Journal of Case Reports and Medical History
Y ACQUIRE
(ISSN: 2831-7416) Open Access
Review Article Volume 3 —Issue 7

The Special Role of JAK/STAT, and Notch Signaling Pathways in

Cancer Pathogenesis

Nikolaos Andreas Chrysanthakopoulos™ ! and Eleftheria Vryzaki?

'Dental Surgeon, Oncologist, Specialized in Clinical Oncology, Cytology and Histopathology, Dept. of Pathological Anatomy, Medical
School, University of Athens, Greece Resident in Maxillofacial and Oral Surgery, 401 General Military Hospital of Athens, Greece
Consultant in Dentistry, NHS of Greece, Athens, Greece

2Department of Dermatology, Rio University Hospital of Patras, Greece

“Corresponding author: Nikolaos Andreas Chrysanthakopoulos, Dental Surgeon, Oncologist, Specialized in Clinical Oncology,
Cytology and Histopathology, Dept. of Pathological Anatomy, Medical School, University of Athens, Greece Resident in Maxillofacial
and Oral Surgery, 401 General Military Hospital of Athens, Greece Consultant in Dentistry, NHS of Greece, Athens, Greece

Received date: 30 Sep, 2023 | Accepted date: 13 Oct, 2023 | Published date: 17 Oct, 2023
Citation: Chrysanthakopoulos NA and Vryzaki E. (2023) The Special Role of JAK/STAT, and Notch Signaling Pathways in Cancer
Pathogenesis. J Case Rep Med Hist 3(7): doi https://doi.org/10.54289/JCRMH2300135

Copyright: © 2023 Chrysanthakopoulos NA, et al. This is an open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source
are credited.

4 N

Abstract

Cancer is essentially a genetic disease, characterized by unclear etiology in many cases, complex pathogenic mechanisms,
since in the majority of cancer cases only risk or predisposing factors have been recognized, and unclarified observations
concerning organs that are not often affected by malignant tumors such as the small intestine, spleen, heart, and the neurons
of the Central Nervous System. A tumor’s appearance and progression presupposes a series of genetic and non-genetic
alterations that characterize tumor cells, and are related to self-sufficiency in growth stimuli, insensitivity to anti-growth
signals, unlimited replicative potential, angiogenesis promotion, ability to infiltrate surrounding tissues and induce distant
metastases, and resistance to apoptosis. The mentioned characteristics are associated with signaling pathways that are
involved in cell survival, cell death, cell growth and division, cell motility, and can be considered in the context of
abnormalities of wider signaling networks that support cancer progression, such as tumor microenvironment alterations,
angiogenesis, and inflammation. Among others, two signaling pathways, JAK/STAT and Notch, seem to play essential
roles in tumorigenesis, despite the fact that are implicated in diverse cellular functions such as tissue formation and cell
differentiation, proliferation, apoptosis, inflammation, self-renewal, antitumor immune response suppression, motility,
stress response and other responses depending on the target tissue. Hyperactivation of those signaling pathways caused by
mutations are able to transform cellular proto-oncogenes to oncogenes, whereas inactivation of tumor suppressor genes
eradicates crucial negative regulators of signaling. Various anticancer agents target those signaling pathways in an attempt

to inhibit those pathways including monoclonal antibodies and other agents in the context of targeted cancer therapy.
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Abbreviations: VEGF: Vascular Endothelial Growth Factor, PDGF: Platelet-Derived Growth Factor, EGF: Epidermal
Growth Factor, MYN: Myelohyperplastic Neoplasms, ITH: Idiopathic Thrombocytosis, PMF: Primary Myelofibrosis,
GLL: Granulocytic Lymphocytic Leukemia, HNSCC: Head And Neck Squamous Cell Carcinoma, DLBCL.: Diffuse Large
B-Cell Lymphoma, JMML.: Juvenile Myelomonocytic Leukemia, T-ALL: T-Cell Acute Lymphoblastic Leukemia, BC:
Breast Cancer, LA: Lung Adenocarcinoma, HCC: Hepatocellular Carcinoma, OC: Ovarian Cancer, CRC: Colorectal
Cancer, CLL: Chronic Lymphocytic Leukemia, ACC: Adenoid Cystic Carcinoma, MCL: Mantle Cell Lymphoma, SMZL.:
Splenic Marginal Zone Lymphoma, PC: Prostate Cancer, CCRCC: Clear Cell Renal Cell Carcinoma, Cscc: Cutaneous
Squamous Cell Cancer, Pdac: Pancreatic Ductal Carcinoma, Panin: Pancreatic Intraepithelial Neoplasia, EPO:
Erythropoietin, G-CSF: Granulocyte Colony-Stimulating Factor, GM-CSF: Granulocyte-Macrophage Colony-Stimulating
Factor, LIF: Leukemia Inhibitory Factor, Jaks: Janus Kinases, SCID: Severe Combined Immunodeficiency, PIAS: Protein
Inhibitor Of Activated Signal Transducer And Activator Of Transcription, Cdks: Cyclin-Dependent Kinases, EMT:
Epithelial-Mesenchymal Transition, MMP: Matrix Metallo-Proteinase, AR: Androgen Receptor, CLS: Cytoplasmic
Localization Signal, TGF-A: Transforming Growth Factor-Alpha, SCLC: Small Cell Lung Cancer,OPN: Osteopontin, IHC:
Immune-Histochemical, GC: Gastric Carcinoma, Gics: Glioma-Initiating Cells, Tams: Tumor-Associated Macrophages,
SCC: Squamous Cell Carcinoma, NSCLC: Non-Small Cell Lung Cancer, NASH: Non-Alcoholic Steatohepatitis, IGF: Like

Growth Factor, NET: Neuroendocrine Tumors
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Introduction

Cell signaling pathways constitute an extremely complex
network, that connect and interact with each other, are
activated following the effect of various extracellular growth
factors such as Vascular Endothelial Growth Factor (VEGF),
Platelet-Derived Growth Factor (PDGF), Epidermal Growth
Factor (EGF), etc. and intracellular molecules that act as
classical oncogenes, such as myc, fos, jun [1,2]. The
extracellular factors that activate similar receptors in the cell
membrane actually transport information from neighboring
cells and from the extracellular matrix and affecting the
intracellular ones, regulate cellular processes involving in
development, differentiation, polarity, motility, position
change, proteins production as well as apoptosis -
programmed cell death. The mentioned cellular processes
differ according to the cell type, the cellular
microenvironment, the interactions with neighboring cells
and the extracellular matrix. The exact mode of operation of
those pathways with the characteristic complex networks and
interactions of those pathways have not fully elucidated and
this is one of the reasons that make it difficult to be effective
treatment of most types of malignant tumors [2]. The
complicated structure and complexity of those pathways has

important implications for the understanding of cancer cell

behavior and therefore the possibility of using this knowledge
in targeted cancer therapies. Biological processes such as cell
survival, development, differentiation, motility, proliferation
of cells, etc. are regulated by multiple signaling pathways and
the alterations that are observed in cancer cells are the effect
of multiple changes and interactions in them [3].

The JAK/STAT signaling pathway is responsible for
embryonic development regulation and is implicated in the
control of procedures such as maintenance of stem cell,
hematopoiesis, inflammatory reaction, and transduces signals
from cytokines and growth factors that act through a trans-
membrane receptor families series [4]. STAT dimers bind
specific promoter sequences and are responsible for the
regulation of genes transcription that control functions such
as cell differentiation, proliferation, apoptosis [5],
inflammation, self-renewal, antitumor immune response
suppression, motility, stress response and other responses
depending on the target tissue [6] (Figure 1). The JAK/STAT
pathway has also influences on gene expression outside the
“normal” signaling cascade of phosphorylation, contributing
to chromatin epigenetic modifications [7], as it has been
observed that activated JAK2 is removed in nucleus and
modify histones although that observation remains
controversial [7,8]. Several members of the JAK/STAT
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family have been involved in diverse malignancies. The
JAK/STAT activation has been extensively investigated for
its role in hematologic malignancies [9] and provides the
basis for its investigation in solid tumors, whereas it
contributes to the acquirement of two critical cancer
hallmarks, invasion and metastasis. It has been found that 50-
95% of patients with classic myelohyperplastic neoplasms
(MYN), idiopathic thrombocytosis (ITH), polycythemia vera
(CP), and primary myelofibrosis (PMF), had an activating
mutation in JAK2 (a valine to phenylalanine change, V617F)
in the malignant clone [10]. Activating mutations that
concern STATSs, although it is a rare event, have been
observed in cancer. In granulocytic lymphocytic leukemia
(GLL) cases, a percentage of 40% had mutations that affect
the STAT3 SH2 domain which introduce hydrophobic
residues that are considered to stabilize STAT dimers, and
result in increased STAT-responsive transcription [11].
STATS5A/B locus amplification has been revealed in prostate
cancer cases and was associated with STAT5 increased
expression and its nuclear localization in tumor samples [12].
STATS3 is a functional signaling protein, its constitutive
activation has been involved in the inflammation progression
and inflammation-associated cancers, whereas is expressed in
many cells and tissues, and plays a critical role in the cell
proliferation, regulation, survival, differentiation, and
apoptosis. It is highly expressed in tumor cells, due to the loss
of precise negative regulation and persistent activation. It also
shows antiapoptotic effect [13]. Persistent STAT3 activation
is closely associated with hyperproliferation and anti-
apoptosis in malignant cells [14,15]. STAT3 is also
constitutively activated in tumors, such as in colon, lung,
liver, breast gland, pancreas, prostate, stomach, brain,
ovaries, leukemia and in lymphoma cases, head and neck
squamous cell carcinoma (SCC), melanoma, kidney, and
esophageal cancer [16-18]. STATS5 signaling plays a role in
proliferation and invasion in glioblastoma cases [19]. In
general, STAT3 and STAT5 A/B promote tumorigenesis,
whereas STAT1 activation has opposite effects [20].
Although unusual, JAK1 mutations affect many
hematological malignancies. To be more specific, the
JAK2V617F, JAK1V658F JAK1 homolog, results in the

kinase constitutive activation [21]. In a study examined 186

adult leukemia samples, 4 JAKI mutations Were tound, ot
which 75% were JAK1V658F [22], whereas JAK1 mutations
were observed in 4 out of 45 T-cell prolymphocytic leukemia
patients, including one patient harboring JAK1V658F [10].
In diffuse large B-cell lymphoma (DLBCL) has been
recorded epigenetic gene regulation by JAK1 [23]. A wide
variety of JAK3 mutations have been detected in many cell
lines and patient samples, and the most widely observed
mutations concerned those within the pseudokinase domain,
and were associated with several lymphoma and leukemia
cases, including T-cell adult lymphocytic leukemia (7%)
[24], natural killer T-cell lymphoma (21%-35%) [25,26],
juvenile myelomonocytic leukemia (JMML)(~10%) [27], and
T-cell prolymphocytic leukemia (32%-42%) [10,28].
Mutations within the kinase domain are associated with
JMML  (10-40%) [29]. JAK2-mediated chromatin
modification has been revealed in primary mediastinal and
Hodgkin lymphoma, both of which share common molecular
and biological characteristics, as autocrine IL-13 production
and chromosome 9p24 amplification both result to JAK2
activation [30,31].

The Notch pathway is developmentally a highly conserved
pathway implicated in morphogenesis, tissue formation and
cell differentiation. It is also involved in several malignancies
and can behave as an oncogene or a tumor suppressor gene,
depending on the cell type, whereas it is very important for
cellular functions in different tissues, such as skin, CNS,
pancreas, muscle and hematopoietic system [32-34]. In most
cases the Notch pathway inhibits the initial differentiation of
the cell causing a second differentiation or maintains the cell
in an undifferentiated condition. It has been characterized as
"the guard" against differentiation [32]. Under normal
circumstances Notch signaling is essential for the
development and homeostasis of normal intestinal epithelial
cells, as regulates the colonic goblet cells and stem cells
differentiation [35,36]. The Notch pathway is one of the most
important pathways in embryonic development. Since
tumorigenesis and organ growth share the same mechanisms
it is not surprising that growth-related pathways such as
Notch, Hedgehog and Wnt play a role in cancer cell growth
and proliferation. Highly aggressive cancer cells have many

features of embryonic progenitor and use the Notch pathway
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for their survival. Notch pathway dysfunction Is associated
with many types of cancer and as mentioned, can have an
oncogenic or tumor suppressor effect depending on the tissue
or organ it is expressed. However, it remains unknown how
the same pathway activation leads to two opposing actions in
different cell types. A possible explanation for that
paradoxical behavior is that Notch activates/deactivates
specific genes depending on the cell or pathways that
determine the final effect of Notch pathway on the cell [37].
It was the first detected as an oncogene in T-cell acute
lymphoblastic leukemia (T-ALL) cases [38,39], and the

Notch receptors alteration was identified in several cancer

Cytokine or Growth Factor

Gene Expression
S OSSOSO/ socs. cis. PiM-1

types (Table 1). Thus, Notch activation 1n breast cancer (BCJ,
lung adenocarcinoma (LA), hepatocellular carcinoma (HCC),
ovarian cancer (OC), colorectal cancer (CRC), and leukemia
was defined to be oncogenic [40-43] (Table 1). The Notch
activation pattern varies, as it can be activated by upstream
signals or by structural alteration because of its internal
mutations. Possible tumorigenesis mechanisms concern
control of the tumor-initiating cell phenotype, regulation of
known upstream or downstream tumor-associated signaling
molecules, such as p53 or myc, promotion of tumor invasion

or angiogenesis, cell cycle regulation, etc. [44].

cor PP

Figure 1. JAK/STAT signaling involvement in cellular functions and other signaling pathways

Notch receptors mutations result in Notch receptor gain-of-
function (e. g. in hematological malignancies [45,46]) or loss-
of-function (e. g. in bladder cancer [47] and squamous cell
carcinomas [48], gastric and other gastrointestinal cancers
[49]) (Table 1) and are major causes of Notch signaling
dysregulation. Similarly, Notch pathway hypo- and
hyperactivation can lead to tumorigenesis, depending on the
tissue type, the type of receptor-ligand interactions and the
genetic alteration. Notch1 mutations, for instance, have been

revealed in HNSCC, esophagus and skin and have been

associated with the pathway hypoactivation, whereas, Notch1l
hyperactivation has been associated with the etiology of T-
ALL and chronic lymphocytic leukemia (CLL), BC, adenoid
cystic carcinoma (ACC) and mantle cell lymphoma (MCL)
[38,39,49]. A proportion greater than 50% of T-ALL cases
had Notchl somatic activating mutations [50], and a rate
almost 58% of splenic marginal zone lymphoma (SMZL)
cases showed activating Notch mutations, known as NNK-
SMZLs [51]. Notch signaling was considered oncogenic in

glioma cases, in which it maintains brain cancer stem cells
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[52]. In a medulloblastoma mouse model [53] Notchl had
potentially oncogenic effects in the brain in association with
other oncogenic hits, such as p53 loss. The Cancer Genome
Atlas Research Network suggested that approximately 23%
of OC patients had Notch signaling alterations [54], whereas
similar researches showed that Notchl and-3 promote OC
development [54-56]. The Jaggedl distribution and
expression were found to be associated with prostate cancer
(PC) [57,58]. A higher Notchland Notch3 expression has
been detected [59,60] in NSCLC, and in LA initiation and
progression [61-63] suggesting that Notch acts as an
oncogene, and that alteration implicated NUMB expression
loss, that increases Notch activity, and Notch1 gene [64] gain-
of-function mutations. ACC of salivary gland, frequently is
characterized by activating Notchl and Notch2 mutations
[65-67], as Notchl inhibitors showed notable antitumor
efficacy [68]. An overexpression of Notch ligands and
receptors have been found in clear cell renal cell carcinoma
(CCRCC) cases [69]. Notch receptors were also frequently
mutated, in cutaneous squamous cell cancer (cSCC) and its
adjacent normal tissue, leading to down-regulation or loss of
function [70]. Similarly, Notchl and Notch2 malfunction
were detected in lung SCC cases [71].

Recent studies have revealed that proliferation and apoptotic
events can be influenced by Notch1 signaling. In cancer cases
such as PC, ACC, and BC activated Notchl repressed p27 to
promote cell cycle and malignant proliferation [72-75].
Notch may be implicated in many cancer types as a pro-tumor
effector, however it can also act as a tumor suppressor in
others, such as SCC and neuroendocrine tumors [76] (Table
2). A negative association between Notch and carcinogenesis
was also observed in bladder [77], esophageal [78,79], and
cervical SCC cases [80]. Inactivated Notchl-3 has been
observed in SCC specimens, [81,82], such as in 40% of
HNSCC cases that concerned inactivated Notchl [83,84].
Notch mutation is frequent in pancreatic ductal carcinoma
(PDAC) [85], as Notchl is able to inhibit the pancreatic
intraepithelial neoplasia (PanIN) formation in a PDAC mouse
model [86]. In addition, Notchl loss is a necessary process in
a Kras-induced PDAC mouse model [87], suggesting its role
as a tumor suppressor gene. However, previous surveys

suggested that Notch shows an oncogenic role in PDAC

development [88-90]. Notch signaling is activated in PDAC,
that causes the premalignant PDAC cells development [88].
The purpose of the current review was the presentation of the
latest as possible approaches to cellular signaling pathways
implicated in cancer pathogenesis giving emphasis on those
based on available literature are considered important for the
malignant transformation of normal cells.

The JAK/STAT signaling pathway and cancer

As already mentioned the JAK/STAT signaling pathway
transduces signals from cytokines and growth factors that act
through a trans-membrane receptor families series [4]. Type
I receptors include the erythropoietin (EPO) receptor and the
granulocyte colony-stimulating factor (G-CSF) receptor.
Type lla receptor includes the granulocyte-macrophage
colony-stimulating factor (GM-CSF) receptor, whereas the
type Ilb subfamily receptors includes those for leukemia
inhibitory factor (LIF), and interleukin-6 (Il-6). Those
receptors’ intracellular tails are constitutively associated with
inactive kinases, known as Janus Kinases (JAKS). In some
cases, signaling through STATs, which are molecular
substrates of JAK kinases, can be activated by receptors
having endogenous tyrosine kinase activity such as the
PDGF-and EGF-receptor [91], although that activity
sometimes also involves the cytoplasmic tyrosine kinase Src
[92] (Figure 1).

Four members of the JAK family, JAK1-3 and TYK2 have
been recognized in humans, and are able to generate
homodimers and heterodimers, and also seven members of
the STAT family have been revealed, STAT1-4, STAT5A,
STAT5B and STATS, all of which are typically located in the
cytoplasm when inactive [93].

The JAK/STAT pathway activation, as in other signaling
cascades, is controlled strictly by negative regulators acting
at multiple levels [5,93]. (Figure 2). As mentioned its
ingredients affect gene expression and can lead to chromatin
epigenetic modifications [7]. Alterations in epigenetic
modifications in cancer regulate various cellular responses,
including cell proliferation, apoptosis, invasion, and
senescence.  Through DNA  methylation,  histone
modification, chromatin remodeling, and noncoding RNA
regulation, epigenetics play an essential role in tumorigenesis
[94,95].
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Figure 2. Pathways activating JAK/STAT signaling (Carcinogenesis, 2021)

STATS is highly expressed in tumor cells, due to the loss of
precise negative regulation and persistent activation. It also
induces the IL-6/JAKs [96], EGFR [97], Src [98] and many
transcription factors accumulation and oncoproteins due to
the inhibition or deletion of negative regulatory proteins, as
well as over-stimulation of intracellular and extra-cellular
factors. It also shows anti-apoptotic effect via directly up-
regulating the Bcl-xl/ Mcl-1/ Bcl-w expression or induce
indirectly the Hsp70/ReglIIp apoptosis by the expression of
heat shock protein Hsp70/ RegllIB- induction. Activated
STAT3 is able to induce immediate anti-apoptosis by
inducing the p100/p52 production, whereas it also suppresses
p53-mediated apoptosis by binding to the promoter of p53
and inhibiting the p53 transcription. STAT3 promotes tumor
cell proliferation by up-regulating the expression of the
Cyclin  Bl/cdc-2/c-myc/cyclinD1/cjun/c-fos complex and
down regulating the Cyclin B1 kinase inhibitor CDK1
expression in p21/p27 expressing cells, which accelerates the
progression through the G1/S checkpoint [14,15]. STAT3 up-
regulates a proliferation regulator, Cyclin D1. However, in
HepG2 cells with high Cyclin D1 expression, STAT3
expression is suppressed, finding that has been confirmed in
artificially inducible BC cells showing elevated Cyclin D1
expression. It is suggested that overactivated Cyclin D1 can

negatively regulate the STAT3 activity [20].

