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Background
Colorectal cancer (CRC) is the third most prevalent 
malignancy globally, accounting for 9.6% of all cases, 
and stands as the second leading cause of cancer-related 
mortality, responsible for 9.3% of cancer deaths, accord-
ing to Global Cancer Statistics 2022 [1–3]. CRC results 
from complex interactions between genetic mutations 
and environmental factors, driving progressive changes 
in cell growth, invasion, and immune evasion [4–6]. 
Recent molecular profiling has identified four distinct 
consensus molecular subtypes (CMS) for CRC, each 
associated with unique biological behaviors and patient 
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Abstract
Colorectal cancer (CRC) remains a leading cause of cancer-related morbidity and mortality worldwide, driven by a 
complex interplay of genetic, environmental, and immune-related factors. Among the pivotal pathways implicated 
in CRC tumorigenesis, the Notch signaling pathway is instrumental in governing cell fate decisions, tissue renewal, 
homeostasis, and immune cell development. As a highly conserved mechanism, Notch signaling not only 
modulates tumor cell behavior but also shapes the immune landscape within the tumor microenvironment (TME). 
Aberrant Notch signaling in CRC fosters immune evasion and tumor progression through its effects on the balance 
and functionality of immune cells, including myeloid-derived suppressor cells (MDSCs) and tumor-associated 
macrophages (TAMs). Elevated Notch pathway activation correlates with advanced clinicopathological features 
and poorer clinical outcomes, highlighting its relevance as both a prognostic biomarker and a therapeutic target. 
Therapeutic approaches aimed at inhibiting the Notch pathway, such as γ-secretase inhibitors (GSIs) or monoclonal 
antibodies (mAbs) in combination with other therapies, have demonstrated promising efficacy in preclinical and 
clinical settings. This review examines the impact of Notch signaling on CRC immunity, elucidating its regulatory 
mechanisms within immune cells and its role in promoting tumor progression. Additionally, this review discusses 
therapeutic strategies targeting Notch signaling, including GSIs, mAbs, and potential combination therapies 
designed to overcome resistance and improve patient outcomes. By elucidating the multifaceted role of Notch 
within the CRC TME, this review underscores its potential as a target for innovative therapeutic strategies.
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survival [7–9]. Among these, the CMS4 subtype is char-
acterized by aggressive clinical features and the poorest 
relapse-free and overall survival rates, underscoring the 
need for tailored therapeutic strategies [10–13]. A critical 
determinant of CRC progression and patient prognosis 
is the tumor immune microenvironment (TME), where 
dynamic interactions between immune and tumor cells 
reshape immune responses and influence therapeutic 
outcomes [14–17]. One key regulatory pathway within 
the TME is the Notch signaling pathway, which plays a 
multifaceted role in tumor progression and immune 
modulation [18–21].

The Notch signaling pathway is an evolutionarily con-
served intercellular communication mechanism that 
regulates vital processes such as proliferation, differ-
entiation, and apoptosis [22]. Notch signaling operates 
through receptor-ligand interactions between adjacent 
cells, influencing cell fate decisions across various tis-
sue types [23]. In the immune system, Notch signaling 
is essential for hematopoiesis and immune cell develop-
ment, affecting the balance between innate and adaptive 
immune responses. By guiding immune cell differentia-
tion, activation, and function, Notch signaling is essen-
tial for maintaining effective immune surveillance and 
responses to tumorigenesis [24, 25]. In CRC, Notch sig-
naling has emerged as a critical regulator of both tumor 
biology and the TME [26–28]. Dysregulation of the 
Notch pathway—whether through aberrant activation 
or suppression—disrupts immune cell populations and 
their functions, leading to immune escape mechanisms 
that support tumor growth and metastasis [27, 29, 30]. 
High levels of Notch signaling in CRC are associated with 
adverse clinical features and poorer prognosis, highlight-
ing its potential as a therapeutic target [31–34]. Recent 
evidence suggests that targeting the Notch pathway with 
γ-secretase inhibitors (GSIs) or monoclonal antibod-
ies (mAbs) in combination with standard chemotherapy 
or immunotherapy enhances anti-tumor activity in pre-
clinical and clinical studies. However, challenges remain, 
including therapy-related toxicities and the limited effi-
cacy of Notch-targeting agents. These barriers emphasize 
the need for larger clinical trials to optimize Notch-tar-
geted therapies and address these concerns [35].

This review provides an overview of Notch signaling’s 
role in immune cell development and function, focusing 
on its regulatory influence within the CRC TME. Addi-
tionally, it explores recent preclinical and clinical efforts 
to target Notch signaling as a therapeutic strategy, high-
lighting its potential as both a biomarker and therapeutic 
target to improve patient outcomes.

Overview of Notch signaling pathway
The Notch signaling pathway operates through four 
primary receptors—Notch1, Notch2, Notch3, and 

Notch4—each comprising transmembrane glycopro-
teins with distinct extracellular, transmembrane, and 
intracellular domains [36–39]. The extracellular domain 
includes a negative regulatory region (NRR) and multiple 
epidermal growth factor (EGF) repeats critical for ligand 
binding and receptor stability. The intracellular region 
houses key signaling elements, such as the Recombina-
tion Signal-Binding Protein 1 for the J-kappa (RBP-J)-
association molecule (RAM) domain, ankyrin (ANK) 
repeats, nuclear localization signals (NLS), a transacti-
vation domain (TAD), and a proline/glutamine/serine/
threonine-rich (PEST) sequence essential for signal mod-
ulation [40]. In humans, five Notch ligands are recog-
nized—delta-like ligand 1 (DLL1), DLL3, DLL4, Jagged-1 
(JAG1), and JAG2—which, like the Notch receptors, are 
transmembrane proteins with comparable structural fea-
tures [41].

The activation of Notch receptors begins with ligand 
binding, initiating a series of proteolytic cleavages nec-
essary for signal transduction [42–45]. The first cleavage 
(S1) occurs in the Golgi apparatus, producing a mature 
Notch heterodimer that is transported to the cell sur-
face. Upon ligand engagement, the receptor undergoes 
an S2 cleavage by metalloproteases from the disintegrin 
and metalloproteases (ADAM) family (e.g., ADAM17 or 
ADAM10), separating the extracellular subunit and gen-
erating the membrane-bound intermediate Notch extra-
cellular truncated (NEXT). Subsequently, the γ-secretase 
complex—comprising presenilin 1 (PSEN1) or PSEN2, 
nicastrin (NCT), presenilin enhancer 2 (PEN2), and ante-
rior pharynx-defective 1 (APH1)—executes the S3 cleav-
age, releasing the Notch intracellular domain (NICD) 
into the cytoplasm [46–48]. The NICD then translocates 
into the nucleus, where it associates with the CSL (CBF1/
RBPJ) transcriptional regulator, converting a co-repres-
sor complex into an activator complex. This complex 
includes NICD, CSL, mastermind-like protein (MAML; 
a transcriptional coactivator), SKIP (Ski-interacting pro-
tein as a CBF1-binding protein), and p300, facilitating 
the transcription of canonical Notch target genes [49, 
50]. Notch target genes, predominantly from the Hairy/
Enhancer of Split (HES) and Hairy/Enhancer of Split 
related to YRPW motif (HEY) families, are instrumental 
in governing cell differentiation, proliferation, and sur-
vival [51–53]. Precise regulation of the Notch pathway 
is critical to developmental and cellular homeostasis, 
with its dysregulation implicated in various pathologies, 
including cancers such as CRC [18, 54–56].

Role of Notch signaling in immune cell development and 
regulation
The Notch signaling pathway is integral to the develop-
ment and function of immune cells, orchestrating both 
lymphoid and myeloid lineages within the hematopoietic 
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system [57, 58]. During embryogenesis, Notch-driven 
processes facilitate the transition of endothelial cells 
into hematopoietic cells, initiating the first population of 
hematopoietic stem cells (HSCs) [59]. Originating from 
HSCs within the bone marrow, Notch signaling directs 
their progression through various differentiation stages, 
giving rise to T cells, B cells, granulocytes, and myeloid 
cells, including macrophages and dendritic cells (Fig. 1). 
This pathway is indispensable in guiding immune cell lin-
eage decisions, thereby supporting a balanced and adap-
tive immune system [60–62].

T cell and B cell development and adaptive immunity
In the early stages of hematopoietic progenitor cell 
(HPC) development, the absence of Notch1 or the tran-
scription factor CSL disrupts thymic T cell maturation, 
leading to B cell accumulation. Notch signaling is crucial 
for T cell lineage specification within the thymus, driving 
key processes in T cell commitment [63–65]. Addition-
ally, mesenchymal cells in the bone marrow can interact 
with HPCs via surface-bound Notch ligands, further 
promoting T cell lineage differentiation [66, 67]. Once 
transplanted into the thymus, these progenitors complete 
their differentiation into mature T cells, emphasizing 

Fig. 1  Overview of the Notch Signaling Pathway and Its Role in Immune Cell Differentiation and Function. Upon binding of the Delta-like ligand (DLL) 
from an adjacent cell, the Notch receptor undergoes sequential cleavages first by ADAM10 and subsequently by γ-secretase, resulting in the release of 
the Notch intracellular domain (NICD). NICD translocates to the nucleus, where it engages transcriptional regulators such as CSL and MAML, initiating the 
transcription of target genes. Within hematopoiesis, Notch signaling is essential for directing hematopoietic stem cells (HSCs) toward specific immune 
lineages, influencing the differentiation and maturation of T cells, B cells, and myeloid cells (including monocytes, dendritic cells, and granulocytes). 
Through its role in guiding immune cell fate and function, Notch signaling is vital for maintaining immune homeostasis and supporting effective immune 
responses
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Notch’s role in T cell maturation [68, 69]. Notch recep-
tor-ligand engagements not only influence T cell lin-
eage commitment but also regulate the divergence of αβ 
and γδ T cell subsets, as well as β-selection and positive 
selection processes [70–73]. Notch signaling provides 
critical prethymic cues, enabling early T cell progenitors 
(ETPs) to commence T cell differentiation upon enter-
ing the thymus [74]. B cell subset differentiation is also 
highly Notch-dependent [75–77]. Notch2 is essential for 
the development of splenic marginal zone B (MZB) cells, 
even in the absence of CD19, with the DLL1-Notch2 
interaction facilitating the transition of follicular B cells 
into MZB cells [78–80]. This adaptability reflects the 
dynamic nature of mature B cell subsets in response to 
immunological demands [79, 81, 82]. Additionally, innate 
lymphoid cells (ILCs) situated near the marginal zone 
(MZ) integrate stromal and myeloid cues, stimulating 
MZB cells via DLL1 to enhance antibody production 
[83].

Myeloid cells and innate immunity
Notch signaling plays a pivotal role in innate immunity, 
directing myeloid lineage differentiation and modulat-
ing the function of macrophages, dendritic cells (DCs), 
and granulocytes, all of which are key components of the 
tumor immune microenvironment (TIME) [84, 85].

Macrophages and myeloid-derived suppressor cells 
(MDSCs)
Notch signaling regulates monocyte-to-macrophage dif-
ferentiation and polarization into pro-inflammatory (M1) 
or anti-inflammatory (M2) phenotypes, directly influ-
encing the immune-suppressive landscape of CRC [86–
90]. Elevated Notch1 and Notch2 expression has been 
observed in circulating monocytes, and DLL1 activation 
in the presence of macrophage colony-stimulating factor 
(M-CSF) induces apoptosis, limiting monocyte-to-mac-
rophage differentiation [91]. Additionally, DLL1 prevents 
monocyte differentiation into macrophages under gran-
ulocyte-macrophage CSF (GM-CSF) conditions, instead 
promoting dendritic cell (DC) differentiation, thereby 
influencing antigen presentation and T cell activation 
[92]. Notably, Notch4 is highly upregulated in tumor-
associated macrophages (TAMs) upon Toll-like recep-
tor (TLR) and interferon-γ (IFN-γ) activation, where it 
serves as a negative regulator of macrophage activation. 
By suppressing pro-inflammatory cytokines (IL-6, IL-12) 
and costimulatory molecules (CD80, CD86), Notch4 pro-
motes an immunosuppressive macrophage phenotype 
within the CRC TME [93].

DCs and antigen presentation
Notch signaling is critical for DC maturation and func-
tion, as DLL-mediated Notch signaling drives the 

differentiation of both plasmacytoid DCs (pDCs) and 
conventional DCs (cDCs), which are essential for antigen 
presentation and T cell priming [94–96]. Notch2 specifi-
cally promotes the differentiation of CD11b + DCs in the 
spleen and intestine, directing their production of IL-23, 
a cytokine crucial for intestinal immunity and CRC pro-
gression [97–99]. Furthermore, Notch-RBP-J signaling is 
necessary for the maintenance of CD8 + DCs within the 
splenic marginal zone (MZ), as Notch2 deletion in DCs 
results in a significant reduction in CD8 + DC popula-
tions [100].

Granulocytes
For granulocytes, which include neutrophils, eosinophils, 
and basophils and are essential for inflammation and 
pathogen clearance. Notch signaling integrates external 
immune signals to regulate granulocyte differentiation 
and function [85, 101]. Eosinophils express Notch recep-
tors and ligands under GM-CSF stimulation, impacting 
transendothelial migration and survival [102]. In CRC, 
increased Notch signaling in eosinophils has been linked 
to their recruitment into the tumor site, potentially influ-
encing pro-tumorigenic inflammation. Similarly, baso-
phil function and cytokine secretion are also regulated 
by Notch activity, as Notch inhibition has been shown to 
reduce basophil cytokine production upon stimulation, 
further supporting a role for Notch in shaping innate 
immune responses in the TME [103].

Given the prominent role of Notch in immune evasion 
mechanisms, targeting Notch signaling in innate immune 
cells presents a potential strategy to enhance anti-tumor 
immunity in CRC.

Clinical implications of abnormal Notch signaling and its 
regulatory mechanisms in CRC
Abnormal Notch signaling plays a pivotal role in shaping 
the TIME in CRC, influencing both tumor progression 
and therapeutic responses. Dysregulated Notch signaling 
modulates the differentiation and function of myeloid-
derived suppressor cells (MDSCs) and tumor-associated 
macrophages (TAMs), which are crucial components of 
the TIME and contribute to immune suppression and 
tumor immune evasion (Fig. 2; Table 1) [104, 105]. High 
Notch activity in CRC has been correlated with advanced 
disease stages, poor prognosis, and resistance to therapy 
(Fig. 3; Table 2) [18, 29, 106].

In inflammatory bowel disease (IBD)-associated CRC, 
elevated Claudin-1 (Cld-1) levels activate Notch sig-
naling, which in turn initiates the PI3K/Akt pathway, 
leading to β-catenin phosphorylation and subsequent 
hyperproliferation of CRC cells [107]. This process, vali-
dated in azoxymethane (AOM)/DSS mouse models, pro-
motes TAM recruitment within the TIME and facilitates 
tumorigenesis.
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Prognostic and predictive significance of Notch pathway 
in CRC
Recent transcriptomic analyses have established a Notch 
activity index as a strong predictor of overall survival 
(OS) and relapse-free survival (RFS) in CRC. Data from 
The Cancer Genome Atlas (TCGA)-CRC cohort show 
that high Notch index levels are associated with advanced 
AJCC/TNM staging and microsatellite stability (MSS). 
Notably, the CMS4 subtype, which is characterized by 
mesenchymal features and aggressive progression, exhib-
its the highest Notch activity. The NLncS model, an inde-
pendent risk factor for CRC prognosis, demonstrates a 
correlation between high NLncS scores and increased 
tumor immunogenicity, including the enrichment of 
CD8 + T cells, macrophages, endothelial cells, and can-
cer-associated fibroblasts (CAFs) in the TME [108]. Addi-
tionally, Notch pathway mutations in the GSE108989 
dataset are associated with enhanced anti-tumor immune 
responses, featuring elevated tumor-specific CD8 + T 
cells and a reduced regulatory T cell (Treg) population 
[109]. Analysis of TCGA-CRC and GSE108989 datasets 
further reveals that Notch pathway mutations contribute 
to an immune-activated tumor phenotype, character-
ized by higher expression of immune checkpoint mol-
ecules (PDCD1, GZMB, and PRF1) and inflammatory 

cytokines. These effects are particularly evident in mic-
rosatellite instability (MSI) CRC, where Notch pathway 
loss-of-function mutations are linked to heightened anti-
tumor immunity through increased chemokine secretion 
in the TME [27].

Notch1, Notch2, and Notch3 as key prognostic markers in 
CRC
Notch1 overexpression has been implicated as an early 
biomarker for CRC recurrence and metastasis. In a 
study involving 47 CRC patients, Notch1 expression was 
upregulated in 80.8% of tumor samples, correlating with 
advanced histological grade, invasion depth, TNM stage, 
and lymph node metastasis [110]. Furthermore, epithelial 
Notch1 activation is enriched in aggressive CRC subtypes 
(CMS4 and CRIS-B), where it enhances TGF-β signaling, 
promoting neutrophil recruitment and immune suppres-
sion in the metastatic TME, particularly in KRASG12D-
driven serrated CRC [106]. Spatial transcriptomics of 
primary and metastatic CRC samples reveal a cooperative 
immunosuppressive effect between Notch and TGF-β 
pathways, contributing to poor patient outcomes [111]. 
Single-cell and spatial transcriptome RNA sequencing 
of 27 samples from six patients with CRC has identified 
melanoma cell adhesion molecule (MCAM)-expressing 

Fig. 2  Regulatory Mechanisms of Dysregulated Notch Signaling in the CRC Immune Microenvironment. Abnormal activation of Notch signaling within 
the CRC microenvironment impacts various immune cell populations, especially regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and 
tumor-associated macrophages (TAMs). Dysregulated Notch signaling activates downstream pathways, notably PI3K/Akt, Wnt/β-catenin, and TGF-β2, 
which collectively establish an immunosuppressive tumor microenvironment. These pathways facilitate immune evasion by upregulating PD-L1 and 
cytokines that recruit tumor-promoting macrophages, while concurrently suppressing the activity of CD8 + T cells
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Type Notch 
components

Expression/
Mutations

Major 
target

Regulatory 
pathways

Role Cancer processes Year Ref.

