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Chapter 10
Notch in Lung Cancer

Sara L. Sinicropi-Yao, Michael J. Koenig, and David P. Carbone

Abstract  Lung cancer is the deadliest malignancy in the world. The Notch signal-
ing pathway plays an important role in both normal lung development and the 
pathobiology of lung cancer. By understanding the function of the Notch pathway 
in normal development, we can begin to appreciate the intricate role that it plays in 
lung cancer. The complexity of Notch signaling includes multiple Notch receptors 
and ligands, posttranslational modifications affecting Notch receptor function, and 
significant cross talk with other signaling pathways. Dysregulation of the Notch 
signaling pathway occurs in every type of lung cancer, but the specific role of the 
Notch pathway in the different subtypes of lung cancer is still unclear. There is evi-
dence that Notch can act in a pro-tumorigenic manner under some circumstances 
and in an anti-tumorigenic manner under others. Notch can facilitate tumor growth 
and proliferation, apoptosis, cell differentiation, survival, immune response, angio-
genesis, cancer stem cell biology, and chemoresistance. Understanding how Notch 
naturally usurps these mechanisms to promote or suppress tumors can provide new 
insights regarding therapeutic intervention while minimizing toxicity.
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10.1  �Introduction to the Notch Signaling Pathway in Lung 
Cancer

Notch signaling plays a prominent role in early lung development promoting cell 
fate determination, cell differentiation and the  coordination of alveolar develop-
ment. In humans, there are four Notch receptors (NOTCH1, NOTCH2, NOTCH3, 
and NOTCH4) and five ligands (DLL1, DLL3, DLL4, JAGGED1, and JAGGED2). 
Notch receptors and ligands are membrane bound and act in both a juxtacrine and 
autocrine manner. Notch receptors are first synthesized as precursor polypeptides 
that are cleaved in the Golgi apparatus by a furin-like convertase (S1 cleavage). The 
resulting extracellular domain (ECD) and intracellular domain (ICD) are main-
tained by a non-covalent bond between the N- and C- terminal halves and present at 
the cell surface. The second proteolytic cleavage site, S2, is buried within the nega-
tive regulatory region (NRR). Notch ligands DLL1, DLL4, JAGGED1, and 
JAGGED2 transactivate the Notch receptor and induce a conformational change that 
exposes the NRR and triggers the second cleavage (S2) by ADAM10(Kuz)/17(TACE) 
protease. Cleavage by the γ-secretase complex at a third site (S3) releases the 
ICD, which translocates to the nucleus and regulates gene expression by cooperat-
ing with the DNA binding protein CSL (CBF-1/SU(H)/Lag-1)  and co-activator 
MamL1-3 (Fig. 10.1).

The Notch signaling cascade does not rely on an enzymatic amplification step. 
Instead precise stoichiometry of receptor-ligand complexes is required for Notch 
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Fig. 10.1  Overview of the Notch signaling pathway. (Modified from [1] by [2])
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activation [3]. This likely allows for the precise regulation of Notch signaling and 
partially explains the sensitivity of Notch signals to small perturbations.

Aberrant Notch signaling has been reported in 20% of all cancers [4]. Likewise, 
25% of small cell lung cancer (SCLC) [5] tumors and 33% of non-small cell lung 
cancer (NSCLC) [6] tumors have altered Notch signaling, and  is correlated with 
poor overall survival [7, 8]. It has become increasingly clear that the outcomes of 
Notch signaling alterations are context dependent and can have opposing roles in 
different subtypes of lung cancer. The divergent impact of Notch receptor or ligand 
expression at the RNA or protein level may be related to its context-dependent role 
as oncogene or tumor suppressor [9–15]. Given the complexity of Notch signaling, 
modulated by the expression of multiple combinations of  Notch receptors and 
ligands and their state of posttranslational modification, numerous target genes and 
crosstalk with other signaling cascades, it is crucial to understand Notch biology to 
predict the outcome of Notch therapies [12]. Pan-inhibition of Notch receptors or 
their ligands may not be optimal, and therapies that target individual receptors or 
ligands may be necessary. Successful development of targeted and combination 
therapies will require a better understanding of the role of each Notch receptor and 
ligand in each tumor and how targeting them affects different aspects of cell 
behavior.

10.2  �Modulation of Notch Signaling by Posttranslational 
Modification

Regulation of the Notch receptor and Notch-ICD occurs throughout maturation 
with signaling and turnover affected by a number of posttranslational modifications 
that include glycosylation, ubiquitination, and phosphorylation events [3, 6, 16–30]. 
How these modifications affect Notch activity, signaling, and turnover is not yet 
fully understood.

With the exception of the loss of NUMB, a negative regulator of Notch that pro-
motes ubiquitylation and degradation of NOTCH1, posttranslational modifications 
of Notch have not been extensively studied in the context of lung cancer [6]. One 
study identified manic fringe as a tumor suppressor in lung cancer [30]. Because 
JAGGED1 is often upregulated in lung cancer and manic fringe was found to be 
downregulated, the authors hypothesized that manic fringe expression in lung can-
cer would suppress Notch-Jagged activation. They found that re-expressing manic 
fringe downregulated NOTCH3 signaling through increased protein turnover. More 
studies are needed to better understand the role of modifications in the context of 
lung cancer. Mechanisms such as posttranslational modifications can alter Notch 
signaling activity without affecting Notch expression itself and thus represent 
potential targets for therapeutic modulation.
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10.3  �Notch Signaling in Normal Lung Development 
and Homeostasis

Notch plays an integral role in the development of the lung, a stratified structure 
composed of a number of specialized cells each with specific functions (Fig. 10.2).

Notch pathway genes are expressed during tracheobronchial bud formation and 
regulate proximal and distal cell fates. Within the budding epithelium, NOTCH1, 
JAGGED1, and JAGGED2 expressions are localized to distal areas of the bud, 
whereas DLL1 expression occurs proximally [31, 32]. This pattern suggests that 
Notch signaling mediates cell fate determination along the proximodistal axis. In 
mouse embryos, pan-Notch inhibition using a γ-secretase inhibitor has been shown 
to disrupt the proximodistal axis of the budding lung epithelium by causing an 
expansion of distal progenitors and loss of proximal structure formation [31].

Notch signaling regulates the development of undifferentiated precursor popula-
tions into specialized cell types. In basal cells, NOTCH1-mediated lateral inhibition 
appears to regulate the adoption of a club (secretory), ciliated, or pulmonary neuro-
endocrine cell (PNEC) fate [33]. Morimoto et al. found that deletion of the Notch 
effector protein RBPJ (CSL) redirects cells from a club fate to a ciliated fate. They 
also found that NOTCH2 determines club cell fate independently of NOTCH1 and 
NOTCH3 [33, 34]. Moreover, using an injury model, the authors found that CC10-
positive club cells arise from a population of CC10-negative cells that activate the 
Notch signaling pathway and develop into club cells [33].

Fig. 10.2  The tracheobronchial tree
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Similarly, Notch signaling controls the binary cell fate decision of neuroendo-
crine versus non-neuroendocrine cells [34, 35]. Morimoto et al. found that NOTCH1, 
NOTCH2, and NOTCH3 contribute to development of PNECs and observed a 
mutually exclusive relationship between expression of HES1, which is expressed in 
non-neuroendocrine cells, and ASH1, which is expressed in neuroendocrine cells. 
PNECs express DLL1, which activates Notch receptors on adjacent cells to produce 
HES1. HES1 functions as a transcriptional repressor of ASH1, which is required for 
neuroendocrine cell differentiation. Thus pulmonary neuroendocrine cells that 
express the Notch ligand DLL1 suppress adjacent cells from developing into pul-
monary neuroendocrine cells themselves [35, 36]. Morimoto et al. propose that this 
traditional model may be incomplete and suggest that DLL1 expression by pulmo-
nary neuroendocrine cells does not merely inhibit adjacent cells from developing a 
neuroendocrine cell phenotype but rather drives the development of a specialized 
group of cells surrounding the neuroendocrine cells. They call these specialized 
cells stage-specific embryonic antigen-1 (SSEA-1)-positive, peri-neuroepithelial 
body, Notch-active, CC10-negative cells (SPNCs) [34]. Deletion of JAGGED1 in 
non-neuroendocrine cells has also been reported to increase the number of neuroen-
docrine cells [36]. Zhang et al. hypothesize that JAGGED1 may be able to activate 
Notch receptors in neighboring SPNCs and prevent their adoption of a neuroendo-
crine cell fate [36]. Recent studies by Lafkas et al. demonstrate that under normal 
conditions, JAGGED1 prevents differentiated secretory cells from adopting a cili-
ated fate; on the other hand, inhibition of JAGGED1 promotes the conversion of 
secretory cells to a ciliated fate [37]. It appears that DLL3 may act as a negative 
regulator of Notch and DLL1 by redirecting them to internal degradation pathways 
[38, 39]. DLL3 is a direct downstream target of ASCL1, a basic helix-loop-helix 
(bHLH) transcription factor involved in neuronal cell differentiation [40, 41]. 
Saunders et al. suggest that DLL3 is associated with a neuroendocrine cell pheno-
type and contributes to neuroendocrine tumorigenesis [42]. They found that target-
ing DLL3 with an antibody-drug conjugate (ADC) known as SC16LD6.5 (Rova-T) 
suppressed tumor growth in SCLC patient-derived xenograft (PDX)’s [42].

Pulmonary goblet cell fate is also regulated by Notch. In murine airway tracheal 
explant studies, addition of the Notch agonist Dll4 increased the percentage of 
Muc5ac-positive expressing goblet cells [43]. Presumably overexpression of 
Notch1-ICD increased goblet cell numbers in the proximal airways driving a goblet 
cell fate over a ciliated one [43]. Conversely when a diazepine inhibitor of γ-secretase 
(DBZ) was added to mouse tracheal explants, the fraction of ciliated cells increased, 
and the number of mucus-secreting cells decreased [43].

In the distal lung, Notch signaling regulates alveolar development that is neces-
sary for alveoli formation [44]. Constitutive activation of Notch1 in the distal lung 
epithelium stops alveolar development [43]. Distal cysts form and cells within these 
structures stop expressing alveolar markers [43]. Similarly, constitutive expression 
of Notch3-ICD in the distal lung epithelium arrests alveolar epithelium differentia-
tion, stalls maturation of Type II pneumocytes, and prevents the formation of Type 
I pneumocytes in the lungs of transgenic mice [45]. This study suggests that 
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constitutive expression of the Notch3 receptor is essential for proper microvascula-
ture development in the alveoli of the embryonic lung.

While Notch signaling plays a critical role in cell fate determination, mainte-
nance of adult airways, and tissue architecture, it has also been investigated for its 
role in stem cell maintenance [46–48]. Throughout the lung, specific stem/progeni-
tor cells have been identified that are capable of self-renewal and regeneration into 
specialized cell types [46]. The role of Notch in lung stem cells was recently 
reviewed by Carraro et al. [46]. In cancer, the lung epithelium undergoes pathologi-
cal remodeling with large changes to the proportion of cell types [49–51], recapitu-
lating what happens during development. Notch contributes to the dedifferentiated 
state of tumor cells [52]. A deeper understanding of the mechanisms regulating lung 
maintenance and repair by stem cells is needed for the development of new 
therapies.

10.4  �Notch Signaling in Lung Tumorigenesis: Preclinical 
and Clinical Relevance

The contribution of Notch signaling to lung tumorigenesis is poorly understood. 
Notch’s oncogenic role in lung cancer was supported by the discovery of a chromo-
some 15:19 translocation in a case of poorly differentiated lung cancer in 2000 [53]. 
The position of this translocation upstream of the NOTCH3 locus on chromosome 
19 was associated with massive overexpression of NOTCH3 [53]. While 
translocation-mediated oncogene activation is common in leukemia and increas-
ingly recognized in other solid tumor types, this was the first reported case of a 
translocation in a cancer of epithelial origin and the first to implicate NOTCH3 as 
an oncogene in lung cancer.

Notch has been implicated as both an oncogene and a suppressor in lung cancer. 
These contrasting roles may be a result of the complexity of the pathway, interac-
tions with other signaling pathways, lack of specific inhibitors, and the fact that 
Notch signaling is context-dependent. For example, NOTCH1 can play opposing 
roles in different subtypes of lung cancer (Table 10.1). A review of Notch mutation 
rates and copy number alterations is provided in Table  10.2. The tumor 
microenvironment can also influence Notch’s role in cancer, as Notch exerts oppos-
ing effects in the same tissue type under hypoxic versus normoxic conditions [67].

Table 10.1  Hypothesized role of Notch receptors in specific cancer subtypes

Notch 
receptor Small cell lung cancer Adenocarcinoma Squamous cell carcinoma

NOTCH1 Tumor suppressor [5, 54, 
55]

Oncogene [9–11, 56] Tumor suppressor [57, 
58]

NOTCH2 Tumor suppressor [5, 57] Tumor suppressor [9] Unknown
NOTCH3 Tumor suppressor [59] Oncogene [60, 61] Unknown
NOTCH4 Unknown Oncogene [62] Unknown

S. L. Sinicropi-Yao et al.
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10.4.1  �Role of Notch in Small Cell Lung Cancer (SCLC)

SCLC comprises 15% of all lung cancers and typically arises in heavy smokers 
[68]. SCLC is an aggressive neuroendocrine carcinoma that is homogeneously 
poorly differentiated, has a very high mitotic rate, arises in the central airways, and 
infiltrates the bronchial airways. SCLC is distinguished by a rapid growth rate and 
early spread to regional lymph nodes and distant sites. While chemotherapy is often 
temporarily effective, recurrence is nearly universal, with death occurring within 
weeks or months [69].

Notch signaling has a tumor-suppressive role in PNECs [70] including the neu-
roendocrine cells in SCLC and other neuroendocrine tumors [5, 54]. For example, 
overexpression of active NOTCH1 or NOTCH2 caused growth arrest of SCLC cells 
[54]. There are two known mechanisms of Notch-mediated tumor suppression in 
SCLC [71]. The first mechanism occurs through the transcriptional regulatory cas-
cade whereby Notch signaling causes transactivation of HES1, a transcriptional 
repressor of hASH1, which leads to repression of neural determination and differ-
entiation genes. The second mechanism involves a novel pathway of NOTCH1 sig-
naling that enhances hASH1 ubiquitination and targets it for degradation through a 
proteasome-dependent pathway.

Since SCLC is rarely treated surgically, it has been difficult to acquire a large 
number of high-quality surgical resections that are needed for large genomic stud-
ies. In 2012 two independent studies performed comprehensive genomic character-
ization of SCLC tumors [72, 73]. In an analysis of 36 primary human SCLC samples, 
Rudin et  al. found mutations clustering in the Notch (NOTCH1, NOTCH2, and 
NOTCH3) family genes [72]. Scientists at the University of Cologne in Germany 
sequenced the genome of 110 resected SCLCs [5]. Using unsupervised hierarchical 
clustering of tumor transcriptomes, they observed that the majority (53/69) of 

Table 10.2  Frequency of Notch pathway mutations and copy number alterations in lung cancera

Notch receptor
Small cell lung cancer 
(N = 110)b

Adenocarcinoma 
(N = 230)

Squamous cell carcinoma 
(N = 178)

NOTCH1 14.55% 5.22% 8.99%
NOTCH2 4.55% 18.7% 12.92%
NOTCH3 9.09% 1.74% 6.74%
NOTCH4 2.73% 13.48% 2.81%
JAGGED1 1.82% 3.04% 3.93%
JAGGED2 2.73% 2.17% 5.62%
DLL1 1.82% 2.61% 2.25%
DLL3 2.73% 3.48% 7.87%
DLL4 1.82% 2.91% 0.56%

aPercentages represent the prevalence of mutation and copy number alterations obtained from the 
cBioPortal for Cancer Genomics (www.cbioportal.org) [63, 64] using the TCGA provisional data-
sets [65, 66] and from the small cell lung cancer dataset from U Cologne [5]
bPercentages from the small cell lung cancer dataset represent the prevalence of mutations but not 
copy number alterations
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tumors had high expression of neuroendocrine markers and low Notch pathway 
activity as indicated by high levels of DLK1, a noncanonical inhibitor of Notch 
signaling, and ASCL1 whose expression is inhibited by active Notch signaling [5]. 
Damaging mutations were enriched in the extracellular domains of Notch receptors 
suggesting a tumor-suppressive role of Notch in SCLC.  In concordance with the 
earlier study by Rudin et  al., the University of Cologne’s study determined that 
Notch family genes were affected by predicted functional genomic alterations in 
25% of tumors [5]. A review of mutation rates in SCLC from the University of 
Cologne study is provided in Table 10.2 [5]. It is possible that alterations in other 
pathway genes could make the frequency of functional Notch inactivation even 
higher. Notch receptor/ligand mutations were mutually exclusive of mutations in 
other frequently altered pro-tumorigenic genes such as CREBBP, EP300, TP73, 
RBL1, and RBL2. In the University of Cologne dataset, NOTCH1 and JAGGED1 
(p = 0.02) as well as DLL1 and DLL4 (p = 0.04) had a significant association toward 
co-occurrence [63]. Mutations in Notch were not significantly associated with the 
total number of mutations, overall survival, or other clinical parameters.

Lim et al. identified that activation of Notch in SCLC models leads some cells to 
undergo a neuroendocrine to non-neuroendocrine shift [55]. These non-
neuroendocrine cells are slow growing, chemoresistant and stimulate neuroendo-
crine tumor cell growth [55]. This lineage switch requires the expression of the 
Notch-targeted transcription factor Rest (NRSF), an inhibitor of neuroendocrine 
fate [55].

Activation of Notch1 or Notch2 signaling in murine SCLC models is associated 
with increases in Hes1 expression, suppression of neuroendocrine differentiation, 
and significantly reduced tumor formation [5]. Consistent with earlier studies, 
expression of NOTCH1-ICD inhibited tumor growth, and expression of NOTCH2-
ICD prolonged overall survival. In a SCLC cell line, inhibition of NOTCH3 pro-
moted tumor growth supporting a tumor-suppressive role [59]. Taken together this 
data supports a tumor-suppressive role for Notch in SCLC that parallels its role as a 
regulator of lineage specification in PNECs during lung development. The finding 
of frequent DLL3 overexpression in SCLC (a suppressive Notch ligand) supports 
this hypothesis [42].

10.4.2  �Role of Notch in Non-small Cell Lung Cancer (NSCLC)

10.4.2.1  �Altered Expression, Mutations, and SNPs

Many studies have characterized mutations in Notch genes that are involved with 
the pathogenesis of NSCLC [6, 74–76]. A 2015 article by Guo et al. reviewed the 
role of Notch in lung cancer [77]. In a cohort of 49 NSCLC cancers, Westhoff et al. 
found a subset of patients had NOTCH1 gain-of-function mutations [6]. The authors 
reported that 30% of NSCLC tumors lose expression of NUMB, a negative regula-
tor of Notch, whose loss leads to increased NOTCH1 expression and activity [6]. A 
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review of mutation rates in NSCLC from The Cancer Genome Atlas (TCGA)  is 
provided in Table 10.2 [65, 66].

Multiple studies have examined the value of Notch signaling as a prognostic 
indicator in patients with NSCLC [8, 78–80]. Studies show that NSCLCs have 
higher NOTCH1 expression compared to normal lung tissue and that the expression 
of NOTCH1 is positively correlated with disease progression, metastasis, and 
poorer overall survival [78]. Mariscal et al. showed that high NOTCH1 expression 
in circulating tumor cells is a negative prognostic factor for progression-free sur-
vival, suggesting its potential utility in liquid biopsy [81]. Another recent study 
found that patients with lung adenocarcinoma have higher NOTCH2 expression, 
which is positively correlated with recurrence. This study identified high NOTCH1 
and NOTCH3 expression as negative prognostic indicators in adenocarcinoma [82].

A meta-analysis by Yuan et al. examining 3663 patients across 19 studies found 
that high expression of NOTCH1 was associated with higher tumor, lymph node, 
and metastasis (TNM) stage and higher risk of lymph node metastasis [78]. 
NOTCH1 and NOTCH3 overexpression was linked to poor overall survival 
(NOTCH1, HR, 1.29; 95% CI, 1.06–1.57, p = 0.468, and I2 = 0.0%; NOTCH3, HR, 
1.57; 95%CI, 1.04–2.36, p = 0.445, and I2 = 0.0%). The study also identified that 
DLL4 expression and HES1 expression were associated with poor overall survival 
in NSCLC. There was no association found between DLL1 and DLL3 expression 
and overall survival.

The studies reviewed by Yuan [78], Westhoff [6], and Andersen [80] stand out for 
their size and significance. Westhoff et al. identified NOTCH1 expression as a poor 
prognostic marker, and the Andersen et al. study identified NOTCH1 and HIF1α 
co-expression as a poor prognostic marker. Similarly, a 2007 study by Jiang et al. 
showed that JAGGED1 expression was correlated with lymph node metastasis [79]. 
Jiang et al. also found that high NOTCH1 expression in adenocarcinoma samples 
was associated with poorer overall survival and that high co-expression of NOTCH1 
and VEGF-A was associated with poorer overall survival in all types of NSCLC. In 
squamous cell carcinoma, low DLL4 expression was an indicator of poor prognosis 
[7, 8].

According to dbSNP, the single-nucleotide polymorphism (SNP) 
rs2229968(V1671I) occurs in African American ancestry populations with a fre-
quency of approximately 3.4% but not in populations of European ancestry [83]. A 
study by Bollig-Fischer et  al. observed that in 472 patients (137 African 
American  ancestry, 335 European ancestry) with NSCLC, the frequency of 
NOTCH1 V1671I was increased in the African American (9%) versus European 
ancestry (0%) population (p < 0.0001) [84]. These results from Bollig-Fisher asso-
ciate this SNP with a higher risk of cancer. Another study by Lee and colleagues 
suggest that the DTX1 rs1732786A>G promoter region polymorphism may affect 
DTX1 expression and is associated with better overall survival and disease-free 
survival [85]. Results from Quan et al. suggest that the NOTCH1 SNP rs3124599 
may be associated with a predisposition to SCLC in northeast Chinese non-smoking 
women but had no prognostic effect [86].
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10.4.2.2  �Notch Signaling in Adenocarcinoma

Several studies have shown that NOTCH1 directly contributes to lung adenocarci-
noma carcinogenesis and is critical for invasion, metastasis, and malignant transfor-
mation [9–11, 56]. Allen et al. demonstrated that continuous expression of activated 
Notch1-ICD in the alveolar epithelium of transgenic mice induced lung adenoma 
formation [56]. After seven  days of induction of Notch1-ICD expression, mice 
began to develop alveolar hyperplasia, which progressed to adenoma after 
eight months. When crossed with mice overexpressing Myc in the alveolar epithe-
lium, adenocarcinoma developed. Further studies by Baumgart et al. demonstrated 
that the loss of Notch1 substantially reduced tumor formation in mouse lung adeno-
carcinoma models driven by KrasG12D mutations [9]. In agreement with these stud-
ies, Licciulli et al. demonstrated Notch1 function is required for tumor initiation 
through suppression of p53-mediated apoptosis [10]. Following knockdown of the 
individual NOTCH1-3 receptors in vitro, Licciulli et al. found a dramatic decrease 
in cell numbers only after NOTCH1 knockdown [10]. In KrasG12D Notch1flox/flox 
mice, six weeks after tumor initiation, KrasG12D mice with the conditional Notch1 
knocked out had two lung lesions versus 13 lesions in the KrasG12D control animals. 
Additionally, substantially lower tumor-to-lung ratios were observed in mice with-
out Notch1 function. These combined findings demonstrate the role of NOTCH1 in 
tumor initiation and promotion of lung adenocarcinoma.

In contrast NOTCH2 has been demonstrated to mediate differentiation and func-
tion as a tumor suppressor in lung adenocarcinoma. Conditional ablation of Notch2 
in vivo led to upregulation of β-catenin and development of a higher number of 
tumors in a shorter period of time [9]. Furthermore, Notch2 has been shown to regu-
late E-cadherin levels, cell migration, and invasiveness.

Evidence for an  oncogenic role of NOTCH3 is provided by experiments that 
demonstrated in vitro and in  vivo suppression of NOTCH3 results in loss of the 
malignant phenotype [60]. NOTCH3 is elevated in 30–40% of primary lung tumors 
and frequently co-expressed with EGFR [61, 87]. In cells co-expressing NOTCH3 
and EGFR, NOTCH3 suppression sensitizes cells to EGFR inhibitors. Studies by 
Haruki et al. showed that expression of dominant-negative (DN) NOTCH3 receptor, 
with a nonfunctional intracellular domain, antagonized NOTCH3 signaling, slowed 
growth, and induced apoptosis [61]. While all four Notch receptors are present in 
tumor propagating cells, studies by Zheng et al. showed that only NOTCH3 played 
a functionally non-redundant role in tumor cell propagation in Kras-driven NSCLC 
[88]. A study by Arasada et al. showed that NOTCH3 is tyrosine phosphorylated in 
an EGFR-dependent manner, the functional consequences of which still need to be 
determined [89]. The authors also demonstrated that erlotinib-mediated EGFR inhi-
bition increased the cancer stemlike cell population and was dependent on activa-
tion of NOTCH3 [89]. Knocking down NOTCH3, but not NOTCH1, was shown to 
eliminate the erlotinib-induced ALDH+ stemlike population, which also suggests a 
non-redundant role for NOTCH3 in this process [89].

Likewise, NOTCH4 expression has been linked to cancer stem cells in adenocar-
cinoma models [90]. The frequency of NOTCH4 alterations in white non-Hispanics 
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in adenocarcinoma is approximately 5.5% but approximately 20% in the Hispanic/
Latino cohort. Moreover, 7/12 (58.4%) of amino acid substitutions occurred in the 
NRR of Notch [62]. Expression of one of these NRR domain mutations (P1663Q) 
by Gordian et al. in the lung adenocarcinoma, A549 cell line model, suggests 
NOTCH4 may have an oncogenic role in lung adenocarcinoma [62].

10.4.2.3  �Notch Signaling in Squamous Cell Carcinoma

To date, the role for Notch receptors in lung squamous cell carcinoma has focused 
on NOTCH1 signaling but very little on other Notch receptors. Downregulation of 
NOTCH1 is often associated with dysfunctional (or aberrant) squamous cell dif-
ferentiation and the development of squamous cell carcinoma [91]. However, early 
studies demonstrated that Notch signaling drove cell cycle arrest and differentiation 
in keratinocytes and that loss of NOTCH1  in epidermal keratinocytes promoted 
tumorigenesis [92, 93]. Subsequent studies by Nicolas et al. demonstrated that con-
ditional ablation of Notch1 in the mouse epidermis resulted in epidermal hyperpla-
sia, skin carcinoma, and basal and squamous carcinomas, thus implying a 
tumor-suppressive role for NOTCH1 [14]. While the tumor-suppressive role for 
NOTCH1 has been primarily studied in skin cancer, Li et al. reported that an increase 
in NOTCH1 signaling in lung squamous cell carcinoma was associated with squa-
mous lung cell differentiation and corresponded with a lengthened survival, low 
grade, and low stage [94]. Interestingly, studies have shown inhibition of Notch1 in 
a Kras-driven mouse model of lung cancer strongly decreased adenocarcinoma for-
mation but promoted squamous hyperplasia in the alveoli [11].

The TCGA dataset for lung squamous cell carcinoma identified alterations in 
Notch receptors in 39% (69/178) of cases [74–76]. Additionally a comparative 
genomic analysis by Kim et al. of 104 squamous cell carcinoma tumors from East 
Asia with 178 tumors from mostly white patients from the United States suggests 
that the frequency of Notch mutations in squamous cell carcinoma may vary by 
ethnic group [57]. Although the frequency of mutations in NOTCH1 (7% and 9%) 
was similar between the two cohorts, NOTCH2 mutations occurred in 4% of East 
Asian versus 13% of tumors from the Unites States and found that 10% East Asian 
tumors versus 7% of tumors from the United States had mutations in NOTCH3 [57, 
66]. Although these results were not statistically significant, a larger study in lung 
squamous cell carcinoma may be able to identify the frequency of Notch alterations 
among ethnic groups. Furthermore Kim et al. found that eight of the 17 samples 
with NOTCH1 mutations had truncating mutations suggesting loss of function [57]. 
Moreover, NOTCH1 mutations have been reported in cutaneous squamous cell car-
cinoma and head and neck squamous cell carcinoma [74–76]. Experiments by 
Brooks et al. show that ER-ß is a direct positive regulator of NOTCH1 expression in 
lung keratinocyte-derived squamous cell carcinoma cells [58]. The authors demon-
strate that in vitro and in vivo overexpression of ER-ß induces NOTCH1 expression 
and suppresses proliferation in lung squamous cell carcinoma [58]. This finding is 
consistent with clinical epidemiological studies that have shown in postmenopausal 

10  Notch in Lung Cancer



252

women that estrogen exposure is associated with reduced risk of NSCLC and that 
nuclear ER-ß expression is a positive prognostic marker for male NSCLC patients 
[95–97].

10.4.3  �Conflicting Roles of Notch in Cancer Subtypes

Despite ample experimental evidence for an oncogenic role for NOTCH1  in 
NSCLC, conflicting data exist [58, 77, 98, 99]. A study by Zheng et  al. demon-
strated Notch signaling inhibited growth of A549 lung adenocarcinoma cells sug-
gesting a tumor suppressive rather than oncogenic role for Notch in lung 
adenocarcinoma [100]. Other studies support an oncogenic role of NOTCH1  in 
squamous lung cancer [101]. Wael et al. used siRNAs to knockdown NOTCH1 in 
the adenocarcinoma (A549) and lung squamous cell carcinoma (H2170) cell line 
and reported that knockdown of NOTCH1 had a tumor-suppressive function in the 
lung adenocarcinoma (A549) cells and no effect on biological functions in the 
H2170 squamous cell carcinoma line [99]. One possible explanation for these 
apparently conflicting data is that the Notch output is highly context and cell of 
origin dependent. The precise underlying mechanisms of this difference remain to 
be unraveled.

Hallmarks of cancer such as the tumor microenvironment and interaction with 
the immune system may be involved in mechanisms that favor an oncogenic versus 
tumor-suppressive role for Notch in different cellular contexts.

10.4.4  �Notch and the Tumor Microenvironment

The tumor microenvironment, including oxygen levels, angiogenesis, paracrine sig-
naling, and immune cells, may contribute to the apparent discrepancies in experi-
mental findings associated with the role of Notch in NSCLC.  Maintenance of 
normal oxygen concentrations is important for normal lung physiology, and tissue 
hypoxia is common in many tumors including NSCLC [102–104].

Regulation of mitochondrial metabolism may also depend on the interaction 
between tumor cells and the microenvironment. Hypoxia has an important role in 
lung cancer progression and been shown to decrease therapeutic efficacy of some 
forms of radiotherapy and chemotherapy [102, 105–107]. Notch signaling in lung 
tumor cell lines is dramatically elevated under hypoxic conditions [108], and Notch 
signaling is necessary to maintain tumor cells in an undifferentiated state and allow 
them to survive in these hypoxic microenvironments [109]. Under normoxic condi-
tions, NOTCH1 expression promotes apoptosis, but in hypoxic conditions, NOTCH1 
signaling stimulates cell survival by inhibiting PTEN and activating the IGF-1R 
pathway [110]. Lung adenocarcinoma studies have shown that inhibition of the 
mitochondrial electron transport chain induced cell cycle arrest and triggered apop-
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tosis [111]. In contrast, a recent comparison of the metabolic phenotype of lung 
adenocarcinoma and squamous cell carcinoma identified elevated expression of the 
GLUT1 glucose transporter selectively in lung squamous cell carcinoma [112]. 
While squamous cells were sensitive to glucose deprivation, adenocarcinoma cells 
exhibited glucose intolerance [112]. Different phenotypes such as hypoxic versus 
normoxic have different metabolic requirements. Researchers speculate that differ-
ences in signaling pathways mediated in part by Notch may drive divergent meta-
bolic phenotypes [113]. Studies such as these underscore the complexity of the 
pathway and the importance of the controlling the tumor microenvironment for 
studies focused on Notch signaling therapeutics.

Studies in mammary epithelial cells indicate that the phenotypic response to 
Notch is determined by the degree of pathway activation [114]. It is likely that the 
amount of Notch signaling in lung cancer similarly affects the balance between 
growth-stimulating and growth-suppressing effects [114]. In squamous cell carci-
noma keratinocytes, high levels of Notch1 cause growth arrest but at low levels 
cause transformation [115]. It is likely that mechanisms have evolved for cells with 
excessive Notch expression to undergo programmed cell death [108]. A study by 
Chen et al. suggested that under hypoxic conditions, which potentiate the strength 
of Notch signaling, total Notch1 protein levels increase, but active Notch1 levels 
remain relatively unchanged. The low levels of active Notch1-ICD may be a reflec-
tion of rapid activation-degradation to prevent pathway hyperactivation and main-
tain Notch signaling homeostasis [108]. These studies suggest that this pathway, 
like most other crucial pathways, is self-regulating/negatively regulating and under-
scores the fragile nature and context dependency of Notch signaling.

10.5  �Notch and the Immune Response to Lung Cancer

The immune system plays a critical role in the suppression of tumors, and immune 
evasion is a hallmark of malignancy [116–118]. Notch signaling has been found to 
play a critical role in normal immune system activation and T cell differentiation 
(Fig. 10.3). Proliferating helper T cells develop into two major subtypes known as 
TH1 and TH2 cells. TH1 helpers are host immunity effectors against bacterial and 
protozoa, while TH2 helpers are host immunity effectors against extracellular para-
sites. A new lineage of T cells has been designated as TH18 cells that produce pro-
inflammatory cytokines and are thought to play an essential role in host defense 
against extracellular bacteria and fungi and be involved in autoimmune disease.

Notch has been implicated as a general coactivator of T cells [119] and a path-
way that favors polarization of activated macrophages toward the M1 state [120, 
121], both of which could augment the host immune response against cancer in the 
local microenvironment. This signaling is often ligand-specific, as specific ligands 
can elicit the development of different immune cells. DLL4 expressed by antigen-
presenting cells specifically directs the differentiation and activation of CD8+ T cells 
[122, 123]. On the other hand, expression of JAGGED1 by antigen-presenting cells 
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induces a T regulatory phenotype and subsequent immune suppression [124]. 
Expression of DLL1 or DLL4 leads to induction of T cell development and suppres-
sion of B cell development [125, 126]. Moreover, DLL4 is the essential and non-
redundant ligand for NOTCH1 in T cell development [127]. Reduction in DLL1 and 
DLL4 in the hematopoietic microenvironment allows tumors to escape T cell immu-
nity by elevating circulating VEGF [128]. This tumor-mediated suppression of T 
cell activity can be reversed by activation of Notch signaling using multivalent 
Dll1  in mouse xenograft models [129]. This activation is specific to the DLL1 
ligand. For example, since DLL3 does not activate Notch signaling, it is not pre-
sumed to have an effect on T cell maturation [130]. JAGGED1 and JAGGED2 
expression is thought to induce a Th2 fate [131]. NOTCH1 activation also directs T 
cells to a Th17 fate, although the specific ligand interaction mediating this fate is not 
known [132].

Notch1 and Notch2 are the receptors that mediate this signaling axis. It has been 
shown that Notch1 and Notch2 are necessary for the proliferation of activated CD8+ 
T cells and tumor-infiltrating T cells [133]. T cell differentiation is primarily medi-
ated through Notch1. Eliminating Notch1 signaling results in impaired T cell devel-
opment and increased B cell development [134]. Conversely, inducing constitutive 
Notch1 signaling promotes T cell development and reduces B cell development 
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Fig. 10.3  Schema of Notch’s role directing T cell fate. (Figure illustrated by Mikhail Dikov, 
Translational Therapeutics, The Ohio State University)
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[135]. Furthermore, myeloid-derived suppressor cells, another immune-suppressing 
cell, block Notch1 and Notch2 expression in T cells, and this suppression can be 
circumvented by exogenously expressing Notch1-ICD in transgenic mouse models 
[133].

DLL1 plays a critical role in immunotherapy. DLL1 stimulation increases the 
number of infiltrating T cells and decreases the number of immune-suppressing 
regulatory T cells [129]. Combination of multivalent DLL1 and bortezomib, which 
sensitizes tumors to death signals, has been shown to restore the ability of the 
immune system to attack lung cancer cells [129]. Treatment with DLL1 has also 
been shown to improve progression-free survival in mice when combined with erlo-
tinib by inducing T cell immunity [129, 136]. Importantly, DLL1 therapy does not 
have a proliferative or clonogenic effect on lung cancer cells, which suggests that 
Notch pathways can be targeted in the immune compartment without promoting 
tumor growth or aggressiveness.

In contrast to these studies, it has been shown that continued activation of the 
Notch signaling pathway in CD8+ T cells results in an increase in PD-1 expression 
and suppression of T cell activation [137]. Notch1-ICD specifically occupies the 
Pdcd1 promoter and can thus downregulate T cell activation [137]. Moreover, com-
bination dosing of PD-1 and anti-DLL4  in a syngeneic CT26 model resulted in 
enhanced long-term memory, reduced suppressive functions of MDSC and Tregs, 
increased CD8 T cells, IL2 and IFN-γ levels [138].

Because of the complexity of these roles and the difficulty of measuring Notch 
activation and downstream effects in tumors, there remains uncertainty about the 
contribution of Notch signaling in stromal cells to cancer biology. Nonetheless, 
some intriguing preclinical data have emerged that suggest that modulation of host 
responses with selective Notch pathway inhibitors holds therapeutic promise. For 
example, short-term treatment with Dll4- or Notch1-blocking antibodies in the 
immediate posttransplant setting abrogates graft-versus-host disease without any 
measurable deleterious effect on graft-versus-leukemia activity [139], possibly 
because of a role for Dll4 expressed on lymph node stromal cells in the priming of 
Notch-expressing T cells [140]. Further investigation of Notch effects on host 
immunity in various disease settings clearly appears to be merited.

10.6  �Notch as a Therapeutic Target

Many features unique to the Notch pathway must be considered when developing 
cancer therapies targeting Notch. The first key feature is that the Notch signaling 
cascade does not rely on an enzymatic amplification step by a phospholipase, nucle-
otide cyclase, or protein kinase [115, 141]. Instead, the Notch signaling cascade is 
triggered by receptor-ligand interaction and regulated by a series of proteolytic 
cleavages, protein stability, and cellular compartment changes. The “strength” of 
the Notch signal is proportional to the nuclear accumulation of cleaved intracellular 
“active” Notch [115]. As a consequence, Notch signaling is dose-dependent and can 
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be regulated by factors that control the expression of ligands, expression of recep-
tors, export of ligands and receptors to the membrane, receptor-ligand interaction, 
proteolytic cleavage, and endocytosis. Thus, complete shutdown of the pathway 
may be neither necessary nor ideal to achieve therapeutic effect [115]. A second key 
feature is that the intracellular half-life of cleaved intracellular “active” Notch is 
very short, resulting in a pulse of gene regulation and implying that intermittent 
inhibition may be sufficient to disrupt Notch signaling [52, 141]. The third key fea-
ture is that Notch signaling in the lung is context-dependent. While Notch signaling 
has an oncogenic role in adenocarcinoma, it is a tumor suppressor in SCLC and 
squamous cell carcinoma.

Additionally, the outcome of aberrant Notch activity is dependent on the spatial 
and temporal context of Notch activation. During the initial stages of tumor initia-
tion, Notch signaling can prevent tumor formation, while in later stages of tumor 
development, Notch activation is required for maintenance of the tumor [142]. 
Furthermore, Notch activity can exert opposing effects in the same tissue under dif-
ferent microenvironmental conditions such as hypoxia.

The most established method of therapeutically targeting Notch signaling has 
been through inhibition of γ-secretase in tumors with Notch gain-of-function muta-
tions. However, this approach needs to be carefully considered for use in cancers 
such as SCLC and squamous cell carcinoma, where NOTCH1 has been identified as 
a tumor suppressor. When designing therapies for the Notch pathway, it is important 
to consider the broad implications and multiple effects that Notch may have in dif-
ferent cell types. Clearly, having well-defined patient-stratification biomarkers is 
required for the development of effective Notch inhibitors.

A multitude of therapeutic approaches have been explored that include γ-secretase 
inhibitors (GSIs), antibodies against Notch ligands, therapies targeting the Notch 
receptor negative regulatory region (NRR), and antibodies against Notch receptors. 
Table 10.3 summarizes drugs in development, and Table 10.4 summarizes clinical 
trials targeting the Notch signaling pathway.

10.6.1  �γ-Secretase Inhibitors (GSIs)

To date, the most widely studied inhibitors of the Notch pathway are γ-secretase 
inhibitors. γ-secretase inhibitors were originally developed to treat Alzheimer’s dis-
ease. γ-secretase inhibitors target all four Notch receptors, ligands including 
DLL1  and JAGGED2, as well as many other proteins involved in Notch signal 
transduction, transcriptional regulation, and differentiation [149–152]. A number of 
small molecules that inhibit the γ-secretase complex with variable specificity and 
selectivity have been developed. These γ-secretase inhibitors inhibit Notch signal-
ing by preventing presenilin-1 substrate binding and S3 proteolytic cleavage of 
Notch receptors. Early studies with γ-secretase inhibitors suggested that these 
agents might be useful as Notch-targeted therapies.
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Table 10.3  Preclinical lung cancer studies targeting the Notch signaling pathway

Compound Target
Drug 
type Tumor model Conclusion Authors

MRK-003 Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity caused apoptosis in 
lung adenocarcinomas 
Reintroduction of 
NOTCH1-ICD reduced cell 
death

Chen 
et al. 
[108]

MRK-003 Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity prevents NOTCH3 
activation, causes apoptosis, 
and decreases proliferation

Konishi 
et al. [60]

DAPT/
MRK-003

Notch 
(γ-secretase)

Small 
molecule

Human cell 
lines

Inhibition of γ-secretase 
activity caused apoptosis in 
cell lines with NOTCH1 
gain-of-function mutations

Westoff 
et al. [6]

DAPT Notch 
(γ-secretase)

Small 
molecule

Xenograft 
mouse models

γ-Secretase inhibitors 
caused dose-dependent 
inhibition of proliferation 
and differentiation in 
human lung 
adenocarcinoma tumors 
xenotransplanted into nude 
mice

Paris et al. 
[143]

LSN-
4111575

Notch 
(γ-secretase)

Small 
molecule

GEMM 
models

In vivo therapeutic potential 
of γ-secretase in 
NSCLC. Treatment with 
γ-secretase decreased HES1 
which directly represses 
DUSP1

Maraver 
et al. 
[144]

A5226A Nicastrin; 
Notch 
(γ-secretase)

Antibody Human cell 
lines

A5226A inhibits 
γ-secretase activity and 
reduced cell viability

Hayashi 
et al. 
[145]

YW152F DLL4/
Notch1

Antibody Human cell 
lines/in vivo

Blocking DLL4/Notch 
alters neovascularization 
and results in inhibited 
tumor growth in a lung 
adenocarcinoma xenograft. 
However chronic inhibition 
of DLL4 poses the risk of 
inducing vascular 
neoplasms

Ridgway 
et al. 
[146] and 
Yan et al. 
[147]

TBD- 
Genentech

NRR1/NRR2 Antibody Human cell 
lines

Antitumor efficacy and 
decreased tumor 
angiogenesis in Calu-6 
xenografts

Wu et al. 
[148]

JAG1.b70 
and JAG2.
b33

Jagged1/
Jagged2

Antibody Normal 
mouse and 
human 
models

Anti-Jag1.b70 alone or in 
combination with anti-Jag2.
b33 reversed goblet cell 
metaplasia in vivo

Lafkas 
et al. [37]
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Table 10.4  Ongoing and completed clinical trials targeting the Notch signaling pathway

Molecular 
target Therapy

Study 
identifier Phase Status

Pan-Notch
(γ-secretase)

RO-4929097 plus erlotinib 
hydrochloride in metastatic or  
recurrent NSCLC

NCT01193881 Phase 1 Terminated

RO-4929097 in recurrent or refractory 
NSCLC

NCT01070927 Phase 2 Completed

BMS-906024 plus weekly paclitaxel, 
5FU + irinotecan, or 
carboplatin+paclitaxel in metastatic/
advanced solid tumors

NCT01653470 Phase 1 Completed

PF-03084014 in desmoid/aggressive 
fibromatosis

NCT01981551 Phase 2 Active, not 
recruiting

NOTCH1 OMP-52M51 in solid tumors NCT01778439 Phase 1 Completed
OMP-52M51 in lymphoid  
malignancies

NCT01703572 Phase 1 Completed

OMP-52M51 plus chemotherapy in 
previously treated metastatic  
colorectal cancer

NCT03031691 Phase 1 Completed

NOTCH2/
NOTCH3

OMP-59R5 in solid tumors NCT01277146 Phase 1 Completed
OMP-59R5 plus etoposide and 
platinum therapy in untreated stage IV 
SCLC

NCT01859741 Phase 
1/2

Completed

OMP-59R5 plus nab-paclitaxel and 
gemcitabine in untreated stage IV 
pancreatic cancer

NCT01647828 Phase 
1/2

Completed

DLL3 SC15LD6.5 (Rova-T) in recurrent 
 SCLC

NCT01901653 Phase 
1/2

Completed

SC15LD6.5 (Rova-T) in combination 
with nivolumab with or without 
ipilimumab in extensive stage SCLC

NCT03026166 Phase 
1/2

Active, not 
recruiting

SC16LD6.5 (Rova-T) in the frontline 
treatment of patients with DLL3-
expressing extensive stage SCLC

NCT02819999 Phase 1 Recruiting

Rova-T as maintenance therapy 
following first-line platinum-based 
chemotherapy in participants with 
extensive stage SCLC

NCT03033511 Phase 3 Recruiting

DLL4 REGN421 in advanced solid 
malignancies

NCT00871559 Phase 1 Completed

OMP-21M18 plus pembrolizumab 
in locally advanced or metastatic  
solid tumors

NCT02722954 Phase 1 Completed

OMP-21M18 plus paclitaxel in 
platinum-resistant ovarian

NCT01952249 Phase 
1/2

Completed

OMP-21M18 plus carboplatin and 
pemetrexed in non-squamous  
NSCLC

NCT01189968 Phase 1 Completed
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In vitro, γ-secretase inhibitors induce apoptosis in human lung cancer lines. For 
example, under hypoxia, which potentiates the strength of Notch signaling in ade-
nocarcinoma, Chen et al. demonstrated that treatment with the γ-secretase inhibitor 
MRK-003 caused a potent apoptotic response as early as 48 h after treatment [108]. 
Reintroduction of active NOTCH1 led to a twofold reduction in cell death despite 
MRK-003 treatment [108], supporting an essential role for NOTCH1 in survival of 
adenocarcinoma cells. Similarly, Westhoff et al. demonstrated that primary cell cul-
tures with NOTCH1 gain-of-function mutations were selectively killed by treatment 
with γ-secretase inhibitor’s DAPT and MRK-003 [6]. Additionally, Konoshi et al. 
investigated the in vitro and in vivo properties of MRK-003 in NSCLC and showed 
that MRK-003 inhibited NOTCH3 signaling, reduced tumor cell proliferation, and 
induced apoptosis [60]. Loss of NOTCH3 rendered the γ-secretase inhibitor ineffec-
tive, suggesting that the antitumor effect was NOTCH3 dependent [60]. 
Downregulation of pMAPK following MRK-003 treatment suggested that NOTCH3 
may regulate apoptosis by modulating pERK and the pro-survival BCL-2 proteins 
[153]. A study by Kaur and colleagues demonstrated that SCLC cell lines are not 
responsive to γ-secretase inhibitors alone or in combination with etoposide or car-
boplatin [154].

In vivo studies have demonstrated that γ-secretase inhibitors slow the growth of 
subcutaneous lung cancer xenografts. In an adenocarcinoma xenograft model, Paris 
and colleagues demonstrated that treatment with the γ-secretase inhibitor DAPT 
resulted in dose-dependent inhibition of proliferation and differentiation [143]. 
Using a transgenic lung GEMM, Maraver et al. also demonstrated the efficacy of 
γ-secretase inhibitors [144]. Likewise, the γ-secretase inhibitor, LSN-4111575, 
exhibited antitumor efficacy in a KRASG12V-driven NSCLC mouse model [144]. 
Treatment with the γ-secretase inhibitor correlated with decreased expression of 
HES1, a Notch target gene and a negative regulator of DUSP1, a phosphatase that 
acts on the MAPKs [144]. The researchers demonstrated that increased expression 
of DUSP1 led to a decrease in pERK without changes in phosphorylated MEK 
[144]. In human lung tumor samples, high HES1 and low DUSP1 are associated 
with a poor outcome. Ambrogio et al. found that in KRAS-driven lung adenocarci-
noma, inhibition of DDR1 in combination with Notch (using either LY-411575 or 
demcizumab) showed a survival benefit in patient-derived xenografts [155]. The 
authors hypothesized that this synergy was due to Notch and DDR1s combined role 
maintaining MAPK activity in KRAS-driven lung adenocarcinoma. Interestingly, 
the γ-secretase inhibitor JLK-6, a mechanism-based inhibitor of serine proteases, 
does not affect the Notch pathway and was shown to have a dose-dependent antitu-
mor effect in lung adenocarcinoma xenografts [143]. Additionally JLK-6 inhibited 
the growth and vascularization of the human lung adenocarcinoma xenografts [143].

γ-secretase inhibitors have been evaluated in Phase I clinical trials in lung cancer. 
A Phase I clinical trial (NCT01193881) involving 16 patients with Stage IV or 
recurrent NSCLC was carried out to evaluate Roche’s γ-secretase inhibitor 
R04929097 [156, 157] in combination with erlotinib. The study showed improved 
median progression-free survival (PFS) for patients with a prior history of progres-
sion on erlotinib alone (64 versus 42 days) and four patients had stable disease at 
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six weeks. While the combination was considered safe and feasible [156], adverse 
events included hypophosphatemia, rash, neuropathic pain and nausea. The manu-
facturer discontinued the development of R04929097 following completion of the 
Phase I cohort. The Bristol-Myers Squibb pan-Notch/γ-secretase inhibitor, BMS-
906024, is currently in Phase I clinical trial (NCT01653470) alone and in combina-
tion with paclitaxel, FOLFIRI, or carboplatin plus paclitaxel to determine safe and 
tolerable dose in patients with solid tumors including lung cancer.

γ-secretase inhibitors have many advantages including ease of administration, 
oral bioavailability and low cost. Two main challenges facing the development of 
γ-secretase inhibitors include (a) substrate specificity since  γ-secretase cleaves 
more than 60 substrates in addition to Notch [158] and (b) toxicity since pan-Notch 
inhibition has been linked with severe GI toxicity. These problems could be circum-
vented by developing substrate-specific γ-secretase inhibitors. Recent efforts have 
targeted Nicastrin, one of the subunits of γ-secretase that appears to be a main dis-
criminator in γ-secretase substrate selectivity. Nicastrin is the target of the novel 
monoclonal antibody A5226A, developed by Hayashi et  al. at the University of 
Tokyo. Hayashi et al. have demonstrated A5226A reduced cell viability of A549 
cells [145]. Intriguingly, A5226A treatment further reduced the viability of DAPT-
treated A549 cells [145].

10.6.2  �Notch Antibodies

A number of biologics have been approved for the treatment of lung cancer. 
Moreover, a number of antibodies targeting Notch ligands, Notch receptors, and the 
NRR of Notch receptors are in clinical development. Some of these drugs have 
shown promising results in early clinical trials.

10.6.2.1  �Ligand-Targeted Antibodies

Inhibitory antibodies directed against Notch ligands DLL3, DLL4, JAGGED1, and 
JAGGED2 have been developed. Preclinical studies by Genentech using an anti-
DLL4 antibody, YW152F, demonstrated targeting DLL4/NOTCH1 signaling could 
have a profound impact by suppressing tumor angiogenesis and growth [146, 159]. 
Unfortunately, these studies also identified a number of significant safety concerns 
associated with this approach. In vitro studies with the anti-DLL4 antibody showed 
dysregulation of endothelium-specific genes as well as genes critical for prolifera-
tion and cell cycle regulation, while in  vivo mice developed histopathological 
changes in the liver, sinusoidal dilation, and centrilobular hepatocyte atrophy. These 
preclinical findings suggest an essential role of DLL4 for maintaining the structural 
and functional integrity of the liver sinusoidal epithelium and hepatocyte homeosta-
sis [159]. Genentech has also generated synthetic therapeutic antibodies targeting 
JAGGED1 and JAGGED2 [37]. JAGGED1 is overexpressed in many cancer types 
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and has been implicated as a target for antitumor therapy [160]. Future studies will 
need to assess the clinical implications of using these antibodies in the context of 
lung cancer.

More recently, clinical trials of Regeneron’s anti-DLL4 antibody enoticumab 
(REGN421) and OncoMed Pharmaceutical’s antibody demcizumab (OMP-21M18) 
have shown dose-limiting adverse toxicity (nausea, abdominal pain, hypertension, 
fatigue and headache) [161] in clinical trials despite promising antitumor activity in 
the preclinical setting. No clinical benefit was seen in the Phase I clinical trial of 
enoticumab (NCT00871559). However, partial response was observed in a NSCLC 
bronchioloalveolar carcinoma patient with a β-catenin mutation [162]. Because 
tumor angiogenesis involves both VEGF and Notch, future studies may want to 
target both the VEGF and Notch pathway to increase efficacy or specifically inves-
tigate use of the DLL4 inhibitor in specific subtypes of cancers such as lung cancer 
patients with dysregulated Notch/β-catenin signaling. Anti-DLL4 treatment (OMP-
21M18 targeting human and 21R30 targeting mouse) combination with chemother-
apy inhibited tumor growth and appeared to decrease the frequency of tumor-initiating 
cells in a series of NSCLC PDX models [163]. Phase Ib clinical trials (NCT01189968) 
of demcizumab in combination with carboplatin and pemetrexed (Alimta) in 
patients with non-squamous NSCLC demonstrated promising results (RECIST 
response rate of 50%) and benefit for patient survival (overall clinical benefit rate of 
88%). These results are being confirmed in an ongoing Phase II trial known as 
DENALI (NCT02259582) of demcizumab with carboplatin and pemetrexed in first-
line non-squamous NSCLC patients [164].

Antibody-drug conjugates (ADCs) are therapies that combine the precision of an 
antibody linked with the cytotoxic power of a payload. DLL3 is a promising target 
for the treatment of SCLC, since DLL3 is expressed by both SCLC and large cell 
neuroendocrine carcinoma (LCNEC) tumors and tumor-initiating cells but is not 
expressed by normal cells [42]. AbbVie Stemcentrx is evaluating SC15LD6.5 that 
consists of an anti-DLL3 monoclonal antibody conjugated to a potent DNA-
damaging pyrrolobenzodiazepine (PBD) dimer toxin. SC15LD6.5 dosed at one mg/
kg, intravenous (iv), once a week for a total of four weeks (qwX4) demonstrated 
durable complete regression for up to 144 days of observation in preclinical mouse 
xenograft models [42]. Mechanism-of-action studies suggest that the rapid tumor 
debulking is a result of DLL3 expression on most tumor cells and suggest that the 
durability in response to SC16LD6.5 is due to eradication of DLL3-expressing 
tumor-initiating cells (TICs). Moreover, SC16LD6.5 is efficacious in relapsed and 
refractory SCLC PDX models and is thus a potentially promising option for patients 
in the setting of second and third-line treatment. The safety and efficacy of 
SC16LD6.5 have been evaluated in an ongoing Phase 1 clinical trial (NCT01901653) 
in recurrent or refractory high-grade pulmonary and/or neuroendocrine cancer 
patients [165]. Rova-T demonstrated an acceptable safety profile in this trial and 
showed a confirmed objective response in 10/26 patients with elevated tumor DLL3 
expression. Phase 1/2/3 trials with Rova-T are active (NCT03026166, NCT02819999, 
NCT03033511).
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10.6.2.2  �Targeted Antibodies Against the Negative Regulatory Region 
(NRR) of the Notch Receptor

The NRR domain plays a critical role in preventing activation of the receptors in the 
absence of ligand. The three cysteine-rich Lin12 Notch repeats (LNR) and heterodi-
merization (HD) domain of the NRR interact to keep the S2 cleavage site buried and 
prevent cleavage. During canonical Notch signaling, ligand binding to the receptor 
at the extracellular domain triggers a conformational change in the NRR exposing 
the S2 site for cleavage by ADAM proteases [166]. Li et al. demonstrated the poten-
tial of antibodies to target and stabilize the NRR domain in an “inactive” conforma-
tion where the S2 cleavage site remains buried within the NRR [167]. The inhibitory 
antibodies they identified by functional screening reverted the phenotypes of 293T 
cells induced by NOTCH3 signaling [167]. Scientists at Genentech have also devel-
oped antibodies to the NRR domain of NOTCH1 (NRR1) and NOTCH2 (NRR2). 
Antibodies targeted to the NRR1 demonstrated antitumor efficacy and decreased 
tumor angiogenesis in a Calu-6 lung adenocarcinoma mouse xenograft model [148]. 
Using ligand-competitive assays, researchers at Merck demonstrated that NRR-
specific antibodies blocked JAGGED2-stimulated NOTCH1 activity, presumably 
by stabilizing the NRR domain in an auto-inhibited conformation [168]. While the 
NRR antibodies maximally inhibited NOTCH1 signaling, they did not significantly 
inhibit ligand-stimulated NOTCH2 or NOTCH3 [168]. Moreover, the NRR anti-
bodies developed by Merck had variable efficacy in colorectal carcinoma and 
T-ALL cell lines, suggesting binding of the NRR is complex and that epitope mask-
ing by glycosylation or other posttranslational modifications of NOTCH1 may be 
cell type specific [168].

10.6.2.3  �Receptor-Targeted Antibodies

The extracellular domains (ECD) of the four Notch receptors are composed of EGF-
like repeats, which are of variable length. For example, NOTCH1 and NOTCH2 
each contain 36 EGF-like repeats, whereas NOTCH3 contains 34, and NOTCH4 
contains 29 EGF-like repeats in the extracellular domain. Antibodies that target the 
ligand-binding domain and compete with the endogenous ligand represent a prom-
ising novel therapeutic approach.

Tarextumab (OMP-59R5) which targets the ligand-binding domain of NOTCH2 
and NOTCH3 has recently completed Phase IIb trials (NCT01859741) in SCLC 
[169]. It demonstrated dose-dependent antitumor efficacy and corresponding 
biomarker-driven activity in a Phase I trial. However the randomized 145 Phase 2 
PINNACLE clinical trial in combination with chemotherapy (etoposide plus cispla-
tin or carboplatin) in previously untreated SCLC patients with extensive disease 
showed no benefit over placebo [170]. The median progression-free survival for 
tarextumab plus chemotherapy was 5.6 months versus 5.5 months for the placebo 
plus chemotherapy group. Median overall survival was 9.4 months in the treated 
versus 10.3 months (HR = 1.01) in the placebo group. The overall response rates 
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were 68.5% in the treated and 70.8% in the placebo group. The Notch biomarkers 
that were evaluated in the study (HES1, HES6, HEY1, HEY2, and NOTCH3) failed 
to identify a subset of patients with treatment effect on progression-free or overall 
survival [170]. Furthermore, increased diarrhea and thrombocytopenia were 
observed in the placebo arm.

There is some early evidence that Notch overexpression may predict response to 
tarextumab, a NOTCH2/3 inhibitor, in SCLC. This comes from a Phase Ib dose 
escalation trial of tarextumab in SCLC [171]. In this study, patients were treated 
with etoposide, platinum, and tarextumab. NOTCH3 expression was determined by 
RT-PCR.  Extensive disease patients with high NOTCH3 expression fared better 
with tarextumab than patients with low NOTCH3 expression. Although this trend 
was striking, it was not significant due to small patient numbers. Further analysis of 
NOTCH3 as a predictive marker of tarextumab response will take place when the 
Phase II trial of the drug is completed.

Another human monoclonal antibody brontictuzumab (OMP-52M51) targets the 
ligand-binding domain of NOTCH1 and demonstrated antitumor efficacy in early 
studies [172]. One potential concern was that chronic reduction of Notch1 signaling 
in mice promoted widespread vascular tumor formation in preclinical studies [173]. 
Additionally enrollment for Phase 1B clinical trials in combination with trifluridine/
tipiracil in third-line colorectal patients was abruptly ended and was not tolerated in 
that patient population [170]. A clinical trial for brontictuzumab in relapsed or 
refractory solid tumors (including SCLC) with activated NOTCH1 has been com-
pleted (OncoMed Pharmaceuticals, NCT01778439). Preliminary findings demon-
strated general tolerability at 1.5  mg/kg Q3W.  The main toxicity was off-target 
diarrhea, but patients also exhibited fatigue, nausea and vomiting. In patients with 
high NOTCH1, there were a few patients with stable disease 42.9% (6/14), and one 
(7.1%; 1/14) patient had partial response [174]. Patients with low NOTCH1 did not 
respond and had stable 9.1% (1/11) or progressive disease 90.9% (10/11) [174]. 
Oncomed has halted clinical trials with brontictuzumab.

The Notch receptor is also an ideal target for antibody-drug conjugates. Pfizer is 
currently evaluating the safety and efficacy of their non-inhibitory anti-NOTCH3 
antibody-drug conjugate PF-06650808 in a Phase I clinical trial (NCT02129205) 
for patients with solid tumors that have a history of metastatic triple-negative breast 
cancer [175].

Monoclonal antibodies provide a number of advantages including improved 
half-life, immune-mediated efficacy through antibody-dependent cell-mediated 
cytotoxicity and complement-dependent cytotoxicity, as well as specificity allowing 
members of the Notch signaling pathway to be targeted with high affinity. While 
antibodies are generally well tