-1

38.	 Hua Y, Ma X, Zhao X, Wei X, Mu X, Zhang X. Characterization 
of metastasis-specific macrophages in colorectal cancer for 
prognosis prediction and immunometabolic remodeling. Sci 
Rep. 2024;14(1):26361.

	 doi: 10.1038/s41598-024-77248-2

39.	 Ainiwaer A, Qian Z, Wang J, Zhao Q, Lu Y. Single-cell 
analysis uncovers liver susceptibility to pancreatic cancer 

metastasis via myeloid cell characterization. Discov Oncol. 
2024;15(1):696.

	 doi: 10.1007/s12672-024-01566-0

40.	 Joyce JA, Pollard JW. Microenvironmental regulation of 
metastasis. Nat Rev Cancer. 2009;9(4):239-252.

	 doi: 10.1038/nrc2618

41.	 Feng Y, Qiao S, Chen J, et al. M2-type macrophages and 
cancer-associated fibroblasts combine to promote colorectal 
cancer liver metastases. OncoTargets Ther. 2024;17:243-260.

	 doi: 10.2147/ott.s447502

42.	 Astuti Y, Raymant M, Quaranta V, et al. Efferocytosis reprograms 
the tumor microenvironment to promote pancreatic cancer 
liver metastasis. Nat Cancer. 2024;5(5):774-790.

	 doi: 10.1038/s43018-024-00731-2

43.	 Chen C, Wang Z, Lin Q, et al. NAT10 promotes gastric 
cancer liver metastasis by modulation of M2 macrophage 
polarization and metastatic tumor cell hepatic adhesion. Adv 
Sci (Weinh). 12(15):2410263.

	 doi: 10.1002/advs.202410263

44.	 Liu K, Jing N, Wang D, et al. A novel mouse model for liver 
metastasis of prostate cancer reveals dynamic tumour-
immune cell communication. Cell Prolif. 2021;54(7):e13056.

	 doi: 10.1111/cpr.13056

45.	 Lamprou M, Garcia AK, Suijkerbuijk SJE. Protocol for 
generating liver metastasis microtissues to decipher cellular 
interactions between metastatic intestinal cancer and liver 
tissue. STAR Protoc. 2025;6(1):103575.

	 doi: 10.1016/j.xpro.2024.103575

46.	 Abilez OJ, Yang H, Guan Y, et al. Gastruloids enable 
modeling of the earliest stages of human cardiac and hepatic 
vascularization. Science. 2025;388(6751):eadu9375.

	 doi: 10.1126/science.adu9375

47.	 Du Y, Wang YR, Bao QY, et al. Personalized vascularized tumor 
organoid-on-a-chip for tumor metastasis and therapeutic 
targeting assessment. Adv Mater. 2025;37(6):2412815.

	 doi: 10.1002/adma.202412815

48.	 Wakefield L, Agarwal S, Tanner K. Preclinical models for drug 
discovery for metastatic disease. Cell. 2023;186(8):1792-1813.

	 doi: 10.1016/j.cell.2023.02.026

49.	 Xiang T, Wang J, Li H. Current applications of intestinal 
organoids: A review. Stem Cell Res Ther. 2024;15(1):155.

	 doi: 10.1186/s13287-024-03768-3

50.	 Veninga V, Voest EE. Tumor organoids: Opportunities 
and challenges to guide precision medicine. Cancer Cell. 
2021;39(9):1190-1201.

	 doi: 10.1016/j.ccell.2021.07.020

51.	 Eng C, Yoshino T, Ruíz-García E, et al. Colorectal cancer. 
Lancet. 2024;404(10449):294-310.

https://dx.doi.org/10.36922/OR025370029
http://dx.doi.org/10.7150/ijbs.97109
http://dx.doi.org/10.1016/j.celrep.2018.07.001
http://dx.doi.org/10.1038/s41586-025-09125-5
http://dx.doi.org/10.1038/s41586-024-08150-0
http://dx.doi.org/10.1038/s41568-024-00706-6
http://dx.doi.org/10.1016/j.cell.2018.11.021
http://dx.doi.org/10.1158/1078-0432.ccr-24-1004
http://dx.doi.org/10.1038/s41419-024-07266-5
http://dx.doi.org/10.1007/s00262-024-03645-1
http://dx.doi.org/10.1186/s12967-023-04688-1
http://dx.doi.org/10.1038/s41598-024-77248-2
http://dx.doi.org/10.1007/s12672-024-01566-0
http://dx.doi.org/10.1038/nrc2618
http://dx.doi.org/10.2147/ott.s447502
http://dx.doi.org/10.1038/s43018-024-00731-2
http://dx.doi.org/10.1002/advs.202410263
http://dx.doi.org/10.1111/cpr.13056
http://dx.doi.org/10.1016/j.xpro.2024.103575
http://dx.doi.org/10.1126/science.adu9375
http://dx.doi.org/10.1002/adma.202412815
http://dx.doi.org/10.1016/j.cell.2023.02.026
http://dx.doi.org/10.1186/s13287-024-03768-3
http://dx.doi.org/10.1016/j.ccell.2021.07.020


Volume 1 Issue 4 (2025)	 15� doi: 10.36922/OR025370029 

	 doi: 10.1016/S0140-6736(24)00360-X

52.	 Lentz RW, Messersmith WA. Transarterial radioembolization 
in patients with unresectable colorectal cancer liver 
metastases. J Clin Oncol. 2021;39(35):3887-3889.

	 doi: 10.1200/JCO.21.01993

53.	 Engstrand J, Nilsson H, Strömberg C, Jonas E, Freedman J. 
Colorectal cancer liver metastases  -  a population-based 
study on incidence, management and survival. BMC Cancer. 
2018;18(1):78.

	 doi: 10.1186/s12885-017-3925-x

54.	 Shasha T, Gruijs M, Van Egmond M. Mechanisms of 
colorectal liver metastasis development. Cell Mol Life Sci. 
2022;79(12):607.

	 doi: 10.1007/s00018-022-04630-6

55.	 Cioce M, Fumagalli MR, Donzelli S, et al. Interrogating 
colorectal cancer metastasis to liver: a search for clinically 
viable compounds and mechanistic insights in colorectal 
cancer patient derived organoids. J  Exp Clin Cancer Res. 
2023;42(1):170.

	 doi: 10.1186/s13046-023-02754-6

56.	 Jian M, Ren L, He G, et al. A novel patient-derived organoids-
based xenografts model for preclinical drug response testing 
in patients with colorectal liver metastases. J  Transl Med. 
2020;18(1):234.

	 doi: 10.1186/s12967-020-02407-8

57.	 Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, 
Fleshman  JM, Matrisian LM. Projecting cancer incidence 
and deaths to 2030: The unexpected burden of thyroid, 
liver, and pancreas cancers in the united states. Cancer Res. 
2014;74(11):2913-2921.

	 doi: 10.1158/0008-5472.can-14-0155

58.	 Hess KR, Varadhachary GR, Taylor SH, et al. Metastatic 
patterns in adenocarcinoma. Cancer. 2006;106(7):1624-1633.

	 doi: 10.1002/cncr.21778

59.	 Jeong YJ, Knutsdottir H, Shojaeian F, et al. Morphology-
guided transcriptomic analysis of human pancreatic cancer 
organoids reveals microenvironmental signals that enhance 
invasion. J Clin Invest. 2023;133(8):e162054.

	 doi: 10.1172/JCI162054

60.	 Antonucci L, Li N, Duran A, et al. Self-amplifying 
NRF2-EZH2 epigenetic loop converts KRAS-initiated 
progenitors to invasive pancreatic cancer. Nat Cancer. 
2025;6(7):1263-1282.

	 doi: 10.1038/s43018-025-01003-3

61.	 Boilève A, Cartry J, Goudarzi N, et al. Organoids for 
functional precision medicine in advanced pancreatic 
cancer. Gastroenterology. 2024;167(5):961-976.e13.

	 doi: 10.1053/j.gastro.2024.05.032

62.	 Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 
2023. CA Cancer J Clin. 2023;73(1):17-48.

	 doi: 10.3322/caac.21763

63.	 Lee J, Choi M, Joe S, Shin K, Lee SH, Lee A. Growth pattern 
of hepatic metastasis as a prognostic index reflecting 
liver metastasis-associated survival in breast cancer liver 
metastasis. J Clin Med. 2022;11(10):2852.