Notch receptors Notch1 upregulated PI3K/AKT Cld-1/Notch/
PI3K/AKT/
Wnt/β-Catenin

oncogenic promote cell proliferation 
and TAM enrichment

2019 [109]

Notch receptors Notch1 upregulated / / oncogenic promote CRC development 2015 [112]
Notch receptors Notch1 upregulated TGF-β2 Notch1/TGF-β2 oncogenic promote neutrophil recruit-

ment to drive metastasis
2019 [108]

Notch receptors Notch1 upregulated TGF-β2 Notch1/TGF-β2 oncogenic promote abundance of 
regulatory T cells and 
neutrophils

2023 [113]

Notch receptors Notch1 upregulated / / oncogenic / 2024 [30]
Notch receptors Notch1 upregulated PD-1 Notch1/PD-1 promote T-cell ex-

haustion-mediated 
immunosuppression

2019 [140]

Notch receptors Notch2 deleted CCR7 / / suppress conven-
tional DC migration and 
cross-presentation

2021 [115]

Notch receptors Notch3 upregulated SMARCA4 NOTCH3/
SMARCA4/
MUC5AC/MUC2

oncogenic / 2022 [139]

Notch receptors Notch3 upregulated / AKT/Notch3 oncogenic promote cell survival and 
invasion

2020 [116]

Notch receptors Notch3 upregulated CSF1 Notch3/
macrophage
recruitment-relat-
ed cytokines
(CSF1, CXCL12, 
and CCL2)

oncogenic promote infiltration of mac-
rophages and MDSCs

2023 [117]

Notch signaling Notch4 mutation / / / promote immunogenicity 
and anti-tumor immunity

2023 [138]

Notch ligands JAG1 upregulated / / / promote CXCL13 + T cell 
generation

2023 [114]

Notch ligands JAG1 upregulated / / oncogenic / 2023 [118]
Notch ligands DLL4 upregulated / / oncogenic 2022 [131]
Notch ligands DLL4 upregulated / VEGF-A/DLL4 oncogenic promote angiogenesis 2009 [135]
Notch ligands DLL4 upregulated / SELENBP1/DLL4

/Notch1
oncogenic promote angiogenesis 2022 [136]

Notch target 
genes

HES1 upregulated PD-L1 ARID3B/KDM4C
/HES1/PD-L1

oncogenic promote stem-like features 
and immune escape of 
CRCSCs

2020 [120]

Notch target 
genes

HES1 loss / KRAS/HES1 oncogenic promote matrix remodel-
ing, EMT, M2 macrophage 
polarization, and immune 
suppression

2023 [123]

Notch target 
genes

HES1 loss / / oncogenic inhibit CD8 T cell cytotoxic 
function and gut barrier 
function

2017 [124]

Notch target 
genes

HES1 upregulated genes 
associated 
with EMT

HES1/genes
associated with
EMT

oncogenic promote cancer metastasis 
via inducing EMT

2015 [119]

Notch target 
genes

RBP-J upregulated / RBP-J/Tiam1
/Rac1/p38 MAPK

oncogenic promote cell proliferation, 
migration and invasion

2021 [137]

Notch cleavage 
enzymes

PSEN1 upregulated PD-L1 PSEN1/PD-L1 oncogenic promote immune evasion 2022 [128]

Notch cleavage 
enzymes

ADAM10 upregulated Notch1 / oncogenic promote cell proliferation 
and tumor growth

2023 [141]

Notch cleavage 
enzymes

ADAM10 mutation / / / / 2021 [129]

Table 1  Expression levels and regulatory mechanisms of Notch pathway in CRC
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fibroblasts, enriched in liver metastases, that promote 
CD8_CXCL13 + T cell generation within the TME via 
JAG1-Notch1 signaling [112].

Additionally, Notch2 plays a crucial role in anti-tumor 
immunity mediated by type 1 conventional dendritic cells 

(cDC1s). Notch2 deficiency impairs cDC migration and 
antigen presentation, which is directly linked to increased 
colitis-associated tumorigenesis [113]. Notch2 expres-
sion is positively correlated with macrophage infiltration 
in CRC, alongside higher levels of macrophage-recruiting 

Fig. 3  Clinical Significance of Notch Signaling in CRC: Prognostic and Therapeutic Potential. Aberrant Notch pathway activation drives transcriptional 
changes that support key oncogenic processes, which correlate with adverse clinicopathological features, including increased tumor size, advanced 
tumor stage, and metastasis to lymph nodes and the liver. Elevated Notch pathway activity is also associated with poorer overall survival in patients 
with CRC, underscoring its prognostic relevance in CRC management. Therapeutically, inhibiting the Notch pathway with γ-secretase inhibitors (GSIs) 
and monoclonal antibodies (mAbs) is under active investigation, with some agents demonstrating enhanced efficacy when combined with other CRC 
treatments

 

Type Notch 
components

Expression/
Mutations

Major 
target

Regulatory 
pathways

Role Cancer processes Year Ref.

Notch cleavage 
enzymes

ADAM10 upregulated / / / promote immunoreactivity 2016 [130]

Notch signaling Notch signaling mutation / / / promote immunogenic-
ity and immune-related 
characteristics

2023 [138]

Notch signaling Notch signaling mutation / / / increase CD8 + T cells and 
reduce Treg cells

2020 [111]

Notch signaling Notch signaling mutation chemokine / / upregulate the chemokine 
levels of the TIME

2022 [27]

General 
signaling

Notch-derived 
lncRNAs

upregulated / / oncogenic promote immunogenicity 2022 [110]

Table 1  (continued) 
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Type NOTCH 
components

Role Cell lines In vivo model Clinical samples Clinical potential Year Ref.

Notch 
receptors

Notch1 oncogenic / / 47 CRC patients without receiving 
chemotherapy or radiotherapy

a biomarker for 
CRC recurrence and 
prognosis

2015 [112]

Notch 
receptors

Notch1 oncogenic / a KRASG12D-
driven serrated 
mouse model, 
and organoids

46 CRC who underwent syn-
chronous resection of colorectal 
primary tumor and liver metastases, 
GSE45270 (n = 13) and GSE79460 
(n = 16), and TCGA-COAD dataset

therapeutic target 2019 [108]

Notch 
receptors

Notch1 oncogenic / a subcutane-
ous CRC tumor 
model

/ therapeutic target 2024 [30]

Notch 
receptors

Notch1 / HT29 and 
HCT116 
cell lines

subcutaneous 
CRC mouse 
model

Human CRC and its corresponding 
noncancer colon tissues

therapeutic target 2019 [140]

Notch 
receptors

Notch2 / bone 
marrow-
derived 
DCs

fucosylation 
deficiency 
(Fx-/- mice) 
reconstituted 
with Notch2-
defective DCs

TCGA-CRC dataset therapeutic target 2021 [115]

Notch 
receptors

Notch3 oncogenic / an AOM-treated 
Trp53ΔIECAktE17K 
mouse model 
(Subcutaneous, 
lung metastasis, 
and orthotopic 
mouse models) 
and organoids

TCGA-COAD dataset, GEO datasets 
GSE13067, GSE14333, GSE17536, 
GSE33113, and GSE39582, and 28 
human CRC tissue samples

poor-prognosis 
(CMS4 subtype, 
lymphovascular inva-
sion, lymphatic and 
distant metastasis)

2020 [116]

Notch 
receptors

Notch3 oncogenic MC38, 
RAW264.7, 
HCT116, 
and 
HEK293T 
cell lines

subcutaneous 
CRC mouse 
model

TCGA-COAD dataset and human 
CRC tissue samples

poor prognosis 2023 [117]

Notch 
receptors

Notch3 oncogenic HT29, 
SW480, 
SW620, 
and 
HCT116 
cell lines

/ 112 CRC and adjacent tissues, 
and Tissue microarray of 94 CRC 
patients, TCGA database, and 3806 
patients/3953 samples in 10 studies 
(cBioPortal for Cancer Genomics)

differentiation of 
mucinous colorectal 
adenocarcinoma

2022 [139]

Notch 
receptors

Notch4 / / / 103 CRC samples, Samstein-CRC 
cohort, TCGA-COAD, and TCGA-READ 
cohorts

therapeutic target 2023 [138]

Notch 
ligands

JAG1 oncogenic / / 111 patients with metastatic CRC 
treated with bevacizumab and 
chemotherapy

poor prognosis 2023 [118]

Notch 
ligands

DLL4 oncogenic / / 289 CRC and adjacent normal tissues poor prognosis 
(body mass index, 
greater tumor inva-
sion, and metastasis)

2022 [131]

Notch 
ligands

DLL4 oncogenic U87 cells xenograft CRC 
mouse model

tissue microarrays containing 177 
CRC patients

predictive biomark-
ers for therapy 
response (anti-VEGF 
therapies)

2009 [135]

Notch 
ligands

DLL4 oncogenic HCT116 
and HCT-
15 cell 
lines

subcutaneous 
CRC mouse 
model

tissue microarrays containing COAD, 
READ, GSE104645, GSE21510, and 
GSE87211

therapeutic target 2022 [136]

Table 2  Clinical values of abnormal Notch pathway in CRC
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Type NOTCH 
components

Role Cell lines In vivo model Clinical samples Clinical potential Year Ref.

Notch tar-
get genes

HES1 oncogenic / a mouse model 
of fucosylation 
deficiency 
(Fx−/− mice) and 
mice with the 
full-length Fx 
gene (controls)

60 human CRC samples epigenetic loss of 
MLH1 and right-
sided CRCs

2017 [124]

Notch tar-
get genes

HES1 oncogenic RKO, HCT8 
and LOVO 
cell lines

nude mice 
model for liver 
metastasis

320 human CRC samples and ONCO-
MINE database

poor prognosis 2015 [119]

Notch tar-
get genes

HES1 oncogenic SW620 
cells

/ 38 human CRC samples and TCGA-
CRC dataset

poor prognosis and 
therapeutic target

2023 [123]

Notch tar-
get genes

HES1 oncogenic HCT-15, 
HT-29, 
CaCo2, 
and 
SW480 cell 
lines

a subcutane-
ous CRC tumor 
model

GSE37892 and PETACC3 datasets, 
and two sets of tissue microarrays, 
one composed of samples from 130 
CRC patients and the other contain-
ing 15 pairs of primary tumors with 
liver metastasis

poor prognosis and 
therapeutic target

2020 [120]

Notch tar-
get genes

RBP-J oncogenic HCT116, 
HCT8, 
HT29, 
LOVO, and 
SW480 cell 
lines

xenograft CRC 
mouse model

52 CRC tissues and normal adjacent 
tissues

poor prognosis 
(tumor size, ad-
vanced TNM stage, 
lymph node me-
tastasis, and distant 
metastasis)

2021 [137]

Notch 
cleavage 
enzymes

PSEN1 oncogenic / / TCGA-COAD dataset, HPA, and 
CPTAC

early stages of 
tumorigenesis

2022 [128]

