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Abstract 

Notch signaling is a widely preserved communication pathway that supports essential cellular functions by allow-
ing adjacent cells to interact. The Notch signaling pathway consists of Notch ligands (DSL proteins), Notch receptors, 
DNA-binding proteins, and downstream target genes. Hepatocellular carcinoma (HCC) represents the predominant 
cause of cancer-related deaths globally and poses a significant threat to human health. For highly malignant HCC, 
current treatment options, including chemotherapy, radiotherapy, immunotherapy, targeted therapies, and surgical 
procedures, often have poor prognoses. Therefore, there is a need to explore additional therapeutic strategies. Many 
studies have found that abnormal activation of the Notch signaling pathway contributes to tumor initiation and pro-
gression by promoting HCC proliferation, metastasis, stem cell-like properties, and drug resistance. In this research, 
we reveal the composition and activation mechanisms of the Notch signaling pathway, as well as the molecular 
mechanism underlying its aberrant activation in HCC. Furthermore, we summarize recent advances in targeting Notch 
signaling for the treatment of HCC. This review aims to highlight the promising potential of investigating the Notch 
pathway as a therapeutic target in HCC.

Keywords Notch signaling pathway, Hepatocellular carcinoma, Epithelial–mesenchymal transition, Stem-like 
properties, Proliferation

Introduction
The Notch gene was first discovered in 1917 during 
research on Drosophila melanogaster that displayed 
notched wings [1]. The Notch signaling pathway is highly 
conserved throughout evolution. Notch proteins serve 
as cell surface transmembrane receptors that mediate 
crucial cellular processes by facilitating communication 

between adjacent cells [2–4]. The Notch pathway consists 
of Notch ligands (DSL proteins), Notch receptors, DNA-
binding proteins, and downstream target genes [5, 6]. It is 
involved in various physiological and pathological devel-
opment processes in both vertebrates and invertebrates, 
such as muscle production, vascular production, hemat-
opoiesis, skin development, and organ development. 
Additionally, Notch signaling also participates in other 
key cell processes, including cell proliferation and migra-
tion [7]. Therefore, abnormalities in the Notch path-
way may result in the development of various diseases. 
Understanding the structure and function of the Notch 
pathway is vital to elucidate the mechanisms involved in 
the initiation and progression of disease.

Extensive research on the Notch signaling has noticed 
that the pathway is implicated in various aspects of can-
cer biology, such as cell proliferation, metastasis, and 
tumor immune evasion, and exhibits both tumor sup-
pressor and carcinogenic activity [8]. For example, in 
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T-cell acute lymphoblastic leukemia (T-ALL), the Notch1 
receptor activates the transcription of Asb2α, which then 
facilitates the proliferation of T-ALL cells [9]. Similarly, 
in small-cell lung cancer, the Notch ligand delta-like 
ligand-3 (DLL3) promotes the proliferation of cancer 
cells and enhances their migratory and invasive capabili-
ties [10].

Liver cancer is a significant global health concern and 
represents a leading cause of cancer-related mortality 
worldwide. Among the five deadliest cancers, it is the 
only cancer with an increasing annual incidence [11]. 
There are numerous risk factors for the development of 
liver cancer, such as hepatitis C virus, hepatitis B virus, 
diabetes, smoking, obesity, and non-alcoholic fatty liver 
disease [12–15]. Hepatocellular carcinoma (HCC) stands 
out as the predominant type of primary liver cancer [16, 
17]. Over 80% of HCC develop in the context of chronic 
liver disease [18]. Study shows that non-alcoholic fatty 
liver disease (NAFLD) is the most prevalent chronic liver 
condition globally. The Notch signaling plays a key role 
in NAFLD and its progression to non-alcoholic steato-
hepatitis (NASH) and liver fibrosis. The Notch pathway 
is involved in the progression of NAFLD by regulating 
lipid metabolism, insulin resistance, oxidative stress and 
inflammatory responses [19]. In addition, it has also been 
shown that activation of the Notch pathway may be a 
key factor in the progression of NASH-to-HCC develop-
ment [20]. For highly malignant HCC, the current treat-
ment options, including chemotherapy, radiotherapy, 
immunotherapy, targeted therapy, and surgical interven-
tion, such as hepatic resection and liver transplantation, 
often have poor prognoses. In addition, HCC has a high 
recurrence and metastasis rate, which greatly reduces the 
effectiveness of treatment. Therefore, we need to increase 
research and innovation in HCC treatment technologies 
to provide more effective treatment options for patients. 
Studies have established a strong correlation between the 
abnormal activation of Notch signaling and the develop-
ment and progression of HCC [21]. In-depth investiga-
tion into the regulatory mechanism of the Notch pathway 
in HCC can enhance our understanding of its pathogen-
esis and provide new insights and methods for the treat-
ment of this aggressive cancer.

Overview of the Notch signaling pathway
The Notch signaling pathway is a complex and evolu-
tionarily conserved mechanism that facilitates communi-
cation between two adjacent cells after close contact. It 
plays a crucial role in various biological processes, such 
as organ formation, tissue repair, and cellular function 
[22]. In the following analysis, we describe the composi-
tion of Notch, activation of the classical and non-classical 
pathways (Fig. 1).

Notch signaling components
The main components of Notch pathway include Notch 
ligands, Notch receptors, DNA-binding proteins, and 
downstream target genes. Alterations in any of these 
components can disrupt the signal transmission within 
the pathway. Both Notch receptors and ligands are trans-
membrane proteins [23, 24], allowing them to interact 
directly with the cell surface.

Mammals possess four membrane-bound Notch recep-
tors, namely, Notch1, Notch2, Notch3, and Notch4. 
Each receptor contains three fragments, the extracellular 
domain (NECD), the transmembrane domain (TMD), 
and the Notch intracellular domain (NICD) [25]. The 
NICD contains an RAM23 domain which boosts bind-
ing with the CSL [CBF1/RBPJ-kappa/Su(H)/Lag1] pro-
tein, a nuclear localization signal (NLS), seven domains 
with ankyrin repeats (ANK), and a PEST domain that 
contains high levels of proline, glutamic acid, serine, and 
threonine residues. Additionally, Notch1 and Notch2 
have a transcriptional transactivation domain (TAD). The 
NECD is composed of between 29–36 epidermal growth 
factor (EGF)-like repeats (36 in Notch1 and Notch2, 34 
in Notch3, and 29 in Notch4) and a region of negative 
regulation (NRR). The NRR domain is comprised of three 
cysteine-rich Lin12-Notch repeats (LNRs) and a heter-
odimerized region that is critical for S2 cleavage. A ’stop 
translocation’ signal consisting of 3–4 Arg/Lys residues 
terminates the single TMD [2, 26–29].

The structure of the Notch ligand closely resembles 
that of the Notch receptor. In mammals, Notch receptors 
are activated by three delta-like ligands (DLL1, DLL3, and 
DLL4) and two Serrate/Jagged ligands (JAG1 and JAG2). 
These ligands contain between 6 and 16 EGF-like repeats 
in their NECD that determine the interaction with the 
corresponding receptors. The DSL domain is situated at 
the N-terminus of each protein, playing a crucial role in 
Notch signaling [30, 31]. Moreover, due to the increasing 
number of regulatory genes for each ligand correspond-
ing to multiple genes and the Notch pathway, this signal-
ing system is widely complex [32].

Canonical Notch signaling
The canonical pathway is the most used Notch-related 
process. Conventionally, it is understood that it facilitates 
short-range communication between adjacent cells [30]. 
In the canonical pathway, the Notch receptor is produced 
within the endoplasmic reticulum followed by glycosyla-
tion of the EGF-like repeats. Notch receptors with newly 
attached glycans are subsequently transported to the 
Golgi complex where they undergo S1 proteolytic cleav-
age into two fragments: the NECD and the TMD [33, 34]. 
Subsequently, these fragments are conveyed to the cell 
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membrane surface and form heterodimers. From here, 
these transmembrane receptors expressed on the signal-
receiving cells interact with the transmembrane ligands 
found on the neighboring signal-sending cells [23]. Bind-
ing with DLL or JAG ligands induces a conformational 
change that enables a member of the ADAM (a protein 
containing a domain of disintegrin and metalloprotein-
ases) family to cleave the receptor at site 2 (S2 cleavage), 
and the cleaved intracellular membrane-bound fragment 
is termed Notch extracellular truncation (NEXT). Subse-
quently, γ-secretase activates and further cleaves NEXT 

at site 3 (S3 cleavage), liberating the NICD which then 
translocates into the nucleus. Here, NICD binds to the 
transcription factor CSL, thereby regulating downstream 
gene expression [33–37].

Non‑canonical Notch signaling
An atypical Notch signaling may be activated by non-
traditional ligands, or when the Notch receptor is not 
cleaved, or in the absence of ligands. Some forms of atyp-
ical signaling do not require CSL and involve interaction 
with other nuclear or cytoplasmic effectors. For example, 

Fig. 1 The composition and activation of Notch signaling pathway. The main components of the Notch signaling pathway include Notch ligands, 
Notch receptors, DNA-binding proteins, and downstream target genes. Mammals possess four membrane-bound Notch receptors, namely, Notch1, 
Notch2, Notch3, and Notch4. In mammals, Notch receptors are activated by three delta-like ligands (DLL1, DLL3, and DLL4) and two Serrate/
Jagged ligands (JAG1 and JAG2). Notch signaling is the activation effect of close contact between two adjacent cells, including canonical pathway 
and non-canonical pathway. Notch receptors are first produced in the endoplasmic reticulum and then transferred to Golgi for S1 cleavage. Notch 
receptors were cleaved into two fragments, NECD and TMD. These fragments are then transported to the surface of the cell membrane, where they 
interact with transmembrane ligands on neighboring signaling cells. Binding triggers ADAM cleavage, followed by S2 cleavage of the Notch 
receptor by ADAM. The cleaved portion is cleaved by the γ-secretory enzyme S3 on the cell membrane. This then leads to the release of NICD. In 
the classical pathway, the activated NICD is transported to the nucleus and binds to the transcription factor CSL, thereby regulating the expression 
of downstream genes. Some NICD that does not enter the nucleus can combine with other molecular pathways. The protein structure of the Notch 
ligand and receptor is shown in the upper right corner. NECD, extracellular domain; NICD, intracellular domain; ADAM, A protein containing 
a domain of disintegrin and metalloproteinases; γ-secretase, a membrane-bound protease responsible for S3 cleavage of Notch; NRR, a region 
of negative regulation; CSL,CBF1/RBPJ-kappa/Su(H)/Lag1;TAD, a transcriptional transactivation domain; PEST, a domain that contains high levels 
of proline, glutamic acid, serine, and threonine residues



Page 4 of 16Fu et al. European Journal of Medical Research          (2025) 30:402 

T-cell receptor (TCR)-mediated self-amplification does 
not require ligand activation. The LCK-ZAP70PLCγ-PKC 
signaling axis can be activated by the TCR/CD3 com-
plex. Subsequently, PKC activates ADAM-family and 
γ-secretase on endosomes, initiating S2 and S3 cleavage 
and Notch signaling [22]. The non-canonical pathway 
also plays an essential role in tumorigenesis and cancer 
progression. In addition, elevated levels of IL-6 have been 
linked to unfavorable outcomes in breast cancer patients, 
and evidence suggests that activation of the non-classical 
Notch signaling pathway regulates IL-6 expression [37–
40]. These studies may provide additional therapeutic 
targets in the development of the disease.

Mechanisms of Notch signaling in the development 
and progression of HCC
Increasing evidence suggests that the Notch signaling 
pathway is significantly involved in the progression of 
HCC, and aberrant activation or suppression is strongly 
associated with the proliferation, differentiation, and 
metastasis of HCC cells [41–43]. Numerous investiga-
tions have revealed multiple mechanisms that result in 
the irregular activation of the pathway and contribute 
to HCC progression, including its involvement in con-
trolling epithelial-to-mesenchymal transition (EMT), 
obtaining cancer stem cell-like (CSC) characteristics, cell 
proliferation, and regulating other cellular and molecular 
processes. Following that, we summarize the molecular 
processes of the Notch pathway in tumorigenesis and 
advancement of HCC (Table 1).

Notch signaling and EMT
EMT refers to the transformation of epithelial cells into 
elongated cells with a mesenchymal phenotype, which 
can be involved in both physiological and pathological 
processes. EMT was primarily thought to be involved 
in the process of embryogenesis and tissue repair before 
the initial 80  s of the twentieth century. Subsequently, 
numerous studies have shown that EMT is involved in 
pathogenic processes, such as metastasis and carcinogen-
esis, and is today considered one of the most important 
mechanisms driving cancer metastasis [44–47].

The Notch pathway has been shown to significantly 
influence EMT regulation. Studies have shown that the 
Notch signaling is involved in the activation of EMT 
through multiple molecular mechanisms, which in turn 
promotes cancer invasion and metastasis (Fig.  2). The 
import of calcium into a cell is an established mecha-
nism that drives cancer-promoting processes. Mito-
chondrial calcium uniporter regulator 1 (MCUR1) has 
been identified as a key molecule in HCC that promotes 
cancer cell survival. Jin et  al. found that the MCUR1-
mediated mitochondrial pathway activated the ROS/

NRF2/Notch1 pathway, leading to EMT in hepatoma 
cells, and ultimately facilitating invasion and metas-
tasis [48, 49]. Additionally, hepatitis virus infection is 
strongly associated with the incidence of HCC [50]. 
Xie et  al. revealed that Tspan5 content significantly 
increased in HCC patients infected with a hepatitis 
virus and was strongly associated with tumor inva-
sion. The results also showed that Tspan5 enhanced the 
Notch pathway by increasing cleavage of Notch1 recep-
tor at the S3 site catalyzed, thereby promoting EMT 
and metastasis of HCC cells [51].

In addition, other molecules also play important roles 
in EMT and HCC metastasis through the Notch pathway. 
For example, KIAA1217 is a macromolecular protein 
with an uncertain function, which is extensively present 
in the cytoplasm and plays a crucial role in the metastasis 
of HCC [52]. Wang et al. demonstrated that KIAA1217-
activated p-STAT3 was retained in the cytoplasm and 
subsequently activated the Wnt/β-catenin and Notch 
pathways to promote EMT induction and eventually 
leads to HCC metastasis [53]. Additionally, Wang et  al. 
explored the relevant mechanisms of HCC using in vivo 
and in  vitro methods. It was discovered that SMAD7 
(mothers against decapentaplegic homolog) induces 
EMT and promotes HCC growth in vitro through activa-
tion of the YAP/Notch pathway, whereas in vivo it accel-
erates hepatocarcinogenesis. [54].

Another molecule is RNF187 (ring finger protein 187), 
a ubiquitin E3 ligase that contains an RING domain 
[55, 56]. A recent study revealed that the upregulation 
of Notch1 increased the expression of RNF187, which 
in turn promoted HCC metastasis by inducing EMT in 
HCC cells [57]. Furthermore, Xiao et  al. observed that 
ACTL6A (actin-like 6A) upregulated Notch1 expression 
and stimulated the Notch signaling pathway by manipu-
lating the expression of sex-determining region Y-box2 
(SOX2), which ultimately promoted EMT and HCC 
metastasis [58]. Moreover, Nicastrin (NCSTN) serves 
as a fundamental component of the γ-secretase com-
plex and has been implicated in driving tumor advance-
ment. In their study, NCSTN facilitated the activation 
of β-catenin by promoting Notch1 cleavage and AKT 
phosphorylation, thereby initiating the transcription of 
Zeb1 and inducing EMT, leading to HCC cell growth and 
metastasis [59].

Collectively, the Notch pathway plays a central role in 
the regulation of EMT and promotes HCC metastasis 
through multiple molecular mechanisms. These stud-
ies not only deepen our understanding of the role of 
Notch pathway in tumor progression, but also provide 
an important theoretical basis for the development of 
future therapeutic strategies targeting EMT and cancer 
metastasis.
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Notch signaling and CSCs
CSCs are a distinct subpopulation of poorly differenti-
ated neoplastic cells capable of self-renewal, tissue inva-
sion, multi-directional differentiation, and unlimited 
proliferation. Studies have shown that CSCs play a key 
role in the occurrence, progression, and treatment resist-
ance of HCC. They not only drive tumor growth and 
invasion, but also contribute to tumor recurrence, metas-
tasis, and resistance to chemotherapy and radiotherapy 
[60–65]. CD90 has been identified as a marker for HCC 
CSCs as it contributes to the development of cancer by 
triggering the Notch pathway, increasing the stemness of 
CD90 + cells [66].

The SKA (spindle and kinetochore-associated) is a pro-
tein complex involved in regulating mitosis and is com-
prised of three subunits: SKA1, SKA2, and SKA3 [67, 68]. 
In the past few years, the association between SKA com-
plexes and tumor proliferation and metastasis in a variety 
of cancers has received widespread attention [69–72]. Bai 

et al. demonstrated that SKA3 exhibited significant pro-
tumor effects in HCC cells. The knockdown of Notch1 
significantly inhibited the increased stem cell-like prop-
erties induced by SKA3 overexpression, suggesting that 
SKA3 promoted HCC stem cell-like properties by modu-
lating Notch1 [73]. This finding reveals a potential mech-
anism of action of SKA complexes in HCC.

Additionally, Ma et  al. demonstrated that KCTD10 
restrains the carcinogenicity of HCC cells and the for-
mation of stem cells by blocking the activation of the 
Notch pathway [74]. Previous reports also revealed that 
IL-6 secreted from tumor-associated macrophages pro-
moted HCC stem cell-like properties [75]. Xiong et  al. 
also found that IL-6 released by cancer-associated fibro-
blasts (CAFs) activated Notch signaling through STT3 
phosphorylation, which ultimately promoted HCC 
stem cell-like properties [76]. These studies revealed 
the important role of the tumor microenvironment in 
the regulation of HCC CSCs. Additionally, TM4SF1 is a 

Fig. 2 EMT and Notch signaling pathway. EMT refers to the transformation of epithelial cells into elongated cells with a mesenchymal phenotype. 
EMT is involved in pathogenic processes, such as metastasis and carcinogenesis, and is today considered one of the most important mechanisms 
driving cancer metastasis. The Notch pathway has been shown to significantly influence EMT regulation. MCUR1, Mitochondrial calcium 
uniporter regulator 1; SMAD7, mothers against decapentaplegic homolog 7; ACTL6, actin-like 6A; SOX2, sex-determining region Y-box2; NCSTN, 
a fundamental component of the γ-secretase complex; KIAA1217, a macromolecular protein
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member of the transmembrane 4 super family and is sig-
nificantly involved in both malignant and healthy human 
tissues [77–80]. Yang et al. revealed that the overexpres-
sion of TM4SF1 was significantly associated with the 
progression and poor prognosis of HCC by activating 
Notch through upregulation of MH9, a widely expressed 
cytoskeletal protein. This, in turn, promoted HCC stem 
cell-like properties and ultimately led to the develop-
ment of lenvatinib resistance [81]. This research not only 
provided insights into the pathogenesis of HCC but also 
suggested that TM4SF1 may serve as a new focus for 
enhancing the clinical efficacy of lenvatinib in the treat-
ment of HCC.

These studies provide new insights into the pathogen-
esis of HCC and lay the theoretical foundation for the 
development of therapeutic strategies targeting CSCs. In 
the future, interventions targeting these key molecules 
and pathways may lead to more effective therapeutic 
options for HCC patients.

Notch signaling and cell proliferation
The Notch pathway is crucial in regulating cellular pro-
liferation and differentiation, and accumulating evidence 
has highlighted its involvement in the proliferation of 
HCC cells [82]. NOR1 is a newly discovered tumor sup-
pressor. Recent findings indicate that there is a significant 
upregulation of NOR1 in HCC cells. Mechanistically, 
NOR1 enhanced HCC cell proliferation by activating the 
Notch signaling pathway [83]. The recently reported that 
valproic acid (VPA), an inhibitor of histone deacetylase, 
inhibited the growth of HCC cells. VPA increased the 
expression of tumor suppressors p21 and p63 by inhibit-
ing Notch1 and its downstream target gene, HES1. Fur-
thermore, the increase in cell proliferation induced by 
Notch1 was reversed by VPA treatment [84]. These stud-
ies revealed the regulatory mechanism of Notch pathway 
in HCC cell proliferation.

Furthermore, hypomethylation-induced overexpres-
sion of Kita-Kyushu lung cancer antigen-1 (KK-LC-1) 
was closely associated with HCC proliferation through 
the activation of Notch signaling [85]. Studies have indi-
cated that hepatic stellate cells (HSCs) promoted HCC 
progression through the secretion of extracellular vesi-
cles (EVs). The transcription factor positive regulatory 
domain I-containing protein 16 (PRDM16) is differen-
tially expressed in HCC cells and plays a role in various 
biological processes, including cell fate determination 
and development [86]. HSCs contribute to liver fibrosis 
by releasing substances that maintain liver inflamma-
tion. HSC-derived EVs transport PRDM16 and activate 
Notch1-mediated signaling in HCC cells, promoting 
their proliferation and advancing HCC [87].

The natural compound quercetin may inhibit HCC cel-
lular proliferation by downregulating Notch and Hedge-
hog signaling [88]. In addition, hepatitis B virus protein 
X (HBx) plays an important role in the progression of 
HCC. Emerging data have indicated that HBx is signifi-
cantly contributed the progression of HCC by stimulat-
ing cancer cell proliferation through activation of the 
Notch signaling pathway [89]. Additionally, the previ-
ous report showed that aberrant centromere protein U 
(CENPU) expression is closely associated with HCC. Yu 
et al. revealed that the high expression of CENPU could 
activate the Notch pathway and promote the prolifera-
tion of HCC cells [90]. This study further revealed the 
critical role of Notch pathway in HCC cell proliferation. 
These studies not only deepen our understanding of the 
pathogenesis of HCC, but also provide an important the-
oretical basis for the development of therapeutic strate-
gies targeting the Notch pathway.

Notch signaling and other biological processes
Metabolic reprogramming is one of the characteristic 
features of cancer and encompasses changes, such as 
increased glycolysis, mitochondrial biogenesis, amino 
acid and lipid metabolism, and activation of the pentose 
phosphate pathway [91, 92]. Cancer cells favor glyco-
lysis even under normoxic conditions in comparison to 
normal cells [93]. Research has indicated that inositol 
polyphosphate 5-phosphatase F(INPP5F) is an enzyme 
involved in the occurrence and progression of tumors. 
Zhou et  al. explored the function and potential mecha-
nism of INPP5F in HCC and found that INPP5F activated 
the Notch pathway through its interaction with ASPH. 
This interaction leads to increased cell proliferation and 
aerobic glycolysis, ultimately contributing to the carcino-
genic effects observed in HCC [94].

In HCC, aberrant Notch activation is closely associ-
ated with tumorigenesis, progression, and chemother-
apy resistance [95]. VPA is an anti-epileptic drug that 
has been used in recent years for anti-tumor activity 
[96–98]. Yang et  al. demonstrated that VPA increased 
cancer cell sensitivity to sorafenib treatment by down-
regulating Notch1 expression, thereby inhibiting the 
Akt pathway [99]. Another study revealed that ZLDI-8 
may serve as a potential novel therapeutic agent that 
increases tumor cell susceptibility to anti-tumor drugs, 
thereby reducing multi-drug resistance (MDR) in liver 
cancer. Researchers found that ZLDI-8 inhibited Notch 
signaling by suppressing the activation of ADAM-17 and 
blocked the accumulation of nuclear NICD in HCC cells. 
Furthermore, ZLDI-8 also inhibited EMT in HCC cells, 
enhancing their sensitivity to chemotherapy drugs [100]. 
These findings suggest that inhibition of Notch signal-
ing improved the sensitivity of HCC cells to anti-cancer 
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therapies. Therefore, targeting the Notch pathway alone 
or in combination with other drugs is a promising strat-
egy to improve the efficacy of HCC treatment.

Notch signaling is crucial for physiological angiogen-
esis. Aberrant stimulation contributes to tumor angio-
genesis and metastasis [101], and researchers have 
investigated the role of natural compounds in suppress-
ing this mechanism. A previous report showed that 
treatment with total alkaloids of Rubus alceifolius Poir 
(TARAP) inhibited angiogenesis in HCC by downregu-
lating the Notch signaling pathway [102]. In addition, 
studies have shown that treatment with extract of Livis-
tona chinensis seeds (EELC) also inhibited tumor angio-
genesis by significantly reducing the expression of Notch, 
DLL4, and JAG1 in HCC mouse tumor tissues [103].

Notch signaling and tumor suppression
Notch has primarily been associated with malignant 
growth. However, some studies have indicated that 
Notch signaling also functions as a tumor suppressor 
in HCC. For example, Notch1 inhibited the growth of 
human HCC by altering the balance between Bcl-2 and 
p53 to induce cell cycle arrest and subsequent apoptosis 
[104]. In addition, activation of the Notch signaling path-
way via retinoblastoma pathway inhibition was shown to 
reduce cell proliferation and tumor growth in HCC [105, 
106]. In TKO liver cells, Notch signaling acts as a tumor 
suppressor feedback mechanism, responding to the 
activation of E2F transcription factors. While this nega-
tive feedback is insufficient to prevent the development 
of cancer, activating Notch may significantly restrict the 
spread of tumor cells in the body [106]. Chronic hepati-
tis B virus (HBV) infection is one of the primary causes 
of HCC. Prior research has indicated that the expression 
of HBx in hepatoma cells resulted in the reduction of 
endogenous proteins within the intracellular domain of 
Notch1 and a concomitant decrease in messenger RNA 
expression of its downstream target genes. This led to 
the promotion of cellular proliferation, induction of cell 
cycle progression, and attenuation of senescence-like 
growth arrest, both in vitro and in vivo [107]. In addition, 
Liu et al. evaluated the differential expression of Notch1 
and observed significant reduction in tumor tissues com-
pared to adjacent non-tumor tissues. Despite the tumor’s 
suppressive capabilities, further evidence is emerging to 
support the oncogenic role of Notch in the development 
of HCC.

Clinical potential of the Notch signaling pathway 
in HCC
HCC is a prevalent cancer globally and a serious threat 
to human health [108]. Despite extensive research 
that has advanced our understanding of the molecular 

mechanisms involved in the development and progres-
sion of HCC, the prognosis of advanced-stage HCC 
remains poor. Therefore, there is an urgent requirement 
for novel and efficient therapies to enhance patient clini-
cal results [109]. An increasing amount of data indi-
cates that the Notch pathway is significantly involved in 
the progression of HCC [110]. There has been extensive 
research into the expression and clinical potential of 
Notch family members in HCC (Table 2). The four Notch 
receptors are all expressed in HCC cells and have differ-
ent distributions in cell subcells. First, both Notch1-4 
can be expressed in the cytoplasm. Second, Notch1 
and Notch4 can also be expressed in the nucleus [105]. 
Analysis of Notch and its target genes in HCC revealed 
that Notch3 and Notch4 were abnormally expressed 
in cancerous tissue compared with para-cancer tissue 
[111]. Another study corroborated these findings, indi-
cating that normal liver tissues hardly express Notch3 
and Notch4, whereas human HepG2 cell lines exhibited 
high expression levels of Notch3 and low expression 
levels of Notch4 [112]. Ann and colleagues studied 288 
patients with HCC and showed that Notch1, Notch3, 
and Notch4 proteins were overexpressed in HCC com-
pared to normal liver tissues. In addition, this study 
also demonstrated that Notch1 and Notch4 may be uti-
lized as immunohistochemical biomarkers to identify 
patients with shorter disease-specific survival [113]. In a 
study conducted by Gao et al., it was observed that HBx 
upregulated the expression of cytoplasmic Notch1 and 
nuclear Notch4 in HepG2X cells. Furthermore, Notch1 
upregulation by HBx was mediated by the p38 MAPK 
pathway [114]. A previous study conducted also found 
that a strong correlation between elevated JAG1 expres-
sion and HBx presence in HCC tissues [115]. Combined 
with the previous studies, it has been found that both 
Notch1 and Notch2 may promote the occurrence of liver 
cancer in humans [116]. Moreover, Hayashi et  al. sug-
gested that Notch2 played an essential role in promoting 
the aggressiveness and morphological transformation of 
HCC cells and supported that only Notch2 was found to 
be significantly associated with advanced clinical staging 
in primary HCC [117]. Dill et al. investigated the results 
of constitutive Notch2 signaling in the oncogenic model 
of DEN, which reported that constitutive Notch2 signal-
ing accelerated the growth of HCC. Moreover, Notch3 
and Notch4 were not expressed in chronic hepatitis and 
normal liver tissue surrounding HCC but were aberrantly 
expressed in HCC tissues. In addition to protein expres-
sion levels, studies have observed an upregulation of 
Notch3 mRNA in HCC [116, 118]. Similarly, Notch3 had 
also been reported to be overexpressed in HCC [119]. 
Studies has implicated a robust association between the 
presence of HBx and the expression of JAG1 in HCC 
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tissues, with significantly higher levels of JAG1 observed 
in HCC tissues compared to adjacent on-tumor liver tis-
sues [115]. Interestingly, the expression levels of DLL4 in 
tumor tissues were notably reduced compared to adja-
cent non-tumor tissues, and DLL4 expression was inde-
pendent of any clinical parameters [120]. However, the 
role of DLL4 in HCC is largely unknown. Compared to 
normal tumor-adjacent tissues, JAG2 protein expression 
was significantly upregulated in HCC tissues. Addition-
ally, JAG2 was significantly associated with intrahepatic 
metastasis and advanced TNM staging [121]. Conversely, 
evidence suggests that DLL3 expression negatively regu-
lates HCC cell growth by suppressing Notch, andDLL3 
is silenced by methylation in human HCC [122]. These 
studies reveal the key regulatory roles of Notch recep-
tors and ligands in the development of HCC, highlighting 
their potentials therapeutic targets and prognostic indi-
cators for HCC.

Additional research has emerged regarding inhibitors 
of the Notch pathway. For example, a study suggested 
that miR-148a may function as a suppressor of Notch, 
thereby inhibiting tumor growth and development in 
HCC [123]. At present, chemotherapy drugs are used to 
treat HCC. However, resistance to such treatment often 
develops, presenting a significant challenge for patients. 
Sorafenib, an oral multikinase inhibitor, is an effec-
tive first-line treatment for advanced-stage liver cancer. 
Despite promising results, the development of sorafenib 
resistance is becoming more common, and alternative 
therapies must be explored [124]. In the Notch pathway, 

ADAM-17 is an essential enzyme responsible for activat-
ing and cleaving the Notch protein. Studies have shown 
that ZLDI-8, a novel ADAM-17 inhibitor, can increase 
the sensitivity of HCC cells to sorafenib and inhibit 
tumor growth by suppressing the Notch pathway, specifi-
cally Notch1 [100, 125]. Additionally, another report cor-
roborated these findings, revealing that ZLDI-8 blocked 
Notch and subsequently suppressed HCC proliferation 
and metastasis [126]. Therefore, ZLDI-8 maybe a poten-
tially effective tool for the treatment of MDR HCC.

As previously mentioned, γ-secretase is a membrane-
bound protease responsible for S3 cleavage of Notch. 
Due to the significant role in the Notch pathway, there 
has been growing interest in γ-secretase inhibitors (GSIs) 
as cancer therapeutics [127]. Han et al. found that GSI-I 
combined with IL-24 downregulated Notch1, promot-
ing apoptosis of HepG2 cells while reducing their migra-
tion and invasion abilities [128]. Furthermore, Shen et al. 
compared the effects of four different GSIs and showed 
that GSI-I was more effective than GSI-IX, GSI-X, and 
GSI-XXI in inhibiting the growth of HCC cells. Research-
ers attributed the inhibition of cell growth to the suppres-
sion of the Notch signaling pathway. However, the results 
indicated that the effect of GSI-I depended on the pres-
ence of JAG1 [129]. These studies suggest that GSIs may 
be a promising treatment strategy for HCC.

DAPT represents another widely used GSI in can-
cer therapy. Qiu et  al. explored the potential efficacy 
of DAPT in HCC. They found that DAPT markedly 
blocked Notch1/HES1 signaling and inhibited HCC cell 

Table 2 Clinical potential of Notch signaling pathway in HCC

Notch component Expression Clinical feature Clinical application Refs.

Notch1 Upregulated Disease-specific survival Predicting poor prognosis [112]

Notch2 Upregulated Clinical stages Predicting poor prognosis [116]

Notch3 Upregulated TNM stage, overall survival Predicting poor prognosis [118]

Notch4 Upregulated Disease-specific survival Predicting poor prognosis [112]

JAG1 Upregulated Differentiation grade Predicting poor prognosis [114]

JAG2 Upregulated Advanced TNM stage and intrahepatic metastasis Predicting poor prognosis [120]

DLL4 Downregulated / / [119]

NICD / ZLDI-8 improves chemotherapy sensitivity and inhibits tumor growth Clinical targets [99]

Notch2 Upregulated miR-148a treatment effectively decreases tumor growth and prevents tumor 
development

Clinical targets [122]

Notch1 Upregulated ZLDI-8 reduces the resistance of HCC cells to sorafenib and inhibits tumor 
growth

Clinical targets [124]

Notch1, HES1 Upregulated ZLDI-8 inhibits the proliferation and metastasis of HCC Clinical targets [125]

Notch1 Upregulated GSI-I + IL-24 downregulated Notch1 to promote apoptosis of HCC cells 
and reduce the migration and invasion ability of HCC cells

Clinical targets [127]

JAG1 Upregulated GSI-I inhibits HCC cell growth Clinical targets [128]

Notch1, HES1 Upregulated DAPT inhibits tumor growth Clinical targets [129]

Notch1 Upregulated SIL inhibits the growth of HCC cells Clinical targets [131]
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proliferation and migration, supporting the anti-tumor 
effects of DAPT [130]. Accumulating evidence suggests 
that DAPT-mediated Notch inhibition may modulate the 
effects of other protein molecules involved in HCC [131]. 
For example, silybin (SIL), an antioxidant compound, can 
reduce the expression of Notch1 and exert hepatoprotec-
tive and anti-tumor effects. When combined with DAPT, 
SIL exhibited significantly enhanced anti-tumor activity 
[132].

These investigations have shown that inhibitors target-
ing Notch signaling can effectively suppress the devel-
opment of HCC (Fig.  3). However, research on various 
receptor and ligand inhibitors are insufficient, and large-
scale clinical trials are necessary to verify the efficacy and 
safety of these targeted therapies in HCC treatment.

Conclusion
HCC is a highly aggressive disease with a high mortal-
ity rate [133]. In HCC, the Notch signaling pathway is 
aberrantly expressed. In this review, we discussed how 
Notch components are implicated in the development, 
progression, and prognosis of HCC by modulating cell 

proliferation, CSC properties, EMT, and drug resist-
ance. Specific mechanistic processes of Notch acti-
vation provide a new direction for HCC treatment. 
However, Notch is highly complex, and controversial 
reports suggest that Notch is a tumor suppressor in 
HCC. Moreover, therapeutic strategies targeting Notch 
signaling, such as γ-secretase inhibitors, have shown 
promise in inhibiting the development and progres-
sion of HCC and increasing drug sensitivity. However, 
further investigation is required to uncover the diverse 
molecular mechanisms of Notch in HCC and to develop 
more effective therapies. And targeting the clinical and 
therapeutic potential of Notch signaling in HCC is an 
important direction for future research. Future stud-
ies need to further explore the molecular mechanisms 
of the Notch signaling pathway in HCC, including its 
specific role in tumor development and interactions 
with other signaling pathways. In addition, new drugs 
and therapeutic approaches need to be developed and 
tested to more precisely target the Notch signaling 
pathway to improve the efficacy of HCC treatments and 
reduce side effects.

Fig. 3 Treatment strategies for Notch signaling pathway in HCC. ADAM-17, an essential enzyme responsible for activating and cleaving the Notch 
protein; ZLDI-8, a novel ADAM-17 inhibitor; Mir-148a, noncoding RNAs; γ-secretase, a membrane-bound protease responsible for S3 cleavage 
of Notch; GSI-I, γ-secretase inhibitors; DAPT, γ-secretase inhibitors
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Immunotherapy is widely used as a novel therapeu-
tic approach in the treatment of tumors and has shown 
some effectiveness in the treatment of HCC, but approx-
imately 30% of HCC exhibits resistance to immune 
checkpoint inhibitors (ICIs), which necessitates new 
therapeutic combinations. It has been suggested that 
aberrant regulation of the Notch signaling pathway may 
affect immune cell responses, and therefore, therapeutic 
strategies targeting Notch signaling may be combined 
with immunotherapy to improve therapeutic efficacy 
[134]. Macrophages play a crucial role in the tumor 
microenvironment, especially in HCC, where they are 
not only involved in tumor progression and metastasis, 
but are also closely associated with the immunoregula-
tion of the tumor microenvironment [135]. The Notch 
pathway, as an intercellular communication mechanism, 
plays a central regulatory role in macrophage polariza-
tion and function. It has been shown that activation of 
Notch signaling induces macrophage differentiation 
toward pro-inflammatory M1 type, which is involved in 
inflammatory response and anti-tumor activity; whereas 
blocking Notch signaling leads to macrophage polariza-
tion toward immunosuppressive M2 type, which inhib-
its inflammatory response and promotes tumor growth 
[136]. In addition, the Notch pathway plays an essential 
role in the regulation of a subpopulation of tumor-asso-
ciated macrophages (TAMs) in HCC. In HCC, Notch 
blockade inhibited monocyte differentiation to TAMs, 
but promoted the proliferation and pro-tumor phenotype 
of kclTAMs. Blockade of the Notch pathway led to higher 
expression of IL-10 and PD-L1/2 by kclTAMs, which may 
have suppressed the anti-tumor immune response and 
promoted HCC progression [137].

Although there have been a number of therapies tar-
geting the Notch signaling pathway that have shown 
potential, there are continuing challenges. For example, 
the development of chemoresistance is a major problem 
in the treatment of HCC, and further research into the 
role of the Notch signaling pathway in the development 
of chemoresistance is needed, as well as the develop-
ment of new strategies to overcome drug resistance. Con-
nexins are a group of tetraspan membrane proteins that 
form intercellular channels and are widely involved in the 
processes of tumorigenesis, progression, and chemore-
sistance. Hepatocytes predominantly express Cx32 and 
Cx26, and it has been shown that the expression of Cx32 
and CX26 is closely related to the sensitivity of HCC to 
chemotherapeutic drugs, and that CX32 downregula-
tion may enhance cell survival by activating the PI3K/Akt 
signaling pathway and the Src/FAK signaling pathway 
[138].

In addition, the integration of Notch-targeted 
approaches into clinical practice for HCC may require 

multiple efforts. First, the safety and efficacy of these 
treatments need to be validated through large-scale 
clinical trials. Second, personalized medicine strat-
egies may need to be developed to select the most 
appropriate treatment regimen for different patients. 
Finally, awareness and acceptance of these emerging 
treatments need to be increased.

Abbreviations
HCC  Hepatocellular carcinoma
T-ALL  T-cell acute lymphoblastic leukemia
DLL3  Delta-like ligand-3
NECD  Notch extracellular domain
TMD  Notch transmembrane domain
NICD  Notch intracellular domain
TAD  Notch transcriptional transactivation domain
NRR  A region of negative regulation
LNRs  Lin12-Notch repeats
DLL1  Delta-like ligand-1
DLL3  Delta-like ligand-1
DLL4  Delta-like ligand-4
JAG1  Jagged ligand-1
JAG2  Jagged ligand-2
NEXT  Notch extracellular truncation
EMT  Epithelial-to-mesenchymal transition
CSC  Cancer stem cell-like
MCUR1  Mitochondrial calcium uniporter regulator 1
RNF187  Ring finger protein 187
ACTL6A  Actin-like 6A
SOX2  Sex-determining region Y-box2
NCSTN  Nicastrin
SKA  Spindle and kinetochore-associated
CAFs  Cancer-associated fibroblasts
TM4SF1  A member of the transmembrane 4 super family
NOR1  The oxidored-nitro-domain containing protein 1
VPA  Valproic acid
HES1  Notch downstream target gene
KK-LC-1  Kita-Kyushu lung cancer antigen-1
HSCs  Hepatic stellate cells
EVs  The secretion of extracellular vesicles
PRDM16  The transcription factor positive regulatory domain I-containing 

protein 16
HBx  Hepatitis B virus protein X
INPP5F  Inositol polyphosphate 5-phosphatase F
HBV  Hepatitis B virus
HepG2  Human Hepatoma Cell Line
TNM  Tumor Node Metastasis Classification

Acknowledgements
Not applicable.

Author contributions
Chen Xue and Juan Li conceived the idea and wrote the manuscript. Leiya Fu, 
Xinyu Gu and Na Lou drafted and conceptualized for the manuscript. Leiya Fu 
designed the figures and revised the manuscript. Leiya Fu and Na Lou com-
pleted the tables. All authors have read and agreed to the published version 
of the manuscript.

Funding
This work was supported by the China Postdoctoral Science Foundation 
(2024T170826 and 2023M743200), and the Postdoctoral Fellowship Program 
of CPSF (GZC20232425).

Availability of data and materials
No datasets were generated or analysed during the current study.



Page 13 of 16Fu et al. European Journal of Medical Research          (2025) 30:402  

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 November 2024   Accepted: 22 April 2025

References
 1. Metz C, Bridges C. Incompatibility of mutant races in drosophila. Proc 

Natl Acad Sci USA. 1917;3:673–8. https:// doi. org/ 10. 1073/ pnas.3. 12. 673.
 2. Kopan R, Ilagan MXG. The canonical Notch signaling pathway: unfold-

ing the activation mechanism. Cell. 2009. https:// doi. org/ 10. 1016/j. cell. 
2009. 03. 045.

 3. Susanne F, Tamar K, Jeremiah B-L, Julia KL, Tania W, Jaba G, Dustin K, 
Bin L, Anne MH, Esther B, Adan Chari J, Stephan H, Melanie R-H, Ralf 
HA, Daniel RE, Sibylle VV, Reinhold F, Denise H-K, Hermann H, Tatiana 
VP, Florian PL. Loss of vascular endothelial notch signaling promotes 
spontaneous formation of tertiary lymphoid structures. Nat Commun. 
2022. https:// doi. org/ 10. 1038/ s41467- 022- 29701-x.

 4. Tobias MB, Shan J, Anke B, Sabine B, Peter RM, Karl-Heinz F, Timur Y, 
Johannes K. Relevance of Notch signaling for bone metabolism and 
regeneration. Int J Mol Sci. 2021. https:// doi. org/ 10. 3390/ ijms2 20313 25.

 5. Ye T, Ying X, Qin F, Martin C, Yongjun W, Xifu S, Chao W, John VM, Yufeng 
D. Notch inhibits chondrogenic differentiation of mesenchymal pro-
genitor cells by targeting Twist1. Mol Cell Endocrinol. 2015. https:// doi. 
org/ 10. 1016/j. mce. 2015. 01. 015.

 6. Young Suk S, Hae Sang L, Jin SH. Aberrant Notch signaling pathway as a 
potential mechanism of central precocious puberty. Int J Mol Sci. 2022. 
https:// doi. org/ 10. 3390/ ijms2 30633 32.

 7. Yan Z, Tingting W, Sanlan W, Li T, Jia W, Jinghan Y, Shanglong Y, Yan Z. 
Notch signaling pathway: a new target for neuropathic pain therapy. J 
Headache Pain. 2023. https:// doi. org/ 10. 1186/ s10194- 023- 01616-y.

 8. Xinxin L, Xianchun Y, Yufeng W, Balveen K, Hua H, Jianhua Y. The Notch 
signaling pathway: a potential target for cancer immunotherapy. J 
Hematol Oncol. 2023. https:// doi. org/ 10. 1186/ s13045- 023- 01439-z.

 9. Julia OM, Alicja P-P, Joanna K, Beata P, Katarzyna R, Adolfo R-M, Matthias 
N. Context matters: NOTCH signatures and pathway in cancer progres-
sion and metastasis. Cells. 2021. https:// doi. org/ 10. 3390/ cells 10010 094.

 10. Charles MR, Martin R, Melissa LJ, Fiona B, Christine LH, James Chih-Hsin 
Y, Julie MB, Gwyn B, Amanda G, John U, Luis P-A. Emerging therapies 
targeting the delta-like ligand-3 (DLL3) in small-cell lung cancer. J 
Hematol Oncol. 2023. https:// doi. org/ 10. 1186/ s13045- 023- 01464-y.

 11. Andrew B, Laura AD. Radiotherapy for HCC: ready for prime time? JHEP 
Rep. 2020. https:// doi. org/ 10. 1016/j. jhepr. 2019. 05. 004.

 12. David A, Santosh Kumar S, Shriti S, Varma S, Rajesh S. Challenges in liver 
cancer and possible treatment approaches. Biochim Biophys Acta Rev 
Cancer. 2019. https:// doi. org/ 10. 1016/j. bbcan. 2019. 188314.

 13. Zachariah HF, Akshaya VA, Kavya B, Daniel CB, Nicholas AV, Jamie EM, 
Dimitrios M, Stephen C, Noushin N, Harry TL, Michael GG, Robert AA, 
Jing S, Shruti HM, David LT, Gregory DK, Vilmos A, Jillian P, Robert BS, 
Amy KK, Victor EV. Detecting liver cancer using cell-free DNA frag-
mentomes. Cancer Discov. 2022. https:// doi. org/ 10. 1158/ 2159- 8290. 
Cd- 22- 0659.

 14. Melissa MC, Ahmedin J. International trends in liver cancer incidence 
rates. Cancer Epidemiol Biomarkers Prev. 2011. https:// doi. org/ 10. 1158/ 
1055- 9965. Epi- 11- 0643.

 15. Hiroaki T. Liver cancer 2.0. Int J Mol Sci. 2023. https:// doi. org/ 10. 3390/ 
ijms2 42417 275.

 16. Yunxing S, Yi N, Yichuan Y, Kai L, Chengrui Z, Zhiyu Q, Keren L, Zhu L, 
Zhiwen Y, Dinglan Z, Jiliang Q, Wei H, Chenwei W, Yadi L, Guocan W, 

Yunfei Y, Binkui L. PRMT3-mediated arginine methylation of IGF2BP1 
promotes oxaliplatin resistance in liver cancer. Nat Commun. 2023. 
https:// doi. org/ 10. 1038/ s41467- 023- 37542-5.

 17. Freddie B, Jacques F, Isabelle S, Rebecca LS, Lindsey AT, Ahmedin J. 
Global cancer statistics 2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018. https:// doi. org/ 10. 3322/ caac. 21492.

 18. Désert R, Nieto N, Musso O. Dimensions of hepatocellular carcinoma 
phenotypic diversity. World J Gastroenterol. 2018;24:4536–47. https:// 
doi. org/ 10. 3748/ wjg. v24. i40. 4536.

 19. Xu H, Wang L. The role of notch signaling pathway in non-Alcoholic 
fatty liver disease. Front Mol Biosci 2021;8:792667. https:// doi. org/ 10. 
3389/ fmolb. 2021. 792667

 20. Zhu C, Ho YJ, Salomao MA, Dapito DH, Bartolome A, Schwabe RF, Lee JS, 
Lowe SW, Pajvani UB. Notchactivity characterizes a common hepatocel-
lular carcinoma subtype with unique molecular and clinicopathologic 
features. JHepatol 2021;74:613-626. https:// doi. org/ 10. 1016/j. jhep. 2020. 
09. 032

 21. Ronghua W, Qian S, Peng W, Man L, Si X, Jing L, Hai H, Qiang D, David 
AG, Bin C. Notch and Wnt/β-catenin signaling pathway play important 
roles in activating liver cancer stem cells. Oncotarget. 2016. https:// doi. 
org/ 10. 18632/ oncot arget. 6805.

 22. Binghan Z, Wanling L, Yaling L, Yunkai Y, Huan Z, Kongming W, Qian 
C. Notch signaling pathway: architecture, disease, and therapeu-
tics. Signal Transduct Target Ther. 2022. https:// doi. org/ 10. 1038/ 
s41392- 022- 00934-y.

 23. Blaumueller CM, Qi H, Zagouras P, Artavanis-Tsakonas S. Intracellular 
cleavage of Notch leads to a heterodimeric receptor on the plasma 
membrane. Cell. 1997. https:// doi. org/ 10. 1016/ s0092- 8674(00) 80336-0.

 24. Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R, Israel A. Signalling 
downstream of activated mammalian Notch. Nature. 1995. https:// doi. 
org/ 10. 1038/ 37735 5a0.

 25. Kathleen MC, Sharon RP. The Notch signaling pathway as a mediator of 
tumor survival. Carcinogenesis. 2013. https:// doi. org/ 10. 1093/ carcin/ 
bgt127.

 26. Ohishi K, Varnum-Finney B, Flowers D, Anasetti C, Myerson D, Bernstein 
ID. Monocytes express high amounts of Notch and undergo cytokine 
specific apoptosis following interaction with the Notch ligand, Delta-1. 
Blood. 2000;95:2847.

 27. Rebecca AP, Robert LC, Adrian LH, Anil KS. Molecular pathways: trans-
lational and therapeutic implications of the Notch signaling pathway 
in cancer. Clin Cancer Res. 2014. https:// doi. org/ 10. 1158/ 1078- 0432. 
Ccr- 14- 0809.

 28. Ruijun P, Zhou Z, Hongtao J, Junjun M, Chao W, Pei X, Wei C, Xiaoping 
Z, Jing S. CAMTA1-PPP3CA-NFATc4 multi-protein complex mediates the 
resistance of colorectal cancer to oxaliplatin. Cell Death Discov. 2022. 
https:// doi. org/ 10. 1038/ s41420- 022- 00912-x.

 29. Rhett AK, Brian G, David S, Raphael K. The canonical Notch signaling 
pathway: structural and biochemical insights into shape, sugar, and 
force. Dev Cell. 2017. https:// doi. org/ 10. 1016/j. devcel. 2017. 04. 001.

 30. Michael MW. Notch signaling and Notch signaling modifiers. Int J 
Biochem Cell Biol. 2011. https:// doi. org/ 10. 1016/j. biocel. 2011. 08. 005.

 31. Shimizu K, Chiba S, Kumano K, Hosoya N, Takahashi T, Kanda Y, Hamada 
Y, Yazaki Y, Hirai H. Mouse jagged1 physically interacts with notch2 and 
other notch receptors. Assessment by quantitative methods. J Biol 
Chem. 1999. https:// doi. org/ 10. 1074/ jbc. 274. 46. 32961.

 32. Jeffries S, Capobianco AJ. Neoplastic transformation by Notch requires 
nuclear localization. Mol Cell Biol. 2000. https:// doi. org/ 10. 1128/ mcb. 20. 
11. 3928- 3941. 2000.

 33. Yi L, Robert SH. O-fucosylation of notch occurs in the endoplasmic 
reticulum. J Biol Chem. 2005. https:// doi. org/ 10. 1074/ jbc. M4145 74200.

 34. Catia G, Francesca F, Fabio P, Laura G. Notch signaling regulation in HCC: 
from hepatitis virus to non-coding RNAs. Cells. 2021. https:// doi. org/ 10. 
3390/ cells 10030 521.

 35. David C, Philippos M, Stefanie JJB, Arie BB, Shahragim T, Hendrik GS. 
Dynamic binding of RBPJ is determined by Notch signaling status. 
Genes Dev. 2013. https:// doi. org/ 10. 1101/ gad. 211912. 112.

 36. Sudha BS, Cristina NC, Amanda C-P, Matthew GV, Henry CL. Notch 
signaling pathway is activated by sulfate reducing bacteria. Front Cell 
Infect Microbiol. 2021. https:// doi. org/ 10. 3389/ fcimb. 2021. 695299.

https://doi.org/10.1073/pnas.3.12.673
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1038/s41467-022-29701-x
https://doi.org/10.3390/ijms22031325
https://doi.org/10.1016/j.mce.2015.01.015
https://doi.org/10.1016/j.mce.2015.01.015
https://doi.org/10.3390/ijms23063332
https://doi.org/10.1186/s10194-023-01616-y
https://doi.org/10.1186/s13045-023-01439-z
https://doi.org/10.3390/cells10010094
https://doi.org/10.1186/s13045-023-01464-y
https://doi.org/10.1016/j.jhepr.2019.05.004
https://doi.org/10.1016/j.bbcan.2019.188314
https://doi.org/10.1158/2159-8290.Cd-22-0659
https://doi.org/10.1158/2159-8290.Cd-22-0659
https://doi.org/10.1158/1055-9965.Epi-11-0643
https://doi.org/10.1158/1055-9965.Epi-11-0643
https://doi.org/10.3390/ijms242417275
https://doi.org/10.3390/ijms242417275
https://doi.org/10.1038/s41467-023-37542-5
https://doi.org/10.3322/caac.21492
https://doi.org/10.3748/wjg.v24.i40.4536
https://doi.org/10.3748/wjg.v24.i40.4536
https://doi.org/10.3389/fmolb.2021.792667
https://doi.org/10.3389/fmolb.2021.792667
https://doi.org/10.1016/j.jhep.2020.09.032
https://doi.org/10.1016/j.jhep.2020.09.032
https://doi.org/10.18632/oncotarget.6805
https://doi.org/10.18632/oncotarget.6805
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1016/s0092-8674(00)80336-0
https://doi.org/10.1038/377355a0
https://doi.org/10.1038/377355a0
https://doi.org/10.1093/carcin/bgt127
https://doi.org/10.1093/carcin/bgt127
https://doi.org/10.1158/1078-0432.Ccr-14-0809
https://doi.org/10.1158/1078-0432.Ccr-14-0809
https://doi.org/10.1038/s41420-022-00912-x
https://doi.org/10.1016/j.devcel.2017.04.001
https://doi.org/10.1016/j.biocel.2011.08.005
https://doi.org/10.1074/jbc.274.46.32961
https://doi.org/10.1128/mcb.20.11.3928-3941.2000
https://doi.org/10.1128/mcb.20.11.3928-3941.2000
https://doi.org/10.1074/jbc.M414574200
https://doi.org/10.3390/cells10030521
https://doi.org/10.3390/cells10030521
https://doi.org/10.1101/gad.211912.112
https://doi.org/10.3389/fcimb.2021.695299


Page 14 of 16Fu et al. European Journal of Medical Research          (2025) 30:402 

 37. Samarpan M, Judy SC, Todd EG, Lisa MM, Barbara AO, Lucio M. Target-
ing Notch in oncology: the path forward. Nat Rev Drug Discov. 2020. 
https:// doi. org/ 10. 1038/ s41573- 020- 00091-3.

 38. Jin S, Mutvei AP, Chivukula IV, Andersson ER, Ramsköld D, Sandberg R, 
Lee KL, Kronqvist P, Mamaeva V, Östling P, Mpindi JP, et al. Non-canon-
ical Notch signaling activates IL-6/JAK/STAT signaling in breast tumor 
cells and is controlled by p53 and IKKα/IKKβ. Oncogene. 2012. https:// 
doi. org/ 10. 1038/ onc. 2012. 517.

 39. Nilay S, Xudong D, Christopher GW, Yibin K. Tumor-derived JAGGED1 
promotes osteolytic bone metastasis of breast cancer by engaging 
notch signaling in bone cells. Cancer Cell. 2011. https:// doi. org/ 10. 
1016/j. ccr. 2010. 12. 022.

 40. Yixin W, Jan GMK, Yi Z, Anieta MS, Maxime PL, Fei Y, Dmitri T, Mieke T, 
Marion EM-VG, Jack Y, Tim J, Els MJJB, David A, John AF. Gene-expres-
sion profiles to predict distant metastasis of lymph-node-negative 
primary breast cancer. Lancet. 2005. https:// doi. org/ 10. 1016/ s0140- 
6736(05) 17947-1.

 41. Olivier M, Patrick M. Notch signaling in the tumor microenvironment. 
Cancer Cell. 2018. https:// doi. org/ 10. 1016/j. ccell. 2018. 07. 009.

 42. Pengpeng B, Shihuan K. Notch signaling as a novel regulator of 
metabolism. Trends Endocrinol Metab. 2015. https:// doi. org/ 10. 1016/j. 
tem. 2015. 02. 006.

 43. Laura G, Catia G, Arianna L, Pasquale C, Matteo R, Annamaria V, Gian 
Luca G, Luigi B. Aberrant Notch3 and Notch4 expression in human 
hepatocellular carcinoma. Liver Int. 2007. https:// doi. org/ 10. 1111/j. 
1478- 3231. 2007. 01544.x.

 44. Raghu K, Robert AW. The basics of epithelial-mesenchymal transition. J 
Clin Invest. 2009. https:// doi. org/ 10. 1172/ jci39 104.

 45. Simona G, Camelia S, Annamaria F, Vlad B, Zsolt K, Ioan J. Systematic 
review of the old and new concepts in the epithelial-mesenchymal 
transition of colorectal cancer. World J Gastroenterol. 2016. https:// doi. 
org/ 10. 3748/ wjg. v22. i30. 6764.

 46. Sebastian K, Christian V, Stephan B, Wolfram TK, Nikolas HS, Daniel V. 
Expression of wingless-type mouse mammary tumor virus integration 
site family pathway effectors in lymphatic and hepatic metastases of 
patients with colorectal cancer: associations with the primary tumor. 
Oncol Lett. 2015. https:// doi. org/ 10. 3892/ ol. 2015. 3291.

 47. Ding Z, Xu F, Tang J, Li G, Jiang P, Tang Z, Wu H. Physcion 8-O-β-
glucopyranoside prevents hypoxia-induced epithelial-mesenchymal 
transition in colorectal cancer HCT116 cells by modulating EMMPRIN. 
Neoplasma. 2016. https:// doi. org/ 10. 4149/ 303_ 15072 3n405.

 48. Mingpeng J, Jiaojiao W, Xiaoying J, Haiyan C, Jianjun Z, Yibing C, Jin Y, 
Zheng Z, Tingting R, Jinliang X. MCUR1 facilitates epithelial-mesenchy-
mal transition and metastasis via the mitochondrial calcium dependent 
ROS/Nrf2/Notch pathway in hepatocellular carcinoma. J Exp Clin 
Cancer Res. 2019. https:// doi. org/ 10. 1186/ s13046- 019- 1135-x.

 49. Tingting R, Jiaojiao W, Hui Z, Peng Y, Jianjun Z, Yousheng W, Qichao H, 
Xu G, Jing Z, Lele J, Jibin L, Hongxin Z, Hushan Y, Jinliang X. MCUR1-
mediated mitochondrial calcium signaling facilitates cell survival of 
hepatocellular carcinoma via reactive oxygen species-dependent P53 
degradation. Antioxid Redox Signal. 2017. https:// doi. org/ 10. 1089/ ars. 
2017. 6990.

 50. Josep ML, Jessica Z-R, Eli P, Bruno S, Myron S, Morris S, Gregory G. 
Hepatocellular carcinoma. Nat Rev Dis Primers. 2016. https:// doi. org/ 10. 
1038/ nrdp. 2016. 18.

 51. Qian X, Huiling G, Peirong H, Huan D, Yanjun G, Ningning D, Wenbo N, 
Tiancai L, Ming L, Suihai W, Yingsong W, Ji-Liang L. Tspan5 promotes 
epithelial-mesenchymal transition and tumor metastasis of hepatocel-
lular carcinoma by activating Notch signalling. Mol Oncol. 2021. https:// 
doi. org/ 10. 1002/ 1878- 0261. 12980.

 52. Suyama M, Nagase T, Ohara O. HUGE: a database for human large 
proteins identified by Kazusa cDNA sequencing project. Nucleic Acids 
Res. 1998. https:// doi. org/ 10. 1093/ nar/ 27.1. 338.

 53. Yanhong W, Na L, Yanping Z, Anqing W, Chunlei Y, Zhenbo S, Shuyue W, 
Ying S, Lihua Z, Guannan W, Lei L, Jingwen Y, Yanxin H, Muqing Z, Yongli 
B, Luguo S. KIAA1217 promotes epithelial-mesenchymal transition and 
hepatocellular carcinoma metastasis by interacting with and activating 
STAT3. Int J Mol Sci. 2022. https:// doi. org/ 10. 3390/ ijms2 30101 04.

 54. Wang H, Song X, Liao H, Wang P, Zhang Y, Che L, Zhang J, Zhou Y, 
Cigliano A, Ament C, Superville D, Ribback S, Reeves M, Pes G, Liang B, 
Wu H, Evert M, Calvisi D, Zeng Y, Chen X. Overexpression of mothers 

against decapentaplegic homolog 7 activates the yes-associated 
protein/NOTCH cascade and promotes liver carcinogenesis in mice and 
humans. Hepatology. 2021;74:248–63. https:// doi. org/ 10. 1002/ hep. 
31692.

 55. Atanu C, Markus ED, Anastasia M, Olivier K, Axel B. The E3 ubiquitin 
ligase Trim7 mediates c-Jun/AP-1 activation by Ras signalling. Nat Com-
mun. 2015. https:// doi. org/ 10. 1038/ ncomm s7782.

 56. Clare CD, Atanu C, Filippo C, Katharina H, Jody JH, Axel B. Identification 
of a co-activator that links growth factor signalling to c-Jun/AP-1 activa-
tion. Nat Cell Biol. 2010. https:// doi. org/ 10. 1038/ ncb20 98.

 57. Lei Z, Jiewei C, Juanjuan Y, Liang Q, Leibo X, Chao L. An essential role of 
RNF187 in Notch1 mediated metastasis of hepatocellular carcinoma. J 
Exp Clin Cancer Res. 2019. https:// doi. org/ 10. 1186/ s13046- 019- 1382-x.

 58. Shuai X, Rui-Min C, Ming-Yang Y, Xiong L, Xiao L, Wen-Bin G, Jing-Lei X, 
Lian-Yue Y. Actin-like 6A predicts poor prognosis of hepatocellular carci-
noma and promotes metastasis and epithelial-mesenchymal transition. 
Hepatology. 2015. https:// doi. org/ 10. 1002/ hep. 28417.

 59. Hui L, Tian L, Lin X, Hailing L, Jinju W, Jiaxin L, Xiangzheng C, Jiwei H, 
Xuefeng L, Kefei Y, Yong Z, Hong W. Correction: NCSTN promotes hepa-
tocellular carcinoma cell growth and metastasis via β-catenin activation 
in a Notch1/AKT dependent manner. J Exp Clin Cancer Res. 2023;42:47.

 60. Lee TKW, Castilho A, Ma S, Ng IOL. Liver cancer stem cells: implications 
for a new therapeutic target. Liver Int. 2009. https:// doi. org/ 10. 1111/j. 
1478- 3231. 2009. 02040.x.

 61. Claudia P, Anna T, Klaus P, Anna D. Cancer stem cells: the root of tumor 
recurrence and metastases. Semin Cancer Biol. 2017. https:// doi. org/ 10. 
1016/j. semca ncer. 2017. 02. 011.

 62. Tianzhi H, Xiao S, Dandan X, Deanna T, Anshika G, Bingli W, Namratha S, 
Bo H, Shi-Yuan C. Stem cell programs in cancer initiation, progression, 
and therapy resistance. Theranostics. 2020. https:// doi. org/ 10. 7150/ 
thno. 41648.

 63. Yu-Chin L, Chau-Ting Y, Kwang-Huei L. Cancer stem cell functions in 
hepatocellular carcinoma and comprehensive therapeutic strategies. 
Cells. 2020. https:// doi. org/ 10. 3390/ cells 90613 31.

 64. Zhe G, Le-Qun L, Jing-Hang J, Chao O, Li-Xia Z, Bang-De X. Cancer stem 
cell markers correlate with early recurrence and survival in hepatocellu-
lar carcinoma. World J Gastroenterol. 2014. https:// doi. org/ 10. 3748/ wjg. 
v20. i8. 2098.

 65. Zhen Z, Jinyu R, Maura ON, Jie Z, Brian B, Josiah C, Bashar A, Timothy MS, 
Sean CK, Steven AW. Impact of stem cell marker expression on recur-
rence of TACE-treated hepatocellular carcinoma post liver transplanta-
tion. BMC Cancer. 2012. https:// doi. org/ 10. 1186/ 1471- 2407- 12- 584.

 66. Jing L, Peng W, Ronghua W, Jinlin W, Man L, Si X, Yawen L, Bin C. The 
Notch pathway promotes the cancer stem cell characteristics of CD90+ 
cells in hepatocellular carcinoma. Oncotarget. 2016. https:// doi. org/ 10. 
18632/ oncot arget. 6672.

 67. Arockia JA, Anna S, Uma J, Ying Wai C, Christian B, Erich AN, Elena 
C. Structural and functional organization of the Ska complex, a key 
component of the kinetochore-microtubule interface. Mol Cell. 2012. 
https:// doi. org/ 10. 1016/j. molcel. 2012. 03. 005.

 68. Sushama S, Paweł ŁJ, Qianhui Q, Chad AB, Todd P, S, Hongtao Y and 
Gary J G. The human SKA complex drives the metaphase-anaphase cell 
cycle transition by recruiting protein phosphatase 1 to kinetochores. 
Elife. 2016. https:// doi. org/ 10. 7554/ eLife. 12902.

 69. Jia L, Jim WX, Vida K, Fatma V, Madeleine M, Andrew S, Burton BY, Bai-
Jun D, Yi-Ran H, Wei-Qiang G. SKA1 over-expression promotes centriole 
over-duplication, centrosome amplification and prostate tumourigen-
esis. J Pathol. 2014. https:// doi. org/ 10. 1002/ path. 4374.

 70. Tong L, Xu L, Bin X, Wei W, Yi Z, Juanjuan L, Lumin W, Yuting Q, Hui X, 
Mingping X, Qi W, Lifu W. SKA1 regulates actin cytoskeleton remodel-
ling via activating Cdc42 and influences the migration of pancreatic 
ductal adenocarcinoma cells. Cell Prolif. 2020. https:// doi. org/ 10. 1111/ 
cpr. 12799.

 71. Wei G, Yuliang Z, Hongjie L, Min N, Xiwang Z, Wanglai H, Jiajia C, Xuting 
X, Yunfeng B, Fengsheng D, Yan L, Dongli Y, Yujia G, Huina G, Huizheng 
L, Yu Z, Tao Y, Li L, Linshi Z, Rui H, Shuxin W, Changming A, Teng M, Lei 
J, Wei X, Yongyan W. Targeting SKA3 suppresses the proliferation and 
chemoresistance of laryngeal squamous cell carcinoma via impairing 
PLK1-AKT axis-mediated glycolysis. Cell Death Dis. 2020. https:// doi. org/ 
10. 1038/ s41419- 020- 03104-6.

https://doi.org/10.1038/s41573-020-00091-3
https://doi.org/10.1038/onc.2012.517
https://doi.org/10.1038/onc.2012.517
https://doi.org/10.1016/j.ccr.2010.12.022
https://doi.org/10.1016/j.ccr.2010.12.022
https://doi.org/10.1016/s0140-6736(05)17947-1
https://doi.org/10.1016/s0140-6736(05)17947-1
https://doi.org/10.1016/j.ccell.2018.07.009
https://doi.org/10.1016/j.tem.2015.02.006
https://doi.org/10.1016/j.tem.2015.02.006
https://doi.org/10.1111/j.1478-3231.2007.01544.x
https://doi.org/10.1111/j.1478-3231.2007.01544.x
https://doi.org/10.1172/jci39104
https://doi.org/10.3748/wjg.v22.i30.6764
https://doi.org/10.3748/wjg.v22.i30.6764
https://doi.org/10.3892/ol.2015.3291
https://doi.org/10.4149/303_150723n405
https://doi.org/10.1186/s13046-019-1135-x
https://doi.org/10.1089/ars.2017.6990
https://doi.org/10.1089/ars.2017.6990
https://doi.org/10.1038/nrdp.2016.18
https://doi.org/10.1038/nrdp.2016.18
https://doi.org/10.1002/1878-0261.12980
https://doi.org/10.1002/1878-0261.12980
https://doi.org/10.1093/nar/27.1.338
https://doi.org/10.3390/ijms23010104
https://doi.org/10.1002/hep.31692
https://doi.org/10.1002/hep.31692
https://doi.org/10.1038/ncomms7782
https://doi.org/10.1038/ncb2098
https://doi.org/10.1186/s13046-019-1382-x
https://doi.org/10.1002/hep.28417
https://doi.org/10.1111/j.1478-3231.2009.02040.x
https://doi.org/10.1111/j.1478-3231.2009.02040.x
https://doi.org/10.1016/j.semcancer.2017.02.011
https://doi.org/10.1016/j.semcancer.2017.02.011
https://doi.org/10.7150/thno.41648
https://doi.org/10.7150/thno.41648
https://doi.org/10.3390/cells9061331
https://doi.org/10.3748/wjg.v20.i8.2098
https://doi.org/10.3748/wjg.v20.i8.2098
https://doi.org/10.1186/1471-2407-12-584
https://doi.org/10.18632/oncotarget.6672
https://doi.org/10.18632/oncotarget.6672
https://doi.org/10.1016/j.molcel.2012.03.005
https://doi.org/10.7554/eLife.12902
https://doi.org/10.1002/path.4374
https://doi.org/10.1111/cpr.12799
https://doi.org/10.1111/cpr.12799
https://doi.org/10.1038/s41419-020-03104-6
https://doi.org/10.1038/s41419-020-03104-6


Page 15 of 16Fu et al. European Journal of Medical Research          (2025) 30:402  

 72. Yuchen H, Ziming W, Shanzhou H, Chengjun S, Jingya Z, Jiayu S, 
Zhongqiu L, Zekang W, Xiaoshun H, Nga Lei T, Linwei W. SKA3 Promotes 
tumor growth by regulating CDK2/P53 phosphorylation in hepa-
tocellular carcinoma. Cell Death Dis. 2019. https:// doi. org/ 10. 1038/ 
s41419- 019- 2163-3.

 73. Shuya B, Wei C, Mengli Z, Xiju W, Wang P, Yuchong Z, Yun W, Si X, Bin 
C. Spindle and kinetochore-associated complex subunit 3 (SKA3) 
promotes stem cell-like properties of hepatocellular carcinoma cells 
through activating Notch signaling pathway. Ann Transl Med. 2021. 
https:// doi. org/ 10. 21037/ atm- 21- 1572.

 74. Tao M, Daoyuan W, Jiajun W, Yihui X, Anfang F, Xiaocheng C, Jianguo 
C, Kaiqun R. KCTD10 functions as a tumor suppressor in hepatocellular 
carcinoma by triggering the Notch signaling pathway. Am J Transl Res. 
2023;15:125.

 75. Shanshan W, Ende Z, Ilona K, Linda V, Anna S, Gregory L, Diane MS, 
Weiping Z, Theodore HW. Tumor-associated macrophages produce 
interleukin 6 and signal via STAT3 to promote expansion of human 
hepatocellular carcinoma stem cells. Gastroenterology. 2014. https:// 
doi. org/ 10. 1053/j. gastro. 2014. 08. 039.

 76. Si X, Ronghua W, Qian C, Jing L, Jinlin W, Zhenxiong Z, Yawen L, Yun 
W, Xiju W, Bin C. Cancer-associated fibroblasts promote stem cell-like 
properties of hepatocellular carcinoma cells through IL-6/STAT3/Notch 
signaling. Am J Cancer Res. 2018;8:302.

 77. Qiang T, Jinhuang C, Ziyang D, Wenzheng Y, Zili Z, Zhengyi L, Shengbo 
H, Yanwei L, Guoguang Y, Xiaogang S, Maojun D. TM4SF1 promotes 
EMT and cancer stemness via the Wnt/β-catenin/SOX2 pathway in 
colorectal cancer. J Exp Clin Cancer Res. 2020. https:// doi. org/ 10. 1186/ 
s13046- 020- 01690-z.

 78. Jia C, Jiachun Y, Vijaya R, Thiruvengadam A, Defeng D, Zhaoshen L, 
Leiming X, Craig DL. TM4SF1 promotes gemcitabine resistance of 
pancreatic cancer in vitro and in vivo. PLoS ONE. 2015. https:// doi. org/ 
10. 1371/ journ al. pone. 01449 69.

 79. Yu-Kun H, Xue-Gong F, Fu Q. TM4SF1 promotes proliferation, invasion, 
and metastasis in human liver cancer cells. Int J Mol Sci. 2016. https:// 
doi. org/ 10. 3390/ ijms1 70506 61.

 80. Rui C, Gang W, Kaiyu Q, Liang C, Lingao J, Guofeng Q, Chin-Lee W, 
Han CD, Wei J, Min W, Yu X, Xinghuan W. TM4SF1 regulates apoptosis, 
cell cycle and ROS metabolism via the PPARγ-SIRT1 feedback loop 
in human bladder cancer cells. Cancer Lett. 2017. https:// doi. org/ 10. 
1016/j. canlet. 2017. 11. 015.

 81. Si-Bo Y, Zi-Han Z, Jin L, Xiao-Wen L, Qian C, Bo L, Ye-Wei Z, Yu-Zhen G, 
Shi Z. TM4SF1 upregulates MYH9 to activate the NOTCH pathway to 
promote cancer stemness and lenvatinib resistance in HCC. Biol Direct. 
2023. https:// doi. org/ 10. 1186/ s13062- 023- 00376-8.

 82. Gao J, Dong Y, Zhang B, Xiong Y, Xu W, Cheng Y, Dai M, Yu Z, Xu H, 
Zheng G. Notch1 activation contributes to tumor cell growth and pro-
liferation in human hepatocellular carcinoma HepG2 and SMMC7721 
cells. Int J Oncol. 2012;41:1773–81. https:// doi. org/ 10. 3892/ ijo. 2012. 
1606.

 83. You K, Sun P, Yue Z, Li J, Xiong W, Wang J. NOR1 promotes hepatocellu-
lar carcinoma cell proliferation and migration through modulating the 
Notch signaling pathway. Exp Cell Res. 2017;352:375–81. https:// doi. 
org/ 10. 1016/j. yexcr. 2017. 02. 032.

 84. Sun G, Mackey L, Coy D, Yu C, Sun L. The histone deacetylase inhibitor 
vaproic acid induces cell growth arrest in hepatocellular carcinoma 
cells via suppressing notch signaling. J Cancer. 2015;6:996–1004. 
https:// doi. org/ 10. 7150/ jca. 12135.

 85. Chen Z, Zuo X, Pu L, Zhang Y, Han G, Zhang L, Wu Z, You W, Qin J, Dai 
X, Shen H, Wang X, Wu J. Hypomethylation-mediated activation of 
cancer/testis antigen KK-LC-1 facilitates hepatocellular carcinoma 
progression through activating the Notch1/Hes1 signalling. Cell Prolif. 
2019;52:e12581. https:// doi. org/ 10. 1111/ cpr. 12581.

 86. Chi J, Cohen P. The multifaceted roles of PRDM16: adipose biology and 
beyond. Trends Endocrinol Metab. 2016;27:11–23. https:// doi. org/ 10. 
1016/j. tem. 2015. 11. 005.

 87. Sun C, Xu W, Xia Y, Wang S. PRDM16 from hepatic stellate cells-derived 
extracellular vesicles promotes hepatocellular carcinoma progression. 
Am J Cancer Res. 2023;13:5254–70.

 88. Salama Y, El-Karef A, El Gayyar A, Abdel-Rahman N. Beyond its anti-
oxidant properties: quercetin targets multiple signalling pathways in 

hepatocellular carcinoma in rats. Life Sci. 2019;236:116933. https:// doi. 
org/ 10. 1016/j. lfs. 2019. 116933.

 89. Wang F, Zhou H, Xia X, Sun Q, Wang Y, Cheng B. Activated Notch signal-
ing is required for hepatitis B virus X protein to promote proliferation 
and survival of human hepatic cells. Cancer Lett. 2010;298:64–73. 
https:// doi. org/ 10. 1016/j. canlet. 2010. 06. 003.

 90. Yu Y, Chen X, Zhang W, Liu J. Abnormal expression of centromere 
protein U is associated with hepatocellular cancer progression. Biomed 
Res Int. 2021;2021:4051192. https:// doi. org/ 10. 1155/ 2021/ 40511 92.

 91. Hanahan D, Weinberg R. Hallmarks of cancer: the next generation. Cell. 
2011;144:646–74. https:// doi. org/ 10. 1016/j. cell. 2011. 02. 013.

 92. Phan L, Yeung S, Lee M. Cancer metabolic reprogramming: importance, 
main features, and potentials for precise targeted anti-cancer therapies. 
Cancer Biol Med. 2014;11:1–19. https:// doi. org/ 10. 7497/j. issn. 2095- 
3941. 2014. 01. 001.

 93. Warburg O. On the origin of cancer cells. Science. 1956;123:309–14. 
https:// doi. org/ 10. 1126/ scien ce. 123. 3191. 309.

 94. Zhou Q, Lin J, Yan Y, Meng S, Liao H, Chen R, He G, Zhu Y, He C, Mao K, 
Wang J, Zhang J, Zhou Z, Xiao Z. INPP5F translocates into cytoplasm 
and interacts with ASPH to promote tumor growth in hepatocellular 
carcinoma. J Exp Clin Cancer Res CR. 2022;41:13. https:// doi. org/ 10. 
1186/ s13046- 021- 02216-x.

 95. Tricarico P, Crovella S. Notch signaling in health and disease. Int J Mol 
Sci. 2023. https:// doi. org/ 10. 3390/ ijms2 42216 113.

 96. Lan X, Lu G, Yuan C, Mao S, Jiang W, Chen Y, Jin X, Xia Q. Valproic 
acid (VPA) inhibits the epithelial-mesenchymal transition in prostate 
carcinoma via the dual suppression of SMAD4. J Cancer Res Clin Oncol. 
2016;142:177–85. https:// doi. org/ 10. 1007/ s00432- 015- 2020-4.

 97. Terranova-Barberio M, Pecori B, Roca M, Imbimbo S, Bruzzese F, Leone 
A, Muto P, Delrio P, Avallone A, Budillon A, Di Gennaro E. Synergistic 
antitumor interaction between valproic acid, capecitabine and radio-
therapy in colorectal cancer: critical role of p53. J Exp Clin Cancer Re CR. 
2017;36:177. https:// doi. org/ 10. 1186/ s13046- 017- 0647-5.

 98. Tian Y, Liu G, Wang H, Tian Z, Cai Z, Zhang F, Luo Y, Wang S, Guo G, 
Wang X, Powell S, Feng Z. Valproic acid sensitizes breast cancer cells to 
hydroxyurea through inhibiting RPA2 hyperphosphorylation-mediated 
DNA repair pathway. DNA Repair. 2017;58:1–12. https:// doi. org/ 10. 
1016/j. dnarep. 2017. 08. 002.

 99. Yang X, Liu J, Liang Q, Sun G. Valproic acid reverses sorafenib resistance 
through inhibiting activated Notch/Akt signaling pathway in hepato-
cellular carcinoma. Fundam Clin Pharmacol. 2021;35:690–9. https:// doi. 
org/ 10. 1111/ fcp. 12608.

 100. Zhang Y, Li D, Jiang Q, Cao S, Sun H, Chai Y, Li X, Ren T, Yang R, Feng F, 
Li B, Zhao Q. Novel ADAM-17 inhibitor ZLDI-8 enhances the in vitro 
and in vivo chemotherapeutic effects of Sorafenib on hepatocellular 
carcinoma cells. Cell Death Dis. 2018;9:743. https:// doi. org/ 10. 1038/ 
s41419- 018- 0804-6.

 101. Leong K, Karsan A. Recent insights into the role of Notch signaling 
in tumorigenesis. Blood. 2006;107:2223–33. https:// doi. org/ 10. 1182/ 
blood- 2005- 08- 3329.

 102. Zhao J, Lin W, Cao Z, Zhuang Q, Zheng L, Peng J, Hong Z. Total alkaloids 
of Rubus alceifolius Poir inhibit tumor angiogenesis through suppres-
sion of the Notch signaling pathway in a mouse model of hepatocel-
lular carcinoma. Mol Med Rep. 2015;11:357–61. https:// doi. org/ 10. 3892/ 
mmr. 2014. 2702.

 103. Lin W, Zhao J, Cao Z, Zhuang Q, Zheng L, Zeng J, Hong Z, Peng J. 
Livistona chinensis seeds inhibit hepatocellular carcinoma angio-
genesis in vivo via suppression of the Notch pathway. Oncol Rep. 
2014;31:1723–8. https:// doi. org/ 10. 3892/ or. 2014. 3051.

 104. Qi R, An H, Yu Y, Zhang M, Liu S, Xu H, Guo Z, Cheng T, Cao X. Notch1 
signaling inhibits growth of human hepatocellular carcinoma 
through induction of cell cycle arrest and apoptosis. Cancer Res. 
2003;63:8323–9.

 105. Huang Q, Li J, Zheng J, Wei A. The carcinogenic role of the Notch signal-
ing pathway in the development of hepatocellular carcinoma. J Cancer. 
2019;10:1570–9. https:// doi. org/ 10. 7150/ jca. 26847.

 106. Viatour P, Ehmer U, Saddic L, Dorrell C, Andersen J, Lin C, Zmoos A, 
Mazur P, Schaffer B, Ostermeier A, Vogel H, Sylvester K, Thorgeirsson S, 
Grompe M, Sage J. Notch signaling inhibits hepatocellular carcinoma 
following inactivation of the RB pathway. J Exp Med. 2011;208:1963–76. 
https:// doi. org/ 10. 1084/ jem. 20110 198.

https://doi.org/10.1038/s41419-019-2163-3
https://doi.org/10.1038/s41419-019-2163-3
https://doi.org/10.21037/atm-21-1572
https://doi.org/10.1053/j.gastro.2014.08.039
https://doi.org/10.1053/j.gastro.2014.08.039
https://doi.org/10.1186/s13046-020-01690-z
https://doi.org/10.1186/s13046-020-01690-z
https://doi.org/10.1371/journal.pone.0144969
https://doi.org/10.1371/journal.pone.0144969
https://doi.org/10.3390/ijms17050661
https://doi.org/10.3390/ijms17050661
https://doi.org/10.1016/j.canlet.2017.11.015
https://doi.org/10.1016/j.canlet.2017.11.015
https://doi.org/10.1186/s13062-023-00376-8
https://doi.org/10.3892/ijo.2012.1606
https://doi.org/10.3892/ijo.2012.1606
https://doi.org/10.1016/j.yexcr.2017.02.032
https://doi.org/10.1016/j.yexcr.2017.02.032
https://doi.org/10.7150/jca.12135
https://doi.org/10.1111/cpr.12581
https://doi.org/10.1016/j.tem.2015.11.005
https://doi.org/10.1016/j.tem.2015.11.005
https://doi.org/10.1016/j.lfs.2019.116933
https://doi.org/10.1016/j.lfs.2019.116933
https://doi.org/10.1016/j.canlet.2010.06.003
https://doi.org/10.1155/2021/4051192
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1186/s13046-021-02216-x
https://doi.org/10.1186/s13046-021-02216-x
https://doi.org/10.3390/ijms242216113
https://doi.org/10.1007/s00432-015-2020-4
https://doi.org/10.1186/s13046-017-0647-5
https://doi.org/10.1016/j.dnarep.2017.08.002
https://doi.org/10.1016/j.dnarep.2017.08.002
https://doi.org/10.1111/fcp.12608
https://doi.org/10.1111/fcp.12608
https://doi.org/10.1038/s41419-018-0804-6
https://doi.org/10.1038/s41419-018-0804-6
https://doi.org/10.1182/blood-2005-08-3329
https://doi.org/10.1182/blood-2005-08-3329
https://doi.org/10.3892/mmr.2014.2702
https://doi.org/10.3892/mmr.2014.2702
https://doi.org/10.3892/or.2014.3051
https://doi.org/10.7150/jca.26847
https://doi.org/10.1084/jem.20110198


Page 16 of 16Fu et al. European Journal of Medical Research          (2025) 30:402 

 107. Xu J, Yun X, Jiang J, Wei Y, Wu Y, Zhang W, Liu Y, Wang W, Wen Y, Gu 
J. Hepatitis B virus X protein blunts senescence-like growth arrest of 
human hepatocellular carcinoma by reducing Notch1 cleavage. Hepa-
tology. 2010;52:142–54. https:// doi. org/ 10. 1002/ hep. 23613.

 108. Bang A, Dawson L. Radiotherapy for HCC: ready for prime time? JHEP 
Rep Innov Hepatol. 2019;1:131–7. https:// doi. org/ 10. 1016/j. jhepr. 2019. 
05. 004.

 109. Liu X, Zhou J, Zhou N, Zhu J, Feng Y, Miao X. SYNJ2BP inhibits tumor 
growth and metastasis by activating DLL4 pathway in hepatocellular 
carcinoma. J Exp Clin Cancer Res CR. 2016;35:115. https:// doi. org/ 10. 
1186/ s13046- 016- 0385-0.

 110. Villanueva A, Alsinet C, Yanger K, Hoshida Y, Zong Y, Toffanin S, Rodri-
guez-Carunchio L, Solé M, Thung S, Stanger B, Llovet J. Notch signaling 
is activated in human hepatocellular carcinoma and induces tumor 
formation in mice. Gastroenterology. 2012;143:1660-1669.e7. https:// 
doi. org/ 10. 1053/j. gastro. 2012. 09. 002.

 111. Geisler F, Nagl F, Mazur P, Lee M, Zimber-Strobl U, Strobl L, Radtke 
F, Schmid R, Siveke J. Liver-specific inactivation of Notch2, but not 
Notch1, compromises intrahepatic bile duct development in mice. 
Hepatology. 2008;48:607–16. https:// doi. org/ 10. 1002/ hep. 22381.

 112. Chen J, Feng L, Zhang H, Li J, Yang X, Cao X, Liu L, Qin H, Liang Y, Han H. 
Differential regulation of bone marrow-derived endothelial progenitor 
cells and endothelial outgrowth cells by the Notch signaling pathway. 
PLoS ONE. 2012;7:e43643. https:// doi. org/ 10. 1371/ journ al. pone. 00436 
43.

