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A B S T R A C T

Colorectal cancer (CRC) organoids provide more accurate and tissue-relevant models compared to conventional 
two-dimensional cultured cell cultures. Mouse CRC organoids, in particular, offer unique advantages over their 
human counterparts, as they can be transplanted into immunocompetent mice. These syngeneic transplantation 
models create a robust system for studying cancer biology in the immunocompetent tumor microenvironment 
(TME). This article discusses the development and applications of these organoid systems, emphasizing their 
capacity to faithfully recapitulate in vivo tumor progression, metastasis, and the immune landscape.

1. Introduction

Colorectal cancer (CRC) is the third most common malignancy 
globally, with growing incidence and mortality (Bray et al., 2024). CRC 
is a complex and heterogeneous disease that can be stratified into 
different subsets based on anatomical, histopathological, and tran-
scriptomic features that are closely related to each other (Ciardiello 
et al., 2022; Dekker et al., 2019).　Accumulating evidence regarding 
CRC tumorigenesis and progression has led to the identification of 
molecules and pathways that can be therapeutically targeted in certain 
types of CRCs. These targets include VEGF, EGFR, BRAF, and HER2, and 
monoclonal antibodies or tyrosine kinase inhibitors against them are 
now widely used in the clinic (Shin et al., 2023). Another emerging class 
of cancer therapeutics is immune checkpoint inhibitors (ICIs), which are 
designed to reprogram T cell exhaustion in the tumor microenvironment 
(TME). Monoclonal antibodies against PD-1, PD-L1, and CTLA-4 have 
been applied to clinical use, and now they are approved for more than 50 
cancer types, serving as key drugs in their therapy(de Miguel and Calvo, 
2020). Nonetheless, only a small subset of CRC patients can benefit from 
ICI therapy, as the majority of CRCs are immune suppressive and 
resistant to ICIs (Weng et al., 2022). Thus, ICIs are effective for specific 
CRC subtypes that show a hypermutant phenotype, termed microsatel-
lite instability high (MSI-H) status, caused by the inactivation or defi-
ciency of mismatch repair genes (dMMR) (Le et al., 2017; Le et al., 
2015). Although ICIs are highly effective for MSI-H/dMMR CRCs (André 
et al., 2020; Cercek et al., 2022; Lenz et al., 2022; Overman et al., 2018), 

these subtypes account for approximately 15 % of overall CRCs (Jenkins 
et al., 2007). Therefore, there is an urgent need for an in-depth under-
standing of the TME landscape whereby CRCs acquire immune surveil-
lance evasion and therapeutic resistance, as well as an adequate model 
system to study the TME.

The TME comprises a wide variety of non-cancer cell types, including 
lymphocytes, myeloid cells, cancer-associated fibroblasts (CAFs), 
endothelial cells (ECs), pericytes, and adipocytes. This complex collec-
tion of cells is embedded in various densities of non-cellular extracel-
lular matrix (ECM) components, depending on the cancer type, which 
provides structural support, a reservoir for secreted proteins, and scaf-
folds for cell adhesion. The roles of individual cell types can have either 
tumor-suppressive or tumor-promoting phenotypes, depending on the 
context, driven by extensive reciprocal crosstalk through direct cell-cell 
contact or paracrine secretion of cytokines, chemokines, and growth 
factors (de Visser and Joyce, 2023). In addition to these classical me-
diators, other classes of messengers, such as non-structural matricellular 
proteins (MCP) and extracellular vesicles (EVs), are also secreted to 
convey the intercellular signals (Gerarduzzi et al., 2020; Lucotti et al., 
2022b). Importantly, these messengers not only modify the local envi-
ronment, but also exert systemic effects far beyond the primary tumor 
site, such as macrophage recruitment from the bone marrow or T cell 
suppression in the lymph nodes (Chen et al., 2018; Lucotti et al., 2022a; 
Peinado et al., 2012; Poggio et al., 2019). Hence, experimental systems 
are essential that can fully recapitulate both the local tumor environ-
ment and the inter-organ networks at the same time.
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In this context, mouse CRC organoid models combined with synge-
neic transplantation into immunocompetent mice offer significant ad-
vantages in the matrix of experimental systems and the species of origin 
(Table 1). As for in vitro experimental systems, organoids serve as more 
accurate and tissue-relevant models compared to conventional two- 
dimensional cultured cell lines. Cultured cancer cell lines have been 
used indispensably, particularly in the fields of biochemical research 
and large-scale screening. However, it is still difficult to stably create 
cancer lines with high efficiency and quality as primary cell lines 
(Shoemaker, 2006). This is partly because they require such features as 
uniform monolayer growth and attachment to culture plates, which are 
not necessarily relevant to the tumor progression in vivo. Therefore, this 
establishment process creates a strong selection pressure that biases the 
cellular behaviors. In fact, when applied to transplantation models, 
cancer cell lines often exhibit poorly differentiated histology lacking the 
pathological variations, such as cellular and tissue heterogeneity and 
structural abnormalities observed in human cancer tissues (Masters, 
2000). In contrast, CRC organoids can be easily generated without any 
additional transformation, regardless of the species.　Regarding the 
species of origin, mouse CRC organoids have fewer ethical concerns 
compared to human organoids. In addition, they allow syngeneic 
transplantation into immunocompetent mice, enabling the study of 
cancer biology, while maintaining the appropriate constitution of the 
TME, which is technically challenging in human xenograft models. 
While mouse cancer cell lines are also applicable for syngeneic trans-
plantation, commonly used mouse cancer cell lines, such as CT26 and 