Notch 
cleavage 
enzymes

ADAM10 / / / plasma from 1,361 CRC matched 
case-control sets and 1,985 CRC 
cases and 2,220 controls

poor prognosis 2021 [129]

Notch 
cleavage 
enzymes

Immature 
ADAM10

/ LS180 and 
LoVo cell 
lines

/ sera and tissue samples from testing 
cohort containing 57 CRC patients 
and 39 healthy controls and serum 
samples from validation cohort 
containing 49 CRC patients and 52 
healthy controls

favorable prognosis 2016 [130]

Notch 
cleavage 
enzymes

ADAM10 oncogenic COLO205 
and 
LIM1215 
cell lines

xenograft CRC 
mouse model

/ therapeutic target 
(ADAM10 monoclo-
nal antibody 1H5)

2023 [141]

Notch 
signaling

Notch 
signaling

/ / / GSE108989 and TCGA CRC datasets poor prognosis 
(disease stage and 
metastasis) and 
therapeutic target

2020 [111]

Notch 
signaling

Notch 
signaling

/ / / 103 CRC samples, Samstein-CRC 
cohort, TCGA-COAD, and TCGA-READ 
cohorts

prognosis and thera-
peutic target

2023 [138]

Notch 
signaling

Notch 
signaling

/ / / 110 advanced solid tumor tissues therapeutic target 
(RO4929097)

2012 [145]

Notch 
signaling

Notch 
signaling

/ / / 20 advanced solid tumor tissues therapeutic target 
(RO4929097 with 
cediranib)

2012 [145]

Notch 
signaling

Notch 
signaling

/ MC38 and 
HEK293T 
cell lines

/ TCGA-CRC dataset therapeutic target 2022 [27]

Table 2  (continued) 
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cytokines (CSF1, CXCL12, and CCL2). Inhibition of 
Notch2 signaling reduces macrophage infiltration and 
tumor burden in CRC xenograft models, reinforcing its 
potential as a therapeutic target [114, 115].

Notch3 is markedly overexpressed in CRC tissues 
compared to adjacent normal tissues, with strong cor-
relations to poor prognosis and lymphovascular inva-
sion. Multiarray analyses across GEO datasets associate 
high Notch3 expression with the CMS4 subtype, indi-
cating its role in aggressive CRC progression [114]. In 
AOM-challenged Trp53ΔIEC/AktE17K mouse models, 
which closely resemble human CMS4 CRC, AKT-driven 
upregulation of Notch3 is essential for tumor cell survival 
and invasion, suggesting a rationale for targeting Notch3 
in aggressive CRC subtypes [114]. Additionally, Notch2 
and Notch3 expression correlates positively with macro-
phage infiltration in CRC, alongside increased expression 
of cytokines associated with macrophage recruitment 
(CSF1, CXCL12, and CCL2). Notably, inhibiting Notch3 
significantly reduces macrophage proportions in human 
CRC tissues and suppresses tumor growth in CRC xeno-
grafts, further reinforcing the therapeutic potential of 
targeting Notch3 in CRC management [115].

Therapeutic implications of Notch signaling in CRC
High expression of NICD and JAG1 has been linked 
to reduced progression-free survival (PFS) in patients 
receiving anti-vascular endothelial growth factor (VEGF) 
therapy, indicating their potential as biomarkers of 
resistance to anti-VEGF-based treatments [116]. Fur-
thermore, HES1 upregulation is associated with CRC 
metastasis, and public database analyses (ONCOMINE 
and CPTAC) suggest that HES1 overexpression predicts 
poorer OS [117]. A clinical analysis of 130 CRC samples 
shows that coexpression of AT-rich interaction domain-
containing protein 3B (ARID3B) and HES1 is associ-
ated with lower 3-year survival rates in stage IV CRC, 
with similar patterns observed in the GSE12945 cohort 
[118]. In BRAF- and RAS-mutant CRCs, HES1 expres-
sion is frequently reduced, especially in KRAS-mutant 
tumors, where its loss is linked to extracellular matrix 
(ECM) remodeling and epithelial-mesenchymal transi-
tion (EMT) [119, 120]. This suggests a synergistic role 
between HES1 loss and KRAS mutations in promoting 
a tumor-supportive microenvironment [121]. More-
over, HES1 loss is particularly prevalent in right-sided 

CRC, where fucosylation deficiency disrupts Notch sig-
naling, leading to altered epithelial proliferation and 
immune suppression [122]. Recent studies also under-
score the role of colorectal cancer stem cells (CRCSCs) 
in evading immune surveillance [123–125]. Emerging 
evidence highlights the role of colorectal cancer stem 
cells (CRCSCs) in immune evasion through Notch acti-
vation. ARID3B-mediated HES1 activation via an NICD-
independent mechanism facilitates PD-L1 upregulation 
in CRCSCs, suggesting a Notch-driven immune-evasive 
CRC subtype responsive to immune checkpoint inhibi-
tors [118].

Potential biomarkers and future directions
In colorectal adenocarcinoma (COAD) from the Human 
Protein Atlas (HPA) dataset, PSEN1 overexpression is 
mutually exclusive with PD-L1 expression, suggesting 
that PSEN1-driven Notch activation may facilitate PD-L1 
cleavage and nuclear translocation, thereby promoting 
immune evasion [126]. A multinational European cohort 
study also identified a single nucleotide polymorphism 
(SNP) within ADAM10, a Notch-processing enzyme, as 
a protective factor against CRC, with anti-ADAM10 anti-
bodies correlating with prolonged relapse-free survival 
(RFS) in stage III CRC [127, 128].

High DLL4 expression is another potential marker of 
aggressive CRC, with strong correlations to BMI, metas-
tasis, and poor prognosis [129–131]. DLL4 blockade 
enhances VEGF-targeted therapy responses, supporting 
its potential as a biomarker for anti-VEGF treatment effi-
cacy in CRC [132–134]. Additionally, correlation analysis 
between RBP-J expression and clinicopathological fea-
tures in patients with CRC indicates that elevated RBP-J 
levels are associated with larger tumor size, advanced 
TNM stage, lymph node metastasis, and distant metas-
tasis, suggesting its role in aggressive disease phenotypes 
[135].