 113. Ahn S, Hyeon J, Park C. Notch1 and Notch4 are markers for poor prog-
nosis of hepatocellular carcinoma. Hepatobiliary Pancreat Dis Int HBPD 
INT. 2013;12:286–94. https:// doi. org/ 10. 1016/ s1499- 3872(13) 60046-6.

 114. Gao J, Xiong Y, Wang Y, Wang Y, Zheng G, Xu H. Hepatitis B virus X pro-
tein activates Notch signaling by its effects on Notch1 and Notch4 in 
human hepatocellular carcinoma. Int J Oncol. 2016;48:329–37. https:// 
doi. org/ 10. 3892/ ijo. 2015. 3221.

 115. Gao J, Chen C, Hong L, Wang J, Du Y, Song J, Shao X, Zhang J, Han H, Liu 
J, Fan D. Expression of Jagged1 and its association with hepatitis B virus 
X protein in hepatocellular carcinoma. Biochem Biophys Res Commun. 
2007;356:341–7. https:// doi. org/ 10. 1016/j. bbrc. 2007. 02. 130.

 116. Dill M, Tornillo L, Fritzius T, Terracciano L, Semela D, Bettler B, Heim M, 
Tchorz J. Constitutive Notch2 signaling induces hepatic tumors in mice. 
Hepatology. 2013;57:1607–19. https:// doi. org/ 10. 1002/ hep. 26165.

 117. Hayashi Y, Osanai M, Lee G. NOTCH2 signaling confers immature mor-
phology and aggressiveness in human hepatocellular carcinoma cells. 
Oncol Rep. 2015;34:1650–8. https:// doi. org/ 10. 3892/ or. 2015. 4171.

 118. Gramantieri L, Giovannini C, Lanzi A, Chieco P, Ravaioli M, Venturi A, 
Grazi G, Bolondi L. Aberrant Notch3 and Notch4 expression in human 
hepatocellular carcinoma. Liver Int. 2007;27:997–1007. https:// doi. org/ 
10. 1111/j. 1478- 3231. 2007. 01544.x.

 119. Zhou J, Zheng X, Feng M, Mo Z, Shan Y, Wang Y, Jin J. Upregulated 
MMP28 in hepatocellular carcinoma promotes metastasis via 
Notch3 signaling and predicts unfavorable prognosis. Int J Biol Sci. 
2019;15:812–25. https:// doi. org/ 10. 7150/ ijbs. 31335.

 120. Kunanopparat A, Hirankarn N, Issara-Amphorn J, Tangkijvanich P, Sanpa-
vat A. The expression profile of Jagged1 and Delta-like 4 in hepatocellu-
lar carcinoma. Asian Pac J Allergy Immunol. 2021;39:44–52. https:// doi. 
org/ 10. 12932/ ap- 040818- 0388.

 121. Zhang J, Tu K, Yang W, Li C, Yao Y, Zheng X, Liu Q. Evaluation of Jagged2 
and Gli1 expression and their correlation with prognosis in human 
hepatocellular carcinoma. Mol Med Rep. 2014;10:749–54. https:// doi. 
org/ 10. 3892/ mmr. 2014. 2246.

 122. Maemura K, Yoshikawa H, Yokoyama K, Ueno T, Kurose H, Uchiyama K, 
Otsuki Y. Delta-like 3 is silenced by methylation and induces apoptosis 
in human hepatocellular carcinoma. Int J Oncol. 2013;42:817–22. 
https:// doi. org/ 10. 3892/ ijo. 2013. 1778.

 123. Jung K, Zhang J, Zhou C, Shen H, Gagea M, Rodriguez-Aguayo C, 
Lopez-Berestein G, Sood A, Beretta L. Differentiation therapy for hepato-
cellular carcinoma: Multifaceted effects of miR-148a on tumor growth 
and phenotype and liver fibrosis. Hepatology. 2016;63:864–79. https:// 
doi. org/ 10. 1002/ hep. 28367.

 124. Tang W, Chen Z, Zhang W, Cheng Y, Zhang B, Wu F, Wang Q, Wang S, 
Rong D, Reiter F, De Toni E, Wang X. The mechanisms of sorafenib resist-
ance in hepatocellular carcinoma: theoretical basis and therapeutic 

aspects. Signal Transduct Target Ther. 2020;5:87. https:// doi. org/ 10. 
1038/ s41392- 020- 0187-x.

 125. Xu C, Gao X, Ren T, Geng H, Yang K, Huang Y, Zhang W, Hou S, Song A, 
Zhang Y, Zhao Q. The ADAM17 inhibitor ZLDI-8 sensitized hepatocel-
lular carcinoma cells to sorafenib through Notch1-integrin β-talk. 
Pharmacol Res. 2024;203:107142. https:// doi. org/ 10. 1016/j. phrs. 2024. 
107142.

 126. Lu H, Chu H, Tan Y, Qin X, Liu M, Li J, Ren T, Zhang Y, Zhao Q. Novel 
ADAM-17 inhibitor ZLDI-8 inhibits the metastasis of hepatocellular 
carcinoma by reversing epithelial-mesenchymal transition in vitro and 
in vivo. Life Sci. 2020;244:117343. https:// doi. org/ 10. 1016/j. lfs. 2020. 
117343.

 127. Bergmans B, De Strooper B. Gamma-secretases: from cell biology to 
therapeutic strategies. Lancet Neurol. 2010;9:215–26. https:// doi. org/ 10. 
1016/ s1474- 4422(09) 70332-1.

 128. Han B, Liu S, Guo W, Zhang B, Wang J, Cao Y, Liu J. Notch1 downregula-
tion combined with interleukin-24 inhibits invasion and migration of 
hepatocellular carcinoma cells. World J Gastroenterol. 2015;21:9727–35. 
https:// doi. org/ 10. 3748/ wjg. v21. i33. 9727.

 129. Shen Y, Lv D, Wang J, Yin Y, Miao F, Dou F, Zhang J. GSI-I has a better 
effect in inhibiting hepatocellular carcinoma cell growth than GSI-IX, 
GSI-X, or GSI-XXI. Anticancer Drugs. 2012;23:683–90. https:// doi. org/ 10. 
1097/ CAD. 0b013 e3283 549a22.

 130. Qiu K, Ma C, Lu L, Wang J, Chen B, Mao H, Wang Y, Wang H. DAPT 
suppresses proliferation and migration of hepatocellular carcinoma 
by regulating the extracellular matrix and inhibiting the Hes1/PTEN/
AKT/mTOR signaling pathway. J Gastrointest Oncol. 2021;12:1101–16. 
https:// doi. org/ 10. 21037/ jgo- 21- 235.

 131. Fan R, Li J, Wu N, Chen P. Late SV40 factor: a key mediator of Notch 
signaling in human hepatocarcinogenesis. World J Gastroenterol. 
2011;17:3420–30. https:// doi. org/ 10. 3748/ wjg. v17. i29. 3420.

 132. Zhang S, Yang Y, Liang Z, Duan W, Yang J, Yan J, Wang N, Feng W, Ding 
M, Nie Y, Jin Z. Silybin-mediated inhibition of Notch signaling exerts 
antitumor activity in human hepatocellular carcinoma cells. PLoS ONE. 
2013;8:e83699. https:// doi. org/ 10. 1371/ journ al. pone. 00836 99.

 133. Zhou Y, Li X, Long G, Tao Y, Zhou L, Tang J. Identification and validation 
of a tyrosine metabolism-related prognostic prediction model and 
characterization of the tumor microenvironment infiltration in hepato-
cellular carcinoma. Front Immunol. 2022;13:994259. https:// doi. org/ 10. 
3389/ fimmu. 2022. 994259.

 134. Montagner A, Arleo A, Suzzi F, D’Assoro AB, Piscaglia F, Gramantieri L, 
Giovannini C. Notch signaling and PD-1/PD-L1 interaction in hepatocel-
lular carcinoma: potentialities of combined therapies. Biomolecules. 
2024. https:// doi. org/ 10. 3390/ biom1 41215 81.

 135. Palaga T, Wongchana W, Kueanjinda P. Notch signaling in macrophages 
in the context of cancer immunity. Front Immunol. 2018;9:652. https:// 
doi. org/ 10. 3389/ fimmu. 2018. 00652.

 136. Chen W, Liu Y, Chen J, Ma Y, Song Y, Cen Y, You M, Yang G. The Notch 
signaling pathway regulates macrophage polarization in liver diseases. 
Int Immunopharmacol. 2021;99:107938. https:// doi. org/ 10. 1016/j. 
intimp. 2021. 107938.

 137. Ye YC, Zhao JL, Lu YT, Gao CC, Yang Y, Liang SQ, Lu YY, Wang L, Yue SQ, 
Dou KF, Qin HY, Han H. NOTCH signaling via WNT regulates the prolifer-
ation of alternative, CCR2-independent tumor-associated macrophages 
in hepatocellular carcinoma. Cancer Res. 2019;79:4160–72. https:// doi. 
org/ 10. 1158/ 0008- 5472. Can- 18- 1691.

 138. Papadakos SP, Chatzikalil E, Arvanitakis K, Vakadaris G, Stergiou IE, 
Koutsompina ML, Argyrou A, Lekakis V, Konstantinidis I, Germanidis G, 
Theocharis S. Understanding the role of connexins in hepatocellular 
carcinoma: molecular and prognostic implications. Cancers. 2024. 
https:// doi. org/ 10. 3390/ cance rs160 81533.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/hep.23613
https://doi.org/10.1016/j.jhepr.2019.05.004
https://doi.org/10.1016/j.jhepr.2019.05.004
https://doi.org/10.1186/s13046-016-0385-0
https://doi.org/10.1186/s13046-016-0385-0
https://doi.org/10.1053/j.gastro.2012.09.002
https://doi.org/10.1053/j.gastro.2012.09.002
https://doi.org/10.1002/hep.22381
https://doi.org/10.1371/journal.pone.0043643
https://doi.org/10.1371/journal.pone.0043643
https://doi.org/10.1016/s1499-3872(13)60046-6
https://doi.org/10.3892/ijo.2015.3221
https://doi.org/10.3892/ijo.2015.3221
https://doi.org/10.1016/j.bbrc.2007.02.130
https://doi.org/10.1002/hep.26165
https://doi.org/10.3892/or.2015.4171
https://doi.org/10.1111/j.1478-3231.2007.01544.x
https://doi.org/10.1111/j.1478-3231.2007.01544.x
https://doi.org/10.7150/ijbs.31335
https://doi.org/10.12932/ap-040818-0388
https://doi.org/10.12932/ap-040818-0388
https://doi.org/10.3892/mmr.2014.2246
https://doi.org/10.3892/mmr.2014.2246
https://doi.org/10.3892/ijo.2013.1778
https://doi.org/10.1002/hep.28367
https://doi.org/10.1002/hep.28367
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1016/j.phrs.2024.107142
https://doi.org/10.1016/j.phrs.2024.107142
https://doi.org/10.1016/j.lfs.2020.117343
https://doi.org/10.1016/j.lfs.2020.117343
https://doi.org/10.1016/s1474-4422(09)70332-1
https://doi.org/10.1016/s1474-4422(09)70332-1
https://doi.org/10.3748/wjg.v21.i33.9727
https://doi.org/10.1097/CAD.0b013e3283549a22
https://doi.org/10.1097/CAD.0b013e3283549a22
https://doi.org/10.21037/jgo-21-235
https://doi.org/10.3748/wjg.v17.i29.3420
https://doi.org/10.1371/journal.pone.0083699
https://doi.org/10.3389/fimmu.2022.994259
https://doi.org/10.3389/fimmu.2022.994259
https://doi.org/10.3390/biom14121581
https://doi.org/10.3389/fimmu.2018.00652
https://doi.org/10.3389/fimmu.2018.00652
https://doi.org/10.1016/j.intimp.2021.107938
https://doi.org/10.1016/j.intimp.2021.107938
https://doi.org/10.1158/0008-5472.Can-18-1691
https://doi.org/10.1158/0008-5472.Can-18-1691
https://doi.org/10.3390/cancers16081533

	Current research of the Notch pathway in hepatocellular carcinoma
	Abstract 
	Introduction
	Overview of the Notch signaling pathway
	Notch signaling components
	Canonical Notch signaling
	Non-canonical Notch signaling

	Mechanisms of Notch signaling in the development and progression of HCC
	Notch signaling and EMT
	Notch signaling and CSCs
	Notch signaling and cell proliferation
	Notch signaling and other biological processes
	Notch signaling and tumor suppression

	Clinical potential of the Notch signaling pathway in HCC
	Conclusion
	Acknowledgements
	References