MC38, do not precisely reflect the CRC carcinogenesis process because 
they are both generated by induction with exogenous carcinogens 
(Corbett et al., 1975; Wang et al., 1995). Finally, genetically modified 
mouse models, represented by ApcMin mice (Moser et al., 1990), the first 
mouse model of CRC, remain the mainstay of in vivo disease models, as 
they reconstitute the full components of the TME (Kucherlapati, 2023). 
Endogenous tumor development and well-defined gene mutational 
profiles enable the demonstration of a relatively direct cause-and-effect 
relationship. Nevertheless, multiple gene mutations are necessary for 
advanced-stage CRC models with metastatic potential, which require 
substantial time and effort for breeding and crossing.

Collectively, to study the biology of cancer cells and the surrounding 
TME, mouse CRC organoids can serve as central hubs for various 
experimental systems and resources, including CRC cell lines, human 
CRC organoids, and genetically modified mouse models. This review 
outlines the diverse applications of mouse CRC organoids, with a focus 
on the syngeneic orthotopic transplantation system, highlighting key 
insights and results obtained from this system.

2. Development of organoid systems

The intestinal epithelium is the most rapidly cycling tissue in the 
mammalian organs, renewing every 4–5 days (van der Flier and Clevers, 
2009). This rapid turnover is maintained by the Lgr5-positive intestinal 
stem cells located at the crypt bottom, which generate multiple lineages, 
including enterocytes, goblet cells, neuroendocrine cells, Tuft cells, and 
Paneth cells (Barker et al., 2007). This complexity has hindered the 
maintenance of untransformed intestinal epithelial cells in vitro, until 
the organoid culture systems were developed by two groups in the late 
2000s (Ootani et al., 2009; Sato et al., 2009). In Sato’s model, purified 
Lgr5-positive intestinal epithelial stem cells were embedded in Matrigel 
and cultured in serum-free media supplemented with stem cell niche 
factors, including EGF, noggin, and R Spondin-1 (Sato et al., 2009). As 
stem cells supply terminally differentiated progenitors, organoids create 
budding structures that mimic the crypt-villous architecture observed in 
the original tissue histology. Another method developed by Kuo and 
colleagues utilizes intestinal fragments that include stromal compo-
nents. The fragments were embedded in collagen type I gel and main-
tained under specific culture conditions known as air-liquid interface 
(ALI) (Ootani et al., 2009). While these methods aim to establish orga-
noids from adult intestinal tissues and stem cells, alternative approaches 
have been developed using embryonic stem (ES) cells or induced 
pluripotent stem (iPS) cells, which replicate the differentiation of em-
bryonic towards the endoderm, hindgut, and intestines (Spence et al., 
2011). In any case, these organoid culture systems enable intestinal stem 
cells to self-renew and produce their progenitors in a three-dimensional 
structure. Furthermore, by fulfilling tissue specific niche factor re-
quirements, organoids can be established not only from the gastroin-
testinal tract but also from a variety of organs, including the liver, 
pancreas, mammary glands, and skin (Boonekamp et al., 2019; Huch 
et al., 2013a; Huch et al., 2013b; Zhang et al., 2017). Taken together, the 
organoid system has opened a new avenue for an independent long-term 
in vitro culture system that recapitulates pathophysiological activities in 
the tissues of origin more accurately than the classical two-dimensional 
cultured cells.

3. Human CRC organoids: their potential and limitations

While organoids were initially created from mouse tissues, modifi-
cation of the culture media also facilitates the growth of organoids 
derived from human normal and tumor tissues (Lo et al., 2020). In case 
of human colon organoids, a TGF-β inhibitor A73–01 and a p38 inhibitor 
SB202190 are the niche factors additionally required to sustain their 
growth (Sato et al., 2011). Growth factor screening further identified a 
combination of IGF-1 and FGF2, which allows human colon organoids to 
be efficiently established from a limited amount of tissues such as 

Table 1 
In vitro and in vivo disease models for CRCs.

Model type Advantages Disadvantages Relevance to TME 
and tumor immunity

Cultured cell 
lines

Widely used 
High 
throughput 
Easy handling 
and cost- 
effective

Low establishment 
efficiency 
Limited cell lines for 
mouse CRCs

Lacks tissue 
heterogeneity 
No immune system 
reaction with human 
cells

Mouse CRC 
organoids

Genetically 
engineered 
Derived from 
genetically 
modified mice 
Requires no 
transformation

Less variation than 
PDOs 
No models for SSL/ 
SSLDs

Syngeneic 
transplantation into 
immunocompetent 
mice 
Full recapitulation 
of the immune 
landscape

Human CRC 
organoids

Genetically 
engineered 
Derived from 
patient samples 
(PDOs) 
Requires no 
transformation

Ethical concerns 
Requires 
immunocompromised 
mice for 
transplantation

Partial 
recapitulation of the 
immune landscape 
when co- 
transplanted with 
immune cells

Patient- 
derived 
xenografts 
(PDX)

Generated from 
clinical samples 
or PDOs 
Contains 
stromal cells

Requires 
immunocompromised 
mice 
High cost and effort.

No immune system 
interaction

Humanized 
mice

Recapitulates 
human immune 
system

Requires 
immunocompromised 
mice 
High cost and time- 
consuming 
Requires HSC 
engraftment

Partial 
recapitulation of the 
immune landscape.

Genetically 
modified 
mouse 
models

Endogenous 
tumor 
development 
Well-defined 
gene mutation 
profiles 
Direct cause- 
and-effect 
relationship

Complex breeding and 
crossing 
Difficult to model 
advanced CRCs

Full recapitulation 
of the immune 
landscape
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endoscopic biopsy samples (Ding et al., 2022; Fujii et al., 2018). Human 
CRC organoids can be created either by sequential induction of CRC 
driver gene mutations into normal colon organoids in a “bottom-up” 
manner, mimicking the adenoma-carcinoma sequence (Drost et al., 
2015; Matano et al., 2015), or directly from clinical patient samples as 
patient-derived organoids (PDOs) in a “top-down” manner (Schutgens 
and Clevers, 2020). These human CRC organoids overcome the problem 
of limited access to human clinical samples and have great potential for 
a variety of downstream applications, including disease modeling, drug 
screening, and biobanking (Yoshida, 2020). Human CRC organoids can 
also be utilized to study the interactions between cancer and stromal 
cells such, as cancer-associated fibroblasts (CAF) and immune cells, 
using in vitro co-culture systems or in vivo xenograft models (Dijkstra 
et al., 2018; Fujii and Sato, 2021; Strating et al., 2023; Subtil et al., 2023; 
Yoshida, 2020).

In addition to the advantages over conventional two-dimensional 
cancer cell lines such as better recapitulation of the original tumors, 
the key strength of PDOs is their capacity to capture the breadth of ge-
netic and molecular diversity observed across different patients. Effi-
cient derivation directly from individual CRC patients allows for the 
assessment of driver gene mutations, epigenetic alterations, and cellular 
behaviors on a patient-by-patient basis, all of which strongly impact 
clinical outcomes. Thus, patient-derived CRC organoids can serve as a 
personalized platform for biomarker discovery, predicting treatment 
response or prognosis (Chalabi et al., 2020; Ganesh et al., 2019; Herpers 
et al., 2022; Kong et al., 2020; Ooft et al., 2019; Park et al., 2021; 
Toshimitsu et al., 2022; Yao et al., 2020). Reflecting this capacity for 
individualized care, several studies have reported the usefulness of PDOs 
in guiding treatment strategies in CRC patients (Mauri et al., 2021; Ooft 
et al., 2021). Taken together, the PDO system has opened a new avenue 
for translational applications, leading to tailor-made precision medicine.

Despite their unique advantages, human CRC organoids have sig-
nificant limitations, particularly in terms of tumor immunity. As 
immunological responses involve multiple cell types, the human CRC 
organoid system cannot fully reconstitute the complex immune land-
scape in vitro, even with a co-culture system. In fact, co-culture with 
macrophages only partially restored the transcriptomic profile of 
established PDOs, which were altered from the original CRCs (Li et al., 
2023). Since ALIs possess TME components, including immune cells, 
patient-derived ALIs have been reported to recapitulate the ICI response. 
However, these stromal cells are only transiently present upon genera-
tion, as they gradually decay within two months (Neal et al., 2018).