Targeting Notch signaling in combination with CRC 
immunotherapy and chemotherapy
The mutation status of the Notch pathway may serve 
as a valuable prognostic marker for patients with CRC 
undergoing immune checkpoint inhibitor (ICI) ther-
apy. In a univariate Cox regression analysis of 109 ICI-
treated patients with CRC, Notch pathway mutations 
(NOTCH-MT) were strongly associated with improved 

Type NOTCH 
components

Role Cell lines In vivo model Clinical samples Clinical potential Year Ref.

General 
signaling

Notch-de-
rived lncRNAs

oncogenic / / TCGA-CRC, GSE39582, GSE38832, 
and 115 pairs of CRC primary and 
normal tissues

poor prognosis 
(advanced clinical 
stages and microsat-
ellite stability) and 
therapeutic target

2022 [110]

Table 2  (continued) 
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clinical outcomes, with patients harboring NOTCH-
MT exhibiting significantly prolonged OS. Multivari-
ate Cox regression further identified NOTCH-MT as 
an independent protective factor in ICI-treated patients 
with CRC. Moreover, data from the TCGA-CRC cohort 
show that the NOTCH-MT group demonstrated 
enhanced immunogenicity, evidenced by increased lev-
els of immune-activating cells and higher expression of 
immune checkpoint-related genes [136]. Notch4 muta-
tions, frequently observed across various cancer types, 
including CRC, correlate with improved responses to ICI 
therapy. Multi-omics analyses reveal that Notch4 muta-
tions are significantly linked to increased immunogenic-
ity and activated anti-tumor immunity, characterized by 
elevated tumor mutation burden (TMB), increased co-
stimulatory molecule expression, and enhanced infiltra-
tion of diverse immune cells [136]. Mucinous colorectal 
adenocarcinoma (mCA) typically shows lower respon-
siveness to chemotherapy and immunotherapy compared 
to non-mucinous CRC. The interaction between Notch3 
and the transcription activator BRG1 (SMARCA4) drives 
the transcriptional activation of mucin-5AC (MUC5AC) 
and mucin-2 (MUC2) in CRC cells, with elevated levels 
of these mucins serving as key molecular markers dis-
tinguishing mCA from non-mucinous CRC. Targeted 
detection of Notch3 and its associated markers could 
facilitate early clinical diagnosis of mCA and support 
personalized interventions for improved patient out-
comes [137]. Proprotein convertases (PCs) have emerged 
as significant regulators of PD-1 expression, representing 
a promising adjunct approach to enhance CRC immu-
notherapy. Recent research indicates that inhibiting PC 
activity prevents Notch cleavage and function, subse-
quently downregulating PD-1 expression and enhancing 
T-cell cytotoxicity against both MSI and MSS CRC cells. 
Targeting PCs in T cells thus presents a novel strategy 
to counteract T-cell exhaustion and immune suppres-
sion in CRC immunotherapy [138]. Additionally, a TME-
responsive injectable hydrogel has been developed as 
a cascade gene delivery system for the targeted delivery 
of plasmid DNA encoding short hairpin RNAs against 
Notch1 (shNotch1) into CRC cells. In a subcutaneous 
CRC tumor model, hydrogels loaded with PAMAM-F/
shNotch1 effectively suppressed Notch1 activity, result-
ing in significant tumor growth inhibition while pre-
serving Notch signaling in surrounding normal tissues, 
highlighting the potential for Notch-targeted gene ther-
apy in CRC treatment [30]. Furthermore, 1H5, a human 
anti-ADAM10 mAb designed to inhibit Notch1 cleavage, 
in combination with the chemotherapeutic agent irino-
tecan, demonstrated effective tumor growth suppression 
without evident toxicity in a CRC preclinical model, 
underscoring its promise as a targeted therapeutic strat-
egy in CRC management [139].

Currently, GSIs and large-molecule mAbs targeting 
Notch ligands and receptors represent the primary agents 
in clinical development aimed at inhibiting the Notch 
pathway to curtail CRC progression [22]. These agents, 
largely advancing from preclinical research to early clini-
cal trials, are being evaluated for various cancers, includ-
ing CRC, breast cancer, pancreatic cancer, leukemia, and 
glioblastoma [22]. Dietary supplements with low toxicity 
profiles, such as curcumin, genistein, and resveratrol, also 
offer promising alternatives for Notch pathway inhibition 
[140].

The S3 cleavage of Notch receptors, catalyzed by 
γ-secretase, is critical for Notch pathway activation, posi-
tioning GSIs as a focal point in Notch-targeted therapy 
research. Numerous preclinical studies have shown 
that combining GSIs with other treatment modalities, 
including chemotherapy and immunotherapy, can yield 
synergistic anti-tumor effects in CRC. For instance, che-
motherapeutic agents such as oxaliplatin, 5-fluorouracil 
(5-FU), and SN-38 (the active metabolite of irinotecan) 
are known to activate the Notch pathway in CRC cells. 
Blocking Notch-1 signaling with the sulfonamide-based 
GSI (GSI34) sensitizes CRC cells to chemotherapy, dem-
onstrating a synergistic effect when combined with oxali-
platin, 5-FU, and SN-38 [141]. Furthermore, GSIs show 
potential in overcoming taxane resistance in CRC, as 
they enhance taxane-induced mitotic arrest and apopto-
sis in CRC cells, both in vitro and in vivo, despite having 
limited impact on cell growth and apoptosis when used 
as monotherapy [142].

The competitive oral GSI RO4929097 (Roche) has pro-
gressed to phase I clinical trials, showing partial anti-
tumor activity as a monotherapy in a patient with CRC 
exhibiting neuroendocrine features among a cohort of 
110 patients with advanced solid tumors [143]. Admin-
istered using both intermittent and continuous dosing 
regimens, RO4929097 was generally well tolerated, with 
the most frequently observed side effects being skin 
reactions, gastrointestinal (GI) events, and fatigue. Most 
treatment-related toxicities (95%) were mild to moderate 
(grade 1 or 2), with no grade 4 toxicities, and treatment 
discontinuations due to adverse events were infrequent 
(2%) [143]. A multicenter, dose-escalation phase I trial 
(NCT01158274) is underway to determine the response 
and maximum tolerated dose (MTD) of the combina-
tion of RO4929097 with the chemotherapeutic agent 
capecitabine for advanced solid tumors, including meta-
static CRC. In another phase I study with 20 patients 
with advanced solid tumors, including 6 CRC cases, the 
combination of RO4929097 and cediranib (a VEGFR 
multi-kinase inhibitor) demonstrated preliminary antitu-
mor activity, with stable disease achieved in 11 patients. 
This combination was well tolerated, with manageable 
side effects [144]. Another phase I trial (NCT01198535) 
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is evaluating dose-escalation, efficacy, and tolerabil-
ity of RO4929097 in combination with cetuximab for 
metastatic CRC. Further, an open-label phase II trial 
(NCT01116687) is assessing the objective radiographic 
response of RO4929097 in patients with metastatic 
CRC who have undergone at least two prior systemic 
chemotherapy regimens. Additionally, a phase II study 
(NCT01270438) is investigating the clinical benefit of 
RO4929097 combined with mFOLFOX6 (modified infu-
sional fluorouracil, leucovorin, and oxaliplatin) and the 
anti-VEGF monoclonal antibody bevacizumab for meta-
static CRC treatment. Another GSI, MK-0752 (Merck), 
a non-competitive oral inhibitor, is being studied in sev-
eral phase I/II trials with promising preclinical activity 
in T-ALL and breast cancer. However, in a phase I trial 
cohort involving 103 patients treated with MK-0752, only 
patients with glioma exhibited a modest response, while 
the 16 patients with CRC in the study showed no discern-
ible antitumor activity with MK-0752 as a monotherapy 
[145].

The most significant toxicity associated with GSIs is 
gastrointestinal, notably nausea, vomiting, fatigue, and 
persistent diarrhea, particularly prevalent with continu-
ous dosing schedules, which limits their clinical utility 
[146–148]. To alleviate these side effects, in vivo models 
have been used to investigate strategies for reducing tox-
icity and enhancing efficacy through intermittent dosing 
regimens and the co-administration of corticosteroids. 
Additionally, GSIs as monotherapy often show limited 
efficacy, underscoring the need for further research into 
combination strategies with chemotherapy or immuno-
therapy to improve CRC outcomes [141, 145].

Due to the treatment-related toxicities and complex 
dosing schedules associated with GSIs, several innovative 
mAbs are now undergoing clinical investigation. These 
mAbs have demonstrated potential in effectively inhib-
iting Notch signaling while minimizing severe gastroin-
testinal side effects [18, 22]. For example, OMP-21M18, a 
humanized mAb targeting DLL4, disrupts the interaction 
of DLL4 with Notch1 and Notch4. In an ongoing phase 
Ib trial (NCT01189942) with 32 patients with metastatic 
CRC, OMP-21M18 is being tested in combination with 
FOLFIRI (folinic acid, bolus/continuous fluorouracil, 
and irinotecan) to determine the optimal dosing regi-
men. Another fully humanized mAb, OMP-59R5, targets 
Notch2/3 receptors and has shown prolonged stable dis-
ease in patients with CRC in a phase I open-label dose-
escalation trial (NCT01277146). These studies highlight 
the promise of mAbs as a more tolerable and effective 
alternative to GSIs in CRC therapy, although the limited 
efficacy, stability, and production costs of mAbs present 
challenges to their widespread clinical application [19, 
149]. Notably, pharmacodynamic monitoring to assess 
Notch pathway activity levels is essential in optimizing 

dosing and achieving the desired degree of Notch inhibi-
tion in CRC. This approach ensures that the therapeutic 
effect on the Notch pathway is maximized while mini-
mizing adverse effects [150, 151].

Conclusions
The Notch pathway, a highly evolutionarily conserved 
signaling mechanism, is essential for the proliferation, 
differentiation, and functional regulation of immune 
cells. Mounting evidence indicates that dysregulated 
Notch signaling contributes to various malignancies, 
including CRC, where its abnormal activation sup-
ports an immunosuppressive TME. Elevated expres-
sion of Notch components correlates with unfavorable 
clinicopathological characteristics and poor prognosis in 
patients with CRC. Given the pivotal role of Notch sig-
naling in CRC progression, targeted inhibition through 
small molecule inhibitors (primarily GSIs) and mAbs is 
under evaluation across multiple clinical trials. Moreover, 
combining Notch inhibitors with chemotherapy, anti-
VEGF therapies, or immunotherapy presents promising 
potential for overcoming immune evasion and metastatic 
progression in CRC.

However, dose-limiting gastrointestinal side effects 
have challenged the clinical advancement of GSIs, and 
monotherapy with GSIs has shown limited efficacy in 
CRC based on current clinical data. Despite these hur-
dles, Notch signaling remains a validated and action-
able target with significant therapeutic promise in CRC. 
To optimize Notch-targeted therapies, prioritizing the 
identification and application of efficacy biomarkers for 
pharmacodynamic monitoring is essential during clinical 
development. Additionally, minimizing off-target toxici-
ties associated with prolonged Notch inhibition should 
be a research focus, with an emphasis on developing 
more specific Notch inhibitors or compounds. Another 
critical avenue for drug development lies in address-
ing the extensive crosstalk between Notch and other 
major oncogenic pathways, such as PI3K/AKT, which 
may unveil further therapeutic opportunities for target-
ing Notch in CRC. Larger clinical trials are warranted to 
evaluate the efficacy of Notch-targeted therapies in com-
bination with existing CRC treatment regimens, poten-
tially enhancing outcomes for patients with CRC.
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