JAK/STAT activation has been associated with diverse
hematologic malignancies [9,10]. The recognition that the
JAK2V617F mutation, was responsible for a CP phenotype
in a mouse model and that STAT5A/ B is essential for its
development in those mice gave evidence for a causative role
for JAK2-STATS activation in MYNs. However, STAT3 role
in those malignancies is not fully understood. STAT3
deletion in a mouse model increases MYN phenotype aspects
and reduces survival suggesting that STAT3 may restrain
malignant proliferation. This appears partly to be associated
with secondary alterations in STAT lactivation. In addition, it
has been recorded that in MYNs, STAT3 may oppose
malignant proliferation proposing that this may also occur in
some solid tumors cases [99]. The accurate role of
JAK/STAT signaling in tumorigenesis in MYNs and other
cancer types has also been disputed by examination of rare
cancer cases in families with germline mutations that are
responsible for weak JAK activation [100,101]. To be more
specific, the mutations are responsible for hereditary
thrombocytosis, however hematopoiesis is a polyclonal
process and individuals do not develop hematologic
malignancies or solid tumors, suggesting that JAK/STAT
activation itself is not able to lead to malignant disease [102].
In other hematological malignancies activating mutations

affecting JAK/ STAT signaling have also been identified
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[103]. However, it remains to be determined, to what extent
JAK/ STAT activation is the driving force for the mentioned
diseases. An example concerns T-ALL in which in a
significant proportion of patients JAK1 activating mutations
were identified, and they were considered to promote the
malignant cells survival, but JAK mutations were not
considered to be the primary driving force of the disease
[104]. JAK1 mutations may affect many hematological
malignancies. To be more specific, the JAK2 V

617F, JAK1V658F JAK1 homolog, led to the kinase
constitutive activation [10,21,22]. The JAK3M592F,
homolog of JAK2V617F, does not lead to kinase constitutive
activation as JAKS3 is the only JAK family member that does
not become constitutively activated by this mutation [21].
FERM domain mutations were rare as mutations with loss of
function were associated with severe combined
immunodeficiency (SCID), whereas gain-of-function
mutations ~ were  associated  with  adult  T-cell
leukemia/lymphoma [105].

In almost 18. 4% of 38 T-ALL cases seven somatic
heterozygous JAK1 missense mutations were found, but only
3. 4% of 88 B-ALL cases. Like mutations in other JAK family
members, most of these unique JAK1 mutants concerned the
pseudokinase domain and are therefore considered to
interfere with kinase auto-inhibition and subsequent
development of or progression to a lymphoid malignancy
[106].

In primary mediastinal and Hodgkin lymphoma JAK2-
mediated chromatin modification have been detected, both of
which share common molecular and biological characteristics
[30,31], as autocrine IL-13 production and chromosome 9p24
amplification both result to JAK2 activation.

The underlying mechanism of this oncogenic cooperation is
H3Y41 phosphorylation by JAK2 along with H3K9
demethylation by JMJD2C, a coordinated chromatin
modification process that releases HP1 suppression and
consequently activates chromatin for gene transcription
[107]. Epigenetic gene regulation by JAK1 has been detected
in diffuse large B-cell lymphoma (DLB CL) [23]. A research
on mouse embryonic stem cells detected that JAK1 was also
present in the nucleus and could directly phosphorylate
H3Y41 [108]. That finding was in agreement with the

observation that JAK1 signaling in ABC DLBCL in which
JAK1 is activated by the cytokines IL-6 and IL-10 [23]. In
ABC DLBCL, JAK1 but not JAK2 is responsible for the
phosphorylation of STAT3 and H3Y41 [109,110].

The JAK/STAT pathway activation in hematological
malignancies is a result of gain-of-function mutations in
JAKs kinases. Recent large-scale sequencing studies have
revealed genetic alterations affecting JAKs in some cases of
solid tumors. In a percentage of 9% of hepatitis B-associated
hepatocellular carcinoma cases missense mutations in JAK1
have also been recorded, whereas a cell culture research has
shown that those mutations increase JAK1 and STAT3
phosphorylation and can lead to cytokine-independent
development. In gastric adenocarcinoma cases a
comprehensive molecular process revealed frequent JAK2-
containing chromosomal region amplification.
Corresponding increases in JAK2 mRNA suggested that this
may enhance JAK2 protein levels and pathway activity [111].
In many cancer cases in which JAK/STAT activation is a
characteristic, the underlying mechanism of the inappropriate
activation of the pathway it still remains unknown.
Examining the cases in which a mechanism has been
identified, it appears that malignant cells use a wide range of
strategies to activate the pathway. The determination of the
mechanisms that are responsible for JAK/STAT pathway
activation do not indicate, however, whether the pathway
activation contributes significantly to tumorigenesis in those
cases [110]. G-CSF receptor increased expression has been
recorded in cases of high-grade epithelial ovarian tumors, and
cell culture experiments demonstrated that G-CSF
contributes to JAK/STAT activation in that tumor types
[112].

STATSs activating mutations have been detected in cancer,
although it is a rare finding. In PC cases, STAT5A/B locus
amplification has been found and was associated with STAT5
increased expression and its nuclear localization in tumor
samples. Those enhancements increased cell survival in
cultures and promoted tumor growth in a xenograft model
[12]. JAK/STAT increased activation could be a result of
negative regulators decreased expression. In non-small cell
lung cancer (NSCLC) samples, SOCS3 expression is lost due

to promoter hypermethylation, an epigenetic alteration that
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decreases gene transcription. The effect of that event on
pathway activation was examined using an NSCLC cell line,
where SOCS3 expression restoration reduced constitutive
STAT3 phosphorylation [113].

JAK/STAT pathway is also involved in glioblastoma
progression, invasion, and migration. Glioma and other
immune cells secrete IL-8, which promotes tumor invasion,
migration, and mesenchymal transition by activating
STATl/hypoxia-inducible factor-1a(HIF-10)/Snail pathway
[114]. STATS5 signaling plays a role in invasion and
proliferation in glioblastoma cases [19]. Moreover,
glioblastoma patients had constitutively activated STAT3 and
secreted IL-6 levels that were associated with tumor grade
[115]. Protein Inhibitor of Activated Signal Transducer and
Activator of Transcription 3 (PIAS3) protein levels have been
found to be decreased in glioblastoma cases, probably
because of increased protein degradation. In glioblastoma
tissue samples, PIAS3 low levels were associated with
increased pSTAT3 expression and proteins produced by
STAT target genes [116].