Implantation of surgically dissected human cancer samples has 
enabled the establishment of patient-derived xenograft (PDX) models. 
Since PDX models include full layers of cancer tissues, they display 
histological features similar to those of the original tissues and have the 
potential to predict treatment efficacy (Yoshida, 2020). PDOs can also be 
used as grafts to establish PDX in a similar fashion; however, they also 
require highly immunocompromised mice, such as NOD, NOG, or NSG 
mice, to achieve a reasonable engraftment success rate (Yoshida, 2020). 
In these mice, most immune cell types, including T cells and B cells, are 
absent, making it virtually impossible to investigate tumor immunity 
(Hesselton et al., 1995; Ito et al., 2002; Makino et al., 1980; Shultz et al., 
2005). Recent advances in humanized mouse models have addressed 
this issue. Humanized mouse models involve immunodeficient mice 
co-engrafted with human tumors and immune cells. They can be 
generated by injecting mature human peripheral blood mononuclear 
cells (PBMC) or human hematopoietic stem cells following sublethal 
irradiation (Chuprin et al., 2023). While there are pros and cons for each 
method, the establishment of humanized mouse models requires sub-
stantial cost, time, and effort, and no method thus far can fully recon-
stitute the complex human immune landscape in a mouse model 
(Bareham et al., 2021). In this regard, mouse CRC organoids can play a 
crucial and unique role distinct from that of human CRC organoids.

4. Syngeneic and orthotopic transplantation with mouse CRC 
organoids

Several groups have independently established syngeneic and 
orthotopic transplantation systems using mouse CRC organoids bearing 
driver gene mutations, such as those in Apc, Kras, and Trp53, to recon-
stitute the adenoma-carcinoma sequence (Table 2, Fig. 1) (de Sousa e 
Melo et al., 2017; Felchle et al., 2024; Fumagalli et al., 2017; O’Rourke 
et al., 2017; Roper et al., 2017; Tauriello et al., 2018; Varga et al., 2020). 
Organoids are typically generated from tumors that develop in geneti-
cally modified mice harboring these mutations. Alternatively, the 
CRISPR-CAS9 genome editing technique is also a feasible option for 
mutating one or more genes in the cascade (Geurts and Clevers, 2023). 
Additionally, drug-inducible systems using tamoxifen or doxycycline 
can control the precise timing of gene mutation, overexpression, or 
silencing (Cheung et al., 2020; Dow et al., 2015; O’Rourke et al., 2017; 
Roper et al., 2017; Sacchetti et al., 2021; Tauriello et al., 2018). Thus, 
oncogenic alterations can be induced in vivo before tumors are har-
vested, in vitro after organoids are established, and even after the 
organoids are transplanted. Upon application in in vivo cancer models, 
these mouse CRC organoids can be transplanted into immunocompetent 
mice of the syngeneic strain. The anatomical sites for transplantation are 
of great importance. Traditionally, subcutaneous tumor models have 
been widely used because of their technical feasibility for setup and 
monitoring. However, subcutaneous tumors exhibit distinct vasculature, 
ECM composition, and immune landscape from those of the original 
cancers, all of which hamper the study of in situ tumor progression and 
treatment efficacy (Stribbling et al., 2024). Therefore, the orthotopic 
transplantation model is a more suitable approach to fully recapitulate 
the complex TME in human cancers.

From a technical perspective, organoids are dissociated, resuspended 
in Matrigel-containing media, and injected into the rectal mucosa under 
direct vision or colonoscopy guidance (Fig. 2) (de Sousa et al., 2020; 
Roper et al., 2018). Short-term treatment with dextran sodium sulfate 
(DSS) prior to injection has been reported to improve the engraftment 
rate in some models (O’Rourke et al., 2017; Varga et al., 2020; Yui et al., 
2012); however, mucosal injury and subsequent inflammation might 
confound the local environment. Another suitable site for orthotopic 
transplantation is the serosal side of the cecal wall (Cañellas-Socias 
et al., 2022; Cheung et al., 2020; Fu et al., 1991; Fumagalli et al., 2017; 
Fumagalli et al., 2020; Fumagalli et al., 2018; Ganesh et al., 2020; 
Sacchetti et al., 2021; Tauriello et al., 2018). Although laparotomy is 
required, the large peritoneal cavity allows tumors to grow without 
causing intestinal obstruction, which increases the chance of metastasis. 
Furthermore, as engrafted cecal tumors can be surgically removed, this 
model can be a powerful tool to observe postoperative metastatic 
recurrence, which is experienced by one-third of CRC patients after 
curative resection (Nors et al., 2024). Along with single-cell RNA 
sequencing (scRNA-seq) analyses, the orthotopic recurrence model 
identified a tumor subpopulation named HRCs with a high potential to 
relapse after resection. Notably, these HRCs lack a mature TME and are 
prone to an immune response in the early stages, suggesting that neo-
adjuvant immunotherapy is a new treatment strategy for preventing 
postsurgical relapse (Cañellas-Socias et al., 2022). Whereas orthotopi-
cally implanted mouse CRC organoids eventually develop metastasis to 
distant organs and lymph nodes, rapid metastasis can also be achieved 
using other injection models (Fig. 2). Intrasplenic, intrahepatic, and 
portal venous injections are effective methods for liver metastasis, while 
hydrodynamic tail venous injections are used for lung and/or liver 
metastasis (de Sousa e Melo et al., 2017; O’Rourke et al., 2017; Sakai 
et al., 2018; Taraborrelli et al., 2023). A comparison between orthotopic 
and metastatic models revealed differential dependency on 
Lgr5-positive stem cells in primary and metastatic cancer cells (de Sousa 
e Melo et al., 2017), which was further supported by the observation 
that Lgr5-negative cells were the main source of distant metastasis 
(Fumagalli et al., 2020). More importantly, these systems in 
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immunocompetent host mice revealed how tumor intrinsic signaling 
pathways affect the surrounding immune landscape. For instance, 
additional mutations in members of the TGFβ signaling pathway, such as 
Tgfbr2 or Smad4, were shown to promote tumor growth and metastatic 
capacity (de Sousa e Melo et al., 2017; Fumagalli et al., 2017; O’Rourke 

et al., 2017; Sakai et al., 2018; Tauriello et al., 2018), which is in good 
concordance with the observation of the xenograft models using human 
engineered CRC organoids (Drost et al., 2015; Matano et al., 2015). In 
addition, tumors exhibited desmoplastic changes, T cell exclusion, and 
low neoantigen expression, thereby causing T-cell dysfunction and 

Table 2 
Orthotopic transplantation models with mouse CRC organoids.

Driver gene mutations/alterations 
in engrafted mouse CRC organoids

Host mouse genotypes Transplantation site Pretreatment References

Apc, Kras, Trp53 
Apc, Kras, Trp53, SOX17

Wild-type Rectal mucosa None (Goto et al., 2024; Roper et al., 2018, 2017)

Apc, Kras, Trp53, Tgfbr2 Wild-type Cecal wall, 
portal vein

None (Cañellas-Socias et al., 2022; Tauriello et al., 2018)

Apc, Kras, Trp53, Smad4 Wild-type, 
nude mice

Colon mucosa, 
tail vein, 
splenic vein, liver

DSS (O’Rourke et al., 2017)

Apc, Kras, Trp53, Smad4 Wild-type Rectal mucosa, 
portal vein

None ( de Sousa et al., 2020; de Sousa e Melo et al., 2017)

Apc, Kras, Trp53, Tgfbr2, Akt Wild-type Colon mucosa DSS (Varga et al., 2020)
Apc, Kras, Trp53, Smad4 NSG Cecal wall, 

portal vein
None (Fumagalli et al., 2017, 2020, 2018)

Ctnnb1, Kras, Cdkn2a Wild-type Rectal mucosa None (Felchle et al., 2024)
Apc, Kras, Trp53 NSG Cecal wall None (Sacchetti et al., 2021)
Apc, Kras, Trp53, Yap NSG Cecal wall, spleen None (Cheung et al., 2020)
Apc, Kras, Trp53, L1cam NSG 

nude mice
Cecal wall None (Ganesh et al., 2020)

Apc, Kras, Trp53, Tgfbr2, Fbxw7 Wild-type, 
NSG

Spleen None (Sakai et al., 2018)

Apc, Kras, Trp53, Smad4, Atg16l1 Wild-type, 
NSG

Rectal mucosa, 
tail vein

None (Taraborrelli et al., 2023)

Apc, Kras, Trp53, Smad4 Wild-type Rectal mucosa None (Westcott et al., 2021)
Apc, Kras, Trp53, Tgfbr1 

Kras, Trp53, Notch1
Wild-type, 
nude mice

Rectal mucosa, 
spleen

None (Jackstadt et al., 2019)

Apc, Kras, Trp53, Tgfbr2 Prkczf/f;Fsp1-Cre, 
Prkczf/f,

Rectal mucosa None (Kasashima et al., 2021a, 2021b)

Apc, Kras, Trp53, Tgfbr2 Wild-type, Thbs1-/-, 
Cd36-/-, Cd47-/-, 
Thbs1f/f;LysM-Cre, 
Rosa26-EYFP;LysM-Cre

Rectal mucosa, 
spleen

None (Omatsu et al., 2023)

Apc, Kras, Trp53, Tgfbr2 Ppp3r1fl/fl;LysM-Cre, 
Ppp3r1fl/fl

Rectal mucosa None (Peuker et al., 2022)

Apc, Kras, Trp53, Tgfbr2, Prkci, Prkcz Wild-type Spleen None (Martinez-Ordoñez et al., 2023)

Fig. 1. Progression model of colorectal cancer.Schematic of conventional pathway (adenoma-carcinoma sequence) (A) and serrated pathway (B). (A) The initial 
step of the sequence is typically APC mutation. As additional driver gene mutations accumulate in the tumors, they gain malignant potential in a stepwise manner. (B) 
In contrast to conventional pathway, KRAS or BRAF is often mutated in serrated pathway. Precise mechanisms remain to be fully elucidated how SSLs advance to 
SSLDs and CRCs, although several genes as well as metaplasia, inflammation, and microbiota are reported to be involved in the process.
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resistance to ICI treatment (Tauriello et al., 2018; Westcott et al., 2021). 
A similar immunosuppressive phenotype was observed when NOTCH 
signaling was upregulated by constitutively active Akt or Notch1 
(Jackstadt et al., 2019; Varga et al., 2020). In contrast, the loss of 
Atg16L1, a core component of the autophagy elongation system, 
enhanced IFN signaling and PD-1 expression, thereby driving the tumor 
immune response in the orthotopic hydrodynamic tail vein injection 
model (Taraborrelli et al., 2023).

Of note, the invasive capacity differs among studies, even when they 
share the same gene mutational profiles. This is partly because 
sequential transplantation induces transcriptomic and epigenetic alter-
ations that allow tumors to evolve and adapt to the TME(Goto et al., 
2024). By comparing the transcriptomic and epigenetic profiles of 
mouse CRC organoids before and after orthotopic transplantation, Goto 
and colleagues identified that the transcription factor Sox17 is highly 
expressed in transplanted organoids. Subsequent orthotopic trans-
plantation experiments with Sox17-knockout organoids further 
demonstrated that Sox17 orchestrates the immune-evasive phenotype 
by reprogramming the IFNγ response and MHC-I expression (Goto et al., 
2024). Collectively, these studies highlight the vital and unique ad-
vantages of syngeneic mouse CRC organoid transplantation models, 
particularly in tumor immunity research.

5. Genetically modified mouse models as syngeneic hosts

Since mouse tumor organoids can be readily transplanted into mice 
in a syngeneic fashion, we can leverage the extensive catalog of genet-
ically modified mouse models when choosing transplantation host mice 
(Fig. 3). By creating cell-type specific conditional knockout mice using 
site-specific recombination technology, such as Cre-LoxP or Flt-FRT 
systems (Branda and Dymecki, 2004), we can observe how the “gene-
s-of-interest” are related to tumorigenesis in the context of individual 
components of the TME.

For example, orthotopic implantations of mouse CRC organoids into 
fibroblast-specific knockout mice uncovered a novel SOX2-SRFP1 axis in 
CAFs that is crucial for TME reprogramming to promote tumorigenesis 
(Kasashima et al., 2021b). In this study, mice harboring 

fibroblast-specific conditional knockout of PKCζ were used as hosts for 
syngeneic transplantation into the cecum or the rectum. PKCζ is a 
member of the atypical protein kinase C (aPKC) family, which is known 
to regulate a variety of cancer types in a context-dependent manner 
(Reina-Campos et al., 2019). The loss of PKCζ in colon fibroblasts led to 
enlarged engrafted tumor sizes and increased metastasis incidence. 

Fig. 2. Orthotopic and metastatic injection model for colorectal cancer.Schematic depicting anatomical sites for orthotopic transplantation models (A) and 
metastasis models (B). (A) While rectal injection is performed under direct vision or endoscopy assistance, cecal injection requires laparotomy. (B) Hydrodynamic tail 
vein injection models are used for liver and/or lung metastasis. Direct liver injection, portal venous injection, and splenic injection models are for liver metastasis, 
which also require laparotomy.

Fig. 3. Various options for orthotopic transplantation using co-injected 
grafts and transplanted hosts. Schematic of co-injection models using stro-
mal cells (A) and transplanted host mice (B). (A) mouse CRC organoids can be 
co-injected with various stromal cells including CAFs, immune cells, and 
endothelial cells. Notably, these co-injected stromal cells as well as mouse CRC 
organoids can be genetically engineered prior to injection. (B) A wide variety of 
immunocompetent mice can be used as transplantation hosts depending on the 
objectives of the experiments. These mice include wild-type mice, conditional 
knockout mice, and fluorescent reporter mice.
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Notably, similar tumor-promoting effects were observed when mouse 
CRC organoids were co-implanted into wild-type mice with fibroblasts 
derived from Prkcz-knockout mice (Kasashima et al., 2021b). Further-
more, this tumor-promotive phenotype was canceled when either SOX2 
or SFRP1 was deleted in PKCζ-deficient fibroblasts co-implanted with 
mouse CRC organoids. These findings not only reveal the pivotal role of 
PKCζ in the TME of CRCs, but also highlight the potential of 
co-implantation of tumor organoids with other stromal cells, including 
CAFs, ECs, and various types of immune cells (Fig. 3) (Kasashima et al., 
2021a). These cells can be genetically engineered in vitro, independently 
of tumor organoids, to analyze crosstalk within the TME. Importantly, 
co-implantation is only applicable to mouse organoids, but not to human 
organoids, to preserve tumor immunity.

Similarly, serial orthotopic transplantation of mouse CRC organoids 
into genetically modified mice has contributed to another discovery of a 
novel myeloid-derived suppressor cell (MDSC) recruitment mechanism 
mediated by the THBS1-CXCL12-CXCR4 axis, which is responsible for 
suppressing CD8+ T cell function (Omatsu et al., 2023). THBS1 is a 
matricellular protein typically expressed during inflammation or 
angiogenesis; however its role in tumorigenesis remains to be fully 
elucidated (Sid et al., 2004). Knockout of THBS1 in the host mouse 
showed suppressed metastatic capacity of orthotopically transplanted 
mouse CRC organoids as well as enhanced vascularity and CD8+ T cell 
infiltration in the TME. Notably, CD36- or CD47-knockout mice 
mimicked the THBS1-meditated tumor suppressive effect, which was 
canceled by CD8+ T cell depletion, suggesting that THBS1 suppresses T 
cell activity by binding to CD47 and CD36 on CD8+ T cells. Orthotopic 
transplantation into myeloid-cell-specific THBS1-knockout mice repli-
cated the tumor-suppressive effect, which is in good agreement with the 
scRNA-seq analyses, suggesting that monocytic MDSCs (MO-MDSCs) are 
the source of THBS1. Furthermore, chimeric mice expressing GFP spe-
cifically in bone marrow cells clearly demonstrated that 
THBS1-expressing myeloid cells in the TME were recruited from the 
bone marrow. Finally, THBS1 loss sensitized the transplanted tumors to 
ICI, indicating the potential of THBS1 as a biomarker for ICI response. As 
shown in this study, using fluorescent reporter mice as a transplantation 
host can be a strong tool to visualize the spatial distribution and the 
dynamics of cells in the TME, whereas knockout mice play an indis-
pensable role in the functional analyses of genes and pathways (Fig. 3).

Syngeneic transplantation into myeloid-cell-specific knockout mice 
has unveiled another novel interaction between microbiota, poly-
morphonuclear MDSCs (PMN-MDSCs), and CD8+ T cells mediated by 
the calcineurin-NFAT-IL-6 axis (Peuker et al., 2022). Orthotopic injec-
tion of mouse CRC organoids into mice with myeloid-cell-specific cal-
cineurin knockout resulted in reduced tumor growth, increased death, 
and activated protective CD8+ T cell responses. Inhibition of NFAT 
mimicked the tumor-suppressive phenotype, suggesting that NFAT me-
diates the tumor-promoting effects of myeloid calcineurin. Further 
antibody blockade experiments showed that myeloid calcineurin upre-
gulates NFAT-mediated IL-6 expression, thereby promoting the expres-
sion of epithelial B7H3 and B7H4, which are co-inhibitory molecules 
associated with immune surveillance evasion (Lee et al., 2017; Li et al., 
2018). Depletion of Ly6g positive myeloid cells caused tumor suppres-
sive phenotypes in calcineurin-proficient mice but not in knockout mice, 
suggesting that PMN-MDSCs are the source of myeloid calcineurin and 
its tumor-promoting effects. This study has uncovered a new T cell 
response mechanism in MMR-proficient CRCs adding another layer of 
complexity to the multifaceted features of MDSCs (Veglia et al., 2021).