	 doi: 10.3390/jcm11102852

64.	 Harbeck N, Penault-Llorca F, Cortes J, et al. Breast cancer. 
Nat Rev Dis Primer. 2019;5(1):66.

	 doi: 10.1038/s41572-019-0111-2

65.	 Gaglia G, Burger ML, Ritch CC, et al. Lymphocyte networks 
are dynamic cellular communities in the immunoregulatory 
landscape of lung adenocarcinoma. Cancer Cell. 
2023;41(5):871-886.e10.

	 doi: 10.1016/j.ccell.2023.03.015

66.	 Sachs N, Ligt JD, Kopper O, et al. A living biobank of breast 
cancer organoids captures disease heterogeneity. Cell. 
2018;172(1):373-386.e10.

	 doi: 10.1016/j.cell.2017.11.010

67.	 Harbeck N, Gnant M. Breast cancer. Lancet. 2017; 
389(10074):1134-1150.

	 doi: 10.1016/S0140-6736(16)31891-8

68.	 Fusella F, Seclì L, Busso E, et al. The IKK/NF-κB signaling 
pathway requires Morgana to drive breast cancer metastasis. 
Nat Commun. 2017;8(1):1636.

	 doi: 10.1038/s41467-017-01829-1

69.	 Lin Y yi, Gao H fei, Li H, et al. Clinical efficacy of tumor 
organoid-guided cancer therapy for locally advanced 
unresectable or metastatic breast cancer. Int J Cancer. 
2024;155(4):697-709.

	 doi: 10.1002/ijc.34945

70.	 Harter MF, Recaldin T, Gerard R, et al. Analysis of off-
tumour toxicities of T-cell-engaging bispecific antibodies via 
donor-matched intestinal organoids and tumouroids. Nat 
Biomed Eng. 2024;8(4):345-360.

	 doi: 10.1038/s41551-023-01156-5

71.	 Geurts MH, Gandhi S, Boretto MG, et al. One-step generation 
of tumor models by base editor multiplexing in adult stem 
cell-derived organoids. Nat Commun. 2023;14(1):4998.

	 doi: 10.1038/s41467-023-40701-3

72.	 Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung 
cancer. Lancet. 2021;398(10299):535-554.

	 doi: 10.1016/S0140-6736(21)00312-3

73.	 Xie S, Wu Z, Qi Y, Wu B, Zhu X. The metastasizing 
mechanisms of lung cancer: Recent advances and therapeutic 
challenges. Biomed Pharmacother. 2021;138:111450.

	 doi: 10.1016/j.biopha.2021.111450

74.	 Leiter A, Veluswamy RR, Wisnivesky JP. The global burden 
of lung cancer: Current status and future trends. Nat Rev Clin 
Oncol. 2023;20(9):624-639.

https://dx.doi.org/10.36922/OR025370029
http://dx.doi.org/10.1016/S0140-6736(24)00360-X
http://dx.doi.org/10.1200/JCO.21.01993
http://dx.doi.org/10.1186/s12885-017-3925-x
http://dx.doi.org/10.1007/s00018-022-04630-6
http://dx.doi.org/10.1186/s13046-023-02754-6
http://dx.doi.org/10.1186/s12967-020-02407-8
http://dx.doi.org/10.1158/0008-5472.can-14-0155
http://dx.doi.org/10.1002/cncr.21778
http://dx.doi.org/10.1172/JCI162054
http://dx.doi.org/10.1038/s43018-025-01003-3
http://dx.doi.org/10.1053/j.gastro.2024.05.032
http://dx.doi.org/10.3322/caac.21763
http://dx.doi.org/10.3390/jcm11102852
http://dx.doi.org/10.1038/s41572-019-0111-2
http://dx.doi.org/10.1016/j.ccell.2023.03.015
http://dx.doi.org/10.1016/j.cell.2017.11.010
http://dx.doi.org/10.1016/S0140-6736(16)31891-8
http://dx.doi.org/10.1038/s41467-017-01829-1
http://dx.doi.org/10.1002/ijc.34945
http://dx.doi.org/10.1038/s41551-023-01156-5
http://dx.doi.org/10.1038/s41467-023-40701-3
http://dx.doi.org/10.1016/S0140-6736(21)00312-3
http://dx.doi.org/10.1016/j.biopha.2021.111450


Volume 1 Issue 4 (2025)	 16� doi: 10.36922/OR025370029

	 doi: 10.1038/s41571-023-00798-3

75.	 Li S, Qu Y, Liu L, et al. Comparative proteomic profiling 
of plasma exosomes in lung cancer cases of liver and brain 
metastasis. Cell Biosci. 2023;13(1):180.

	 doi: 10.1186/s13578-023-01112-5

76.	 Salvatierra A, Baamonde C, Llamas JM, Cruz F, Lopez-Pujol J. 
Extrathoracic staging of bronchogenic carcinoma. Chest. 
1990;97(5):1052-1058.

	 doi: 10.1378/chest.97.5.1052

77.	 Gibert-Ramos A, Sanfeliu-Redondo D, Aristu-Zabalza  P, 
et  al. The hepatic sinusoid in chronic liver disease: The 
optimal milieu for cancer. Cancers. 2021;13(22):5719.

	 doi: 10.3390/cancers13225719

78.	 Dasgupta A, Lim AR, Ghajar CM. Circulating and 
disseminated tumor cells: Harbingers or initiators of 
metastasis? Mol Oncol. 2017;11(1):40-61.

	 doi: 10.1002/1878-0261.12022

79.	 Li J, Liu D, Gao Z, et al. Construction of a metastasis 
model for liver cancer spheroids to hepatobiliary organoids 
facilitated by holographic acoustic tweezers. Cell Rep Phys 
Sci. 2025;6(6):102604.

	 doi: 10.1016/j.xcrp.2025.102604

80.	 Liu Y, Lankadasari M, Rosiene J, et al. Modeling lung 
adenocarcinoma metastases using patient-derived organoids. 
Cell Rep Med. 2024;5(10):101777.

	 doi: 10.1016/j.xcrm.2024.101777

81.	 Lou L, Peng K, Ouyang S, et al. Periostin-mediated NOTCH1 
activation between tumor cells and HSCs crosstalk promotes 
liver metastasis of small cell lung cancer. J Exp Clin Cancer 
Res. 2025;44(1):6.

	 doi: 10.1186/s13046-024-03266-7

82.	 Garbe C, Amaral T, Peris K, et al. European consensus-
based interdisciplinary guideline for melanoma. Part  2: 
Treatment - update 2022. Eur J Cancer. 2022;170:256-284.

	 doi: 10.1016/j.ejca.2022.04.018

83.	 Blay JY, Devin Q, Duffaud F, et al. Discontinuation versus 
continuation of imatinib in patients with advanced 
gastrointestinal stromal tumours (BFR14): Exploratory long-
term follow-up of an open-label, multicentre, randomised, 
phase 3 trial. Lancet Oncol. 2024;25(9):1163-1175.

	 doi: 10.1016/S1470-2045(24)00318-8

84.	 Foster DS, Jensen R, Norton JA. Management of 
liver neuroendocrine tumors in 2018. JAMA Oncol. 
2018;4(11):1605-1606.

	 doi: 10.1001/jamaoncol.2018.3035

85.	 Kim SY, Kim SM, Lim S, et al. Modeling clinical responses to 
targeted therapies by patient-derived organoids of advanced 
lung adenocarcinoma. Clin Cancer Res. 2021;27(15):4397-4409.

	 doi: 10.1158/1078-0432.ccr-20-5026

86.	 Kan L, Yu Y, Wang Y, et al. The application of organoids in 
investigating immune evasion in the microenvironment of 
gastric cancer and screening novel drug candidates. Mol 
Cancer. 2025;24(1):125.

	 doi: 10.1186/s12943-025-02328-4

87.	 Sljukic A, Green Jenkinson J, Niksic A, Prior N, Huch M. 
Advances in liver and pancreas organoids: How far we have come 
and where we go next. Nat Rev Gastroenterol Hepatol. 2025;.

	 doi: 10.1038/s41575-025-01116-1

88.	 Garvalov BK, Ertürk A. Seeing whole-tumour heterogeneity. 
Nat Biomed Eng. 2017;1(10):772-774.

	 doi: 10.1038/s41551-017-0150-5

89.	 Pe’er D, Ogawa S, Elhanani O, Keren L, Oliver TG, Wedge D. 
Tumor heterogeneity. Cancer Cell. 2021;39(8):1015-1017.

	 doi: 10.1016/j.ccell.2021.07.009

90.	 Huang XZ, Pang MJ, Li JY, et al. Single-cell sequencing of 
ascites fluid illustrates heterogeneity and therapy-induced 
evolution during gastric cancer peritoneal metastasis. Nat 
Commun. 2023;14(1):822.

	 doi: 10.1038/s41467-023-36310-9

91.	 Barkley D, Moncada R, Pour M, et al. Cancer cell states recur 
across tumor types and form specific interactions with the 
tumor microenvironment. Nat Genet. 2022;54(8):1192-1201.

	 doi: 10.1038/s41588-022-01141-9

92.	 Xu J, Liao K, Yang X, Wu C, Wu W. Using single-cell 
sequencing technology to detect circulating tumor cells in 
solid tumors. Mol Cancer. 2021;20(1):104.

	 doi: 10.1186/s12943-021-01392-w

93.	 Zhou X, LeBleu VS, Fletcher-Sananikone E, et al. Vascular 
heterogeneity of tight junction Claudins guides organotropic 
metastasis. Nat Cancer. 2024;5(9):1371-1389.

	 doi: 10.1038/s43018-024-00813-1

94.	 Shi H, Tian H, Zhu T, et al. Single-cell sequencing depicts 
tumor architecture and empowers clinical decision in 
metastatic conjunctival melanoma. Cell Discov. 2024;10(1):63.

	 doi: 10.1038/s41421-024-00683-y

95.	 Matano M, Date S, Shimokawa M, et al. Modeling colorectal 
cancer using CRISPR-Cas9-mediated engineering of human 
intestinal organoids. Nat Med. 2015;21(3):256-262.

	 doi: 10.1038/nm.3802

96.	 Chen M, Shan H, Tao Q, et al. Mimicking tumor metastasis 
using a transwell-integrated organoids-on-a-chip platform. 
Small. 2024;20(27):e2308525.

	 doi: 10.1002/smll.202308525

97.	 Kim J, Lee C, Kim I, et al. Three-dimensional human 
liver-chip emulating premetastatic niche formation 
by breast cancer-derived extracellular vesicles. ACS 
Nano. 2020;14(11):14971-14988.

	 doi: 10.1021/acsnano.0c04778

https://dx.doi.org/10.36922/OR025370029
http://dx.doi.org/10.1038/s41571-023-00798-3
http://dx.doi.org/10.1186/s13578-023-01112-5
http://dx.doi.org/10.1378/chest.97.5.1052
http://dx.doi.org/10.3390/cancers13225719
http://dx.doi.org/10.1002/1878-0261.12022
http://dx.doi.org/10.1016/j.xcrp.2025.102604
http://dx.doi.org/10.1016/j.xcrm.2024.101777
http://dx.doi.org/10.1186/s13046-024-03266-7
http://dx.doi.org/10.1016/j.ejca.2022.04.018
http://dx.doi.org/10.1016/S1470-2045(24)00318-8
http://dx.doi.org/10.1001/jamaoncol.2018.3035
http://dx.doi.org/10.1158/1078-0432.ccr-20-5026
http://dx.doi.org/10.1186/s12943-025-02328-4
http://dx.doi.org/10.1038/s41575-025-01116-1
http://dx.doi.org/10.1038/s41551-017-0150-5
http://dx.doi.org/10.1016/j.ccell.2021.07.009
http://dx.doi.org/10.1038/s41467-023-36310-9
http://dx.doi.org/10.1038/s41588-022-01141-9
http://dx.doi.org/10.1186/s12943-021-01392-w
http://dx.doi.org/10.1038/s43018-024-00813-1
http://dx.doi.org/10.1038/s41421-024-00683-y
http://dx.doi.org/10.1038/nm.3802
http://dx.doi.org/10.1002/smll.202308525
http://dx.doi.org/10.1021/acsnano.0c04778