STATS is responsible for protection against apoptosis by
activating the transcription of Bcl-x to generate the anti-
apoptotic protein Bcl-xL. Malignant cells undergo changes in
energy metabolism, switching mitochondrial oxidative
phosphorylation to glycolysis to generate ATP. STAT3
decreases the genes expression coding for mitochondrial
proteins and increases the genes expression implicated in
glycolysis, such as pyruvate dehydrogenase kinase 1. Those
results depend on the HIF-1a transcription, that is induced by
STAT3 [117], as it has a critical role in the adaptation of
cancer cells to a hypoxic environment. STAT3 is required for
the full transcriptional activation of HIF-1a-regulated genes
in an hypoxic micro-environment [118]. Angiogenesis is
essential for tumor growth, with a key role in which the
VEGF factor participates. STAT3 binds to the VEGF
promoter and induces its expression. In tumor allograft
models, a constitutively active STAT3 expression results in
increased VEGF expression and increased angiogenesis. A
main characteristic in the interaction of malignant cells with
the tumor microenvironment is their ability to suppress
antitumor immune responses in case of hematologic

malignancies [119]. Malignant cells in solid tumors, increase

in number, adapt and change their microenvironment. Genes
controlled by STATSs play critical roles in both of those
aspects of the malignant phenotype, although in many cases
further investigation is required to define to what extent
persistent JAK/STAT activation leads those phenotypic
alterations and what contribution is made by other alterations
in malignant cells. Cell cycle progression is facilitated by
STAT3 by promoting the Cyclin-Dependent Kinases (CDKSs)
activation and increases the positive regulators transcription
such as Cyclin D2 and down-regulates the CDK inhibitors
transcription such as p21 [120].

The activation of STAT1 by interferons promotes immuno-
surveillance and antitumor immunity, partly by up-regulating
of MHC-I class-mediated antigen presentation by tumor cells.
On the contrary, STAT3 and STATS5 signaling in immune
cells seems to suppress antitumor immunity.

In mice, anti-tumor immune responses are increased by
STAT3 knockdown from hematopoietic cells and by STAT3-
blocking drugs [121]. The increased antitumor immunity
revealed in those mice is due partly to a decrease in tumor-
infiltrating regulatory T cells, whose their development
depends on the STAT3/5 target gene, FOXP3 [122].
JAK/STAT activation has been associated with invasion and
metastasis. This is partly mediated by the Epithelial-
Mesenchymal Transition (EMT) program activation which is
involved in embryonic development. TWIST1 is a
transcription factor and an EMT induction key regulator.
TWIST1 overexpression induces EMT, a key process in the
metastases formation of cancer, and also promotes cancer
stem cells formation and facilitates tumorigenesis process.
STAT3 is essential for the TWIST1 expression, whereas
STAT3 activity abolition by siRNA  knockdown,
pharmacological inhibition, or by mutation of the STAT-
binding site in the TWIST1 promoter, decreases its
expression. STAT3 can activate the matrix-degrading
enzymes transcription such as Matrix Metallo-Proteinase
(MMP)-2 [123,124].

Although intracellular signaling pathways are often described
as discrete pathways, are probably more accurately thought
as networks consisting of multiple interactions between
pathways. Physiological and functional affections have been

reported for interactions between JAK/STAT signaling and
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an amount of other cellular signaling pathways is known to
be implicated in tumorigenesis, including downstream
signaling of the EGFR, and androgen receptor (AR)
signaling.

The recognition of interactions between pathways has
consequences for improving the effectiveness of targeted
therapies by combining treatments that act on interacting
pathways to overcome resistance. This has been shown in
vitro, in melanoma models, where STATS3 is essential for full
transcriptional activation of mutant B-RAF [125]. STAT3
phosphorylation suppression by STAT3siRNA knockdown
or using a JAK2 inhibitor restores sensitivity to a B-RAF
inhibitor in melanoma cell lines with acquired resistance to
B-RAF inhibition [126].

The understanding of the way that pathway interactions lead
to JAK-independent activation of STATS is also critical for
treatment and may explain the JAK inhibitors failure in

clinical trials in cases of solid tumors. Early evidence that
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JAK/STAT signaling is activated in solid tumors recorded
from cancer cell lines. There is essential data showing STATS
tyrosine phosphorylation and nuclear localization, indicative
of their activation, in tumor tissue derived from a large
number of patients with several tumor types [127]. For other
tumor types, differences in the strategies used to quantify
STAT phosphorylation, which vary across studies may are
responsible for the seemingly conflicting associations
between STAT phosphorylation and outcome [128]. In
contrast, STAT1 activation, is generally associated with
better outcomes in all tumor types. Although STAT activation
has been found in a wide range of tumor types, in many cases,
the mechanisms that cause its activation have not been clearly
determined. Those studies present associations between
JAK/STAT activation and outcomes, but do not define
whether the observed JAK/STAT activation has a causal role

in diseases. (Figure 3).
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Figure 3. JAK/STAT signaling involvement in tumorigenesis mechanisms
JAK-STAT Signaling: A Double-Edged Sword of Immune Regulation and Cancer Progression (Cancers — MDPI, 2019)

Notch signaling pathway and cancer

Notch family are trans-membrane proteins with dual
functions, as act as membrane receptors and transcription
factors. The Notch family in mammals, has four receptors,
Notchl-4. Each receptor is composed in the endoplasmic
reticulum as a precursor protein containing an intra-cellular,
a trans-membrane, and an extracellular portion [32-34]. Five
ligands for the Notch receptor have been identified so far,
Delta 1, 3 and 4 (DLL1, 3 and 4) and Jaggedland 2 (JAG1

and 2), that are also trans-membrane proteins [34,129]. The
pathway is activated when the ligand binds to the receptor of
a neighboring cell. After activation, the receptors undergo a
series of proteolytic cleavages by MMP TACE and the y-
secretase complex consisting of presenilin-1/2, nicastrin,
Pen2, Aphl. TACE enzyme cleaves a portion of the receptor
from its extracellular portion, that is internalized by the
neighboring cell that has expressed the ligand [34]. (Figure 4
and 5).
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Figure 5. Notch receptor ligands (Creative Biomart)

The second part derived from the action of y-secretase
releases the intracellular part of Notch, NICD, into the
cytoplasm that translocates to the nucleus where it activates
the target genes transcription. After translocating to the
nucleus, the NICD part binds to the transcriptional represssor
cytoplasmic localization signal (CLS)and activates it. After
the activation, it is converted into an active transcription

factor and allows the initiation of target genes transcription.

The main target genes of Notch consist of transcription factor
families, such as Hes and Herp. The final stage of the NICD
mechanism may involve a mechanism that is dependent on
the CSL protein and involves the Hes/Herp proteins or is
dependent on the CSL protein but does not involve the
Hes/Herp proteins or is independent of the CSL protein.
NICD may affect specific proteins using the above

mechanisms. Moreover, it has been observed that NICD
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levels control the pathway. Since it controls several cell
differentiation stages in different tissues, it is possible that it
is implicated in different types of tumors development. Other
target genes are Cyclin D1, NF«B, p21, GATA3, preTa, c-
Myc, NRARP, and Deltex1 [129,130]. The Notch pathway
may play a role in other pathways independent of the CSL
factor, such as, it can promote the maturation of CD4+ and
CD8+ T- cells of the thymus gland [130].

Dysregulated Notch signaling has been observed in many
diseases and plays complex oncogenic or tumor-suppressive
roles in different tumors depending on the tissue and cellular
condition [47,49,131,132].

Notch pathway is closely related to ras, and its activation is
likely a result of tumorigenesis mediated by the ras pathway.
In ras-mutant fibroblasts, inhibition of the Notch pathway by
y-secretase inhibitors resulted in an 80% inhibition of tumor
development. In the corresponding control cells, y-secretase

inhibition had no effect on tumor growth. In pancreatic cells,

a b
Wnt signaling Pathway

: (y-secretase)

o<, s
Prcatenia - \ /

Pcatenn /

x“‘““"“"/ NCO  p——( NUMB

LR

) e b T

Axn
o MAPT7 T

c

Notch signaling Pathway  Hedgehog signaling Pathway

3 ‘w,? | Jac1/2 4

g:__? PTCHY swo §
(111 I

activation of the ras pathway by the transforming growth
factor-alpha (TGF-a), led to Notch pathway activation and
led also to a pro-tumor phenotype [133,134]. After its
activation by the ras pathway, it triggers in turn the ras-raf-
mek-MAPK segment that is a ras pathway branch. In small
cell lung cancer (SCLC) cell cultures lacking ras mutations,
where MAPK activity is generally low, and in SCLC cell
cultures that have high MAPK activity and ras mutations,
Notchl activation led to high levels of pERK1land pERK2
[135]. Therefore, it can be considered that in some cases
Notch activation may have a synergistic effect with ras. It is
evident that the Notch interaction and the ras pathway may be
an important field of research in NSCLC cases where ras
mutations exist, enhanced EGFR activity, and activated
ligand activity of the ras pathway [136].

Other signaling pathways that Notch pathway interacts are
NF«B, Wnt, Akt, mnTOR, Sonic Hedgehog, PDGF, estrogen
and androgen receptor [137] (Figure 6).
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Figure 6. Breast Cancer Stem Cells: Signaling Pathways, Cellular Interactions, and Therapeutic

As mentioned, Notch pathway plays a crucial role in survival,
cell proliferation, differentiation, and apoptosis, processes
that affect the development and function of many organs.
Notch pathway dysfunction prevents differentiation leading
undifferentiated cells to malignant transformation. Scientific
observations suggested that the Notch pathway alterations are
associated with many cancers, such as breast, lung, ovarian

cancer and leukemia. In addition, its receptors and ligands

may be prognostic or diagnostic markers for cancer [40].

Patients with tumors that express high levels of Jaggedl or
Notchl have a shorter survival rate than those that do not
express high levels of those genes. High expression of
Jaggedl in prostate cancer (PC) is significantly associated
with tumor recurrence and metastasis suggesting that Jaggedl
may be a useful marker in distinguishing between aggressive

and non-aggressive tumors in (PC) cases. High co-expression
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levels of Jagged1 and Notchl were observed in BC and found
to be associated with short survival rate. Therefore, the
expression of Notchl and Jagged1may be markers for patient
survival. Cervical cancer patients with Notch3 expression had
a significantly shorter survival rate than those without Notch3
expression. Therefore, Notch3 could be a prognostic marker
in this type of cancer [137,138]. Jagged1 has been associated
with HCC. Recently was recorded that Jaggedl expression
was observed in 83 of 145 HCC cases, with significantly
increased levels detected in tumor tissues than those in
adjacent non-tumor tissues [139]. In another study of 112
HCC specimens, membrane localized Jaggedl (JAG1Mem)
expression was observed in 39 (34. 82 %) specimens and
cytoplasmic Jaggedl (JAG1Cyto) expression was found in 73
(65. 18 %) specimens. Furthermore, Jagged1Mem interacts
with Notch1Mem and leads to Notchl signaling activation,
which up-regulates osteopontin (OPN), an essential extra-
hepatic HCC metastasis driver [140].

Concerning the association between Jaggedl in gastric
carcinoma, immune-histochemical (IHC) staining showed
that 72 of 96 (75 %) gastric carcinoma (GC) cases expressed
Jaggedl in cancer tissues, and that this expression was
associated with advanced cancer [141]. Analyses in gene and
protein expression also detected higher Jagged1 expression in
GC tissues and cells than in adjacent tissues and normal
gastric epithelial cells [142].

Notch signaling was considered oncogenic in glioma cases,
in which it maintains brain cancer stem cells [52]. In vitro and
in vivo [143] was found that Notch signaling inhibition with
a y-secretase inhibitor in glioma or Notch ligands in human
brain micro-vascular endothelial cells knockdown restricted
tumor development [144]. IHC staining in several studies
showed high Jagged1 expression in glioma tissues distributed
in the membrane, and tumor cells cytoplasm and vascular
endothelial cells, whereas no significant Jagged1staining was
found in adjacent normal brain tissues [145-147]. An EGFR
variant, EGFRvIII, leads aberrant MAPK signaling such as
MEK/ERK, and its expression levels associate positively with
Jaggedl expression levels in glioblastoma cases.
Jagged1/Notch
EGFRVIII/MEK/ERK axis maintains the stem cell-like

signaling stimulated by the

property of glioma-initiating cells (GICs) [148]. In addition,

Notchl signaling facilitates the glioma-initiating cells
invasion and development by modulating the CXCL12/ CX
CR4 chemokine pathway [149], whereas inactivation of Rbpj,
Notchl, or Notch2 receptors accelerates tumor development
in a mouse model [150]. That subtype-specific effect of Notch
in glioma cases could be attributed to cooperation with p53.
In conclusion, Notch signaling acts either as an oncogenic
promoter or a tumor suppressor in different glioma subtypes,
and the underlying mechanisms need further research [151].

Jaggedl overexpression is widely reported in BC and is
associated with a very poor prognosis in BC cases, and is also
associated with high pathological grade, advanced tumor
stage, lymph node metastasis, co-expression with the Ki-67
tumor marker, and LDH1 [152-154]. However, Jagged1 roles
are different in different BC molecular subtypes. The
Jaggedl/Notch-induced EMT process and metastasis in cases
of advanced BC are promoted by non-tumor cells in the tumor
microenvironment, including tumor-associated macrophages
(TAMs) [153,155], fibroblasts [156], tumor endothelial cells
[157], and bone stromal cells, pro-osteoclasts and osteoblasts
[157-159]. BC tissues were the first epithelial tumors
examined regarding Notch signaling [160-162]. An important
observation was that the Notchl and Jaggedlup-regulation,
known as non-mutated Notch signaling-related proteins were
associated with poor prognosis in BC cases [163]. Mutations
in Notch1 and Notch4, on mouse models, mediated by mouse
mammary tumor viruses were able to promote epithelial
mammary tumorigenesis [164]. Notch activation is associated
with cytotoxic chemotherapy resistance in HER2- expressing
BC cells [165] and could be attributed to a lack of NUMB
expression [166] and several reasons such as the fact that
Notch signaling maintains the BC cells stemness and
promotes initiation [167,168], and it forms features of the BC
microenvironment, especially TAMs, that is associated with
the innate immune phenotype [169].

Approximately 23% of OC patients had Notch signaling
alterations according to the Cancer Genome Atlas Research
Network [54], whereas Notchl and Notch3 promote OC
development [54-56]. Moreover, Notch3 overexpression was
associated with cell hyperproliferation and apoptosis
inhibition, tumor metastasis and recurrence [170,171].

Notch3 was positively associated with Jaggedland Jagged2
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expression in OC, and the Notch3 carcinogenic function is
potentially mediated by Jaggedl-Notch3 activation [172].
Also, Notch signaling promotes angiogenesis in OC mediated
by VEGFR2 negative feedback [173] through the VEGFR2
promoter methylation.

In a study of 89 OC cases gPCR analysis and IHC staining
detected that Jagged1was highly expressed in high-grade OC
tissues compared with low-grade OC tissues [172]. In another
study, qPCR and Western blot analysis suggested that
Jaggedl expression was up-regulated in most OC cell lines
compared with normal ovarian cell lines [174].

Active Notch signaling plays an oncogenic role in CRC and
furthermore, Jaggedl and DLL4 may control Notch
activation at different tumor stages [42]. In vitro and in vivo
findings suggested that Jaggedl contributes to the CRC cells
proliferation and invasion and tumor growth [43]. Notch
oncogenic effects regarding hematological malignancies
were focused on chromosome t (7;9) translocation of the
Notchl gene in T-ALL, whereas more than of 50% of T-ALL
cases had Notchl somatic activating mutations [50]. In
murine models transplanted hematopoietic progenitor cells
with constitutive activation of Notch1 signaling led to T-ALL
development [175]. Similar data suggested that Notchl may
induce the myc expression by regulating its enhancer N-Me
and play a critical role in the T-ALL initiation and
maintenance [176]. The interaction of Notchl and Pten
pathways promote anabolic processes in T-ALL cases, as a
synergistic effect [177]. Moreover, Notchl can directly
regulate specific INCRNAs expression, such as LU NAR1,
which is essential for the T-ALL cells [178] malignant
proliferation, whereas Notch signaling regulates the T-ALL
cell cycle progression via G1 phase proteins CyclinD3
expression, CDK4, and CDK6 [179]. Recently it was found
that, Notch3 activating mutations independent of Notch1 ones
had also been detected in several T-ALL cases [180]. In other
hematological malignancies activating mutations in Notch
have also been observed. In a murine model with B cell
chronic lymphocytic leukemia (BCLL), Notch signaling
dysfunction reduced morbidity, whereas Notch signaling
activation increased the survival and apoptosis resistance of
B-CLL cells [181].

Notch also was responsible for tumor growth through the
FBXW7-NOTCH- CCL2/CSF1 axis [182] in diffuse large B-
cell lymphoma (DLBCL) cases. Despite the fact that Notch
has an oncogenic role in most hematological malignancies, it
inhibits AML growth and survival and Notchl-4 consistent
activation led to AML growth arrest and caspase-dependent
apoptosis [183].

The Notchl -3 tumorigenesis effects might implicate
downstream genes activating mutations regulating the tumor-
initiating cell phenotype. In a mouse model [63] was observed
that Notchl and myc co-activation increased the NICD1-
induced adenoma formation frequency and facilitated tumor
progression and metastases. Moreover, Notch3 was an
essential gene in KRAS-mediated LA that activates PKCi-
ELF3-NOTCH3 signaling for regulation the asymmetric cell
division in tumor initiation and maintenance processes [184]
whereas Notchl activation in KRAS-induced LA suppressed
p53-mediated apoptosis [61]. However, a recent report
showed that Notch mutations had opposite effects in LA and
squamous cell carcinoma (SCC) [185], therefore the specific
role of Notch in LA cases needs further research.

Notch signaling is essential for the development and
homeostasis of normal intestinal epithelial cells, as regulates
the colonic goblet cells and stem cells [35] differentiation
[36], under normal circumstances. In CRC tissues, notable
Notch ligands (DLL1, DLL3, DLL4, JAG1, and JAG2) up-
regulation and Notch receptor (Notchl) abnormal activation
have been found [186], which led to metastasis and poor
prognosis of CRC [187]. It has been suggested that Notch
activation is a trigger of colon cancer development, as Notch
inhibition by miR-34a and Numb suppressed the colon cancer
stem cells [188] proliferation and differentiation. Aberrant
Notch signaling facilitates the CRC cells invasion and
metastasis probably through the NOTCHDAB1-ABL-TRIO
pathway, EMT and TGF-B-dependent neutrophil effects
[189]. In addition, Notch signaling also facilitates CRC
invasion by inducing ABL tyrosine kinase activation and the
RHOGEF protein TRIO [190] phosphorylation, whereas
active Notch signaling promotes the metastasis by reforming
the tumor microenvironment and regulating EMT-associated
transcription  factors such as SNAIL and SLUG
[187,191,192] and induces EMT in colon cancer cells with
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TP53 deletion [190,193].

Notch signaling is a pathogenic factor in non-alcoholic
steatohepatitis (NASH), however its role in HCC
pathogenesis still remains unclear [194]. Activated Notch
signaling has been observed in approximately 30% of human
HCC samples which in mice led to the liver tumor formation
[195]. Notch activation is also associated with the insulin-like
growth factor 2 (IGF-2) activation that contributes to
hepatocellular carcinogenesis [196], whereas it promotes
EMT progression and metastasis in HCC [197]. However,
Notch activation slows HCC development and can predict its
prognosis [198]. Myb signaling up-regulation through Notch
mutation and amplification might be a potential ACC driving
mechanism [199], whereas activated Notchl also generates
CD133(+) ACC cells, that are known as cancer stem-like cells
in ACC cases.

The Notch ligands and receptors overexpression, in clear cell
renal cell carcinoma (CCRCC), has been observed in tumor
tissues. Notchl activation is responsible for dysplastic tubular
epithelial cells hyperproliferation, whereas treatment
implicating a y-secretase inhibitor resulted in CCRCC cell
inhibition in vitro and in vivo [69].

Notch may be implicated in many cancer types as a pro-tumor
effector, however it can also act as a tumor suppressor in
others, such as in SCC and neuroendocrine tumors [76]
(Tables 1 and 2). Antitumor mechanisms concern regulation
of transcription factors with ~malignant properties,
suppressive genes downstream activation, cell cycle
inhibition, etc., in general the traditional role of Notch as an
oncogene has been challenged [151].

Notch is considered to act as a suppressor in neuroendocrine
tumors (NETS), such as tumors derived from the thyroid,
intestine-pancreas and the respiratory system neuroendocrine
cells [200].