6. Future perspectives

Mouse CRC organoids, in collaboration with syngeneic trans-
plantation models, have provided critical insights into CRC carcino-
genesis, especially in the field of tumor immunity. However, challenges 
and issues remain to be addressed in certain subsets of CRCs. Thus, 
establishing mouse CRC organoid models is difficult when the original 

disease subsets are yet to be fully defined. For example, the serrated 
pathway is an alternative route for CRC development, typically origi-
nating from sessile serrated lesions (SSLs) as precancerous lesions, 
which account for approximately 30 % of overall CRCs (Szylberg et al., 
2015). Whereas SSLs often have relatively indolent clinical course, 
dysplasia formation within the lesion (SSLDs) causes phenotypic 
changes that allow tumors to rapidly grow and develop into invasive 
cancers (Utsumi et al., 2023). While several groups have reported mouse 
models of CRCs with serrated features and their aggressive phenotypes, 
the heterogeneous nature of the disease has hampered efforts to create 
mouse SSL/SSLD organoids that can faithfully recapitulate the human 
serrated pathway (Bennecke et al., 2010; Carragher et al., 2010; DeS-
tefano Shields et al., 2021; Jackstadt et al., 2019; Martinez-Ordoñez 
et al., 2023; Muta et al., 2023; Nakanishi et al., 2018; Sakamoto et al., 
2017; Tong et al., 2021). Recent studies have discovered that meta-
plastic or fetal gene expression patterns are upregulated in the early 
stages of serrated tumor development, suggesting distinct cells of origin 
for serrated CRCs from conventional CRCs, following the 
adenoma-carcinoma sequence (Ayyaz et al., 2019; Chen et al., 2021; 
Joanito et al., 2022; Kinoshita et al., 2024; Martinez-Ordoñez et al., 
2023). Given that PDOs derived from SSLs have already been established 
(Fujii et al., 2016), additional niche factors might be necessary for 
mouse SSL organoids. In fact, growing evidence supports that inflam-
mation and the microbiota play pivotal roles in the emergence of 
serrated tumors, which might explain the discrepancy between human 
and mouse serrated tumors (Aiderus et al., 2024).

Likewise, it remains challenging for preclinical mouse models to fully 
reflect clinical factors such as tumor sidedness or companion di-
agnostics. The sidedness of primary tumors is of great clinical signifi-
cance, because proximal (right-sided) CRCs are less sensitive to EGFR 
inhibition therapy and show worse overall survival compared to distal 
(left-sided) CRCs (Arnold et al., 2017; Petrelli et al., 2017). Some mouse 
tumor models have demonstrated predilections for the proximal colon; 
however, mouse proximal CRC organoids that are orthotopically trans-
plantable remain to be developed (Leach et al., 2021; Martinez-Ordoñez 
et al., 2023; Muta et al., 2023; Nakanishi et al., 2018). Companion di-
agnostics for KRAS, BRAF, and HER2 are essential tools to predict the 
response to molecular-targeted therapy in unresectable CRCs (Cervantes 
et al., 2023). As HER2 amplification was initially identified as a po-
tential therapeutic target by a large-scale PDX cohort (Bertotti et al., 
2011), “top-down” approaches with PDOs from diverse patient back-
grounds and scalable cohorts will be more useful in the discovery of 
novel therapeutic vulnerabilities. In contrast, mouse CRC organoids will 
make a greater contribution to deciphering the precise molecular 
mechanisms underlying clinical and epidemiological evidence.

Finally, interspecific differences in immunity might partially limit 
the validity of mouse CRC transplantation models. Humans and mice 
share many similarities in their genes, cell types, and pathophysiological 
activities, making mice the gold standard among mammalian model 
organisms. Nevertheless, some genes and immune cell subsets are only 
found in humans (Medetgul-Ernar and Davis, 2022). Considering the 
vast diversity and fine-tuned regulatory mechanisms of the immune 
system, these subtle differences might shape the distinct immune land-
scapes between mouse CRC organoids and corresponding human CRCs.

7. Conclusions

Mouse CRC organoids hold a unique position distinguished from 
human engineered CRC organoids or PDOs filling the gap between in 
vitro and in vivo system. Together with syngeneic orthotopic trans-
plantation models, this system broadens our understanding of the 
complex landscape of the TME and provides fundamental insights into 
the development of novel therapeutic strategies for CRCs.
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Hampe, J., Hinz, S., Zeller, G., Chavakis, T., Schafmayer, C., Batlle, E., Zeissig, S., 
2022. Microbiota-dependent activation of the myeloid calcineurin-NFAT pathway 
inhibits B7H3- and B7H4-dependent anti-tumor immunity in colorectal cancer. 
Immunity 55, 701–717 e707. 

Poggio, M., Hu, T., Pai, C.C., Chu, B., Belair, C.D., Chang, A., Montabana, E., Lang, U.E., 
Fu, Q., Fong, L., Blelloch, R., 2019. Suppression of exosomal PD-L1 induces systemic 
anti-tumor immunity and memory. Cell 177, 414–427 e413. 

Reina-Campos, M., Diaz-Meco, M.T., Moscat, J., 2019. The dual roles of the atypical 
protein kinase Cs in cancer. Cancer Cell 36, 218–235.

Roper, J., Tammela, T., Akkad, A., Almeqdadi, M., Santos, S.B., Jacks, T., Yilmaz, Ö.H., 
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