SCLC is the most frequent lung NET type, as 25% of human

SCLC cases showed Notch target genes inactivation in one
comprehensive genomic profiling analysis [201]. A recent
study found that the Notch signaling down-regulation was
essential for the initial cell state switch of LA cells [202],
suggesting that Notch has a tumor-suppressive role in SCLC

cases. Moreover, high DLL3 expression was frequently found

in lung carcinoid tumors and SCLC cases [202-204], which
down-regulates Notch signaling via cis-inhibition. Notchl or
Notch2 activation in an SCLC mouse model, reduced the
synaptophysin and Ascl1 expression, inhibiting the cell cycle
process [205,206]. Similarly, in human medullary thyroid
cancer (MTC) tumor samples, Notchl protein was
undetectable, whereas the NICD1 expression of inhibited
MTC cell proliferation [207]. In a gastro-intestinal-pancreatic
NET tumor specimens analysis, reduced Notch expression
and mutated components were observed [208,209]. Some
researches suggested that such an anti-tumorigenesis effect
could be mediated by the NOTCH-ASCL1-RB-P53 tumor
suppression pathway [210,211], whereas others proposed that
activated Notch could inhibit cell development via cell cycle
arrest associated with p21 up-regulated [207,212]. Notch
could also mark and initiate deprogramming in rare
pulmonary NET cells that serve as stem cells in SCLC.
Considering the suppressor effect of Notch in NETS, drugs
targeting DLL3 have been tested in SCLC, with promising
results witnessed in preclinical trials [213].

Data concerning the mutated Notch in SCCs showed that
Notch function relies on aspects such as, Notch function can
be affected by the p53 pathway and the intrinsic transcription-
repressive protein RBP-Jk [82]. The underlying regulatory
mechanism is unclear, although some reports suggested that
Notch signaling maintains the CD133 phenotype in SCCs
stem cell [214]. Moreover, decreased Notchl expression also
dysregulates cell cycle-associated genes in SCCs such as LSC
[185].

Growing data demonstrated frequent NOTCH2 mutations in
splenic marginal zone lymphoma (SMZL) focusing its critical
role in the pathogenesis of this disease [215].

The Notch pathway regulates pancreatic cell differentiation
[216] and is involved in the development and progression of
PDAC [217-220]. Although previous articles have recorded
the Notch signaling components activation in PDAC [87,221-
224], the association between increased Notch expression and
tumorigenesis in PDAC is controversial as contradictory
findings have been reported by different studies. Mazur et al.
[218] revealed that Notch signaling has a tumor promoting
effect, whereas Hanlon et al. [87] demonstrated that it had an
inhibitory tumor effect [218,224].
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Implications (Cancer — MDPI, 2022)

Type of Cancer

Notch Ingredients (as oncogenic factors)

T-Cell Acute Lymphoblastic Leukemia

Notch1, Notch3 [50,175-180]

B-Chronic Lymphocytic Leukemia

Notchl-2, Jagged1-2 [181]

Splenic Marginal Zone Lymphoma

Notchl, Notch2 [215]

Lung Adenocarcinoma

Notchl, Notch3 [61,184,185]

Colorectal Carcinoma

Notch1 [186-193]

Breast Carcinoma

Notchl, Notch4, Jaggedl [160-169]

Adenoid Cystic Carcinoma

Notchl-2 [199]

Ovarian Carcinoma

Notchl, Notch3 [54-56, 170-174]

Hepatocellular Carcinoma (might act as a tumor suppressor in

oncogenic-oriented HCC cases)

Notch1[195-198]

Glioma (might act as a tumor suppressor in Glioblastoma Multiform)

Notch1-2 [52,143-148]

Clear Cell Renal Cell Carcinoma

Notch1[69]

Table 1. Notch signaling pathways in Carcinogenesis acting as an oncogenic factor

Type of Cancer

Notch Ingredients (as tumor suppressing factor)

Squamous Cell cancer(s)

Notch1-3 [82,185,214]

Pancreatic Ductal Adenocarcinoma (might act as an oncogene in
tumor-suppressive-oriented cases)

Notch1 [87,216-224]

Neuroendocrine Tumors (Lung carcinoid tumors, Gastro-entero-
pancreatic and Lung Neuro-endocrine tumors, Thyroid Neuro-
endocrine cancer)

Notchl, DLL3 [200-213]

Table 2. Notch signaling pathways in Carcinogenesis acting as tumor suppressing factor

EMT is responsible for increased stemness in tumors and
several cancer models have revealed that EMT plays an
essential role for initiating metastasis trigger [225-227].
Jagged-1, a Notchl ligand is implicated in metastasis in PC,
BC, and CRC and the Notchl signaling activation contributes
to cancer cell stemness and invasion in the mentioned cancer
cases [159,228]. Wieland et al. [229] successfully showed
that the maintained Notchl activity in epithelial cells is
responsible for a senescence-like phenotype development,
which eventually facilitates tumor cells trans-mitgration
within the primary tumor and homing at distant locations-
metastasis. In a similar way, Notchlover-expression in
immortalized endothelial cells induces Snail expression,
reduces E-cadherin expression that finally leads to the contact
inhibition loss and the EMT acquisition followed by
oncogenic transformation. Jaggedl induces EMT, which, in
turn, regulates Slug, that is responsible for EMT. In human
BC cells it has been observed that Notch1 inhibition is able to

invert the Jaggedl-induced EMT process [227]. Notch
signaling activation induced by Jaggedl led to the inhibition
of E-cadherin expression that damages cell-cell adhesion and
a simultaneous increase in N-cadherin, nuclear localization of
B-catenin and vimentin, that eventually led to an invasive and
mesenchymal phenotype [230].

In BC, the rate of N1ICD-positive versus negative tumor
epithelial cells (80% + 10. 3% versus 50% + 12. 5%) was
associated with patients who had positive sentinel lymph
nodes. In melanoma, N1ICD expression was significantly
associated with higher rates of metastasis (stage 1V tumors)
and shorter progression-free survival compared to patients
with low N1ICD expression [229]. Those studies suggested
that Notchl activation plays a major role in EMT and, when
activated in the vasculature, presents a major risk factor for

metastasis.
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Conclusions

Previous reports have shown that a large amount of solid
tumors exhibit JAK/ STAT signaling pathway activation. The
central position of JAK/STAT signaling in a signaling
pathways network whose deregulation contributes to cancer
suggests that targeted inhibition of JAK/ STAT signaling
could be utilized therapeutically to treat solid tumor cases.
Notch signaling alterations play a very important role in
several aspects of carcinogenesis. The investigation of the
Notch core and target gene expression patterns in diverse
cancer types resulted in the deep exploration of biological
differences. Specific differences between described cancer
types can be found in the comparison of neoplastic and
normal tissues, especially for the Notch ligands and its
receptors expression. The absence or low frequency of
mutations and copy number variation in core Notch members
may display that they have insignificant impact for Notch
signaling differentiation between different cancers. Notch
expression activation depends on tissue conditions, inhibiting
trans formation in some tissues and promoting tumorigenesis
in others. Furthermore, the variety in consecutive stages of
Notch signaling affected the target genes expression profile,
as reflected in the various genes activity involved in basic
cellular functions such as proliferation, adhesion, EMT or
apoptosis. All those observations provide new pathways for
targeted therapy development. Depending on the tissue
therapeutic intervention signs may contain igands, receptors,
transcription factors, and regulators.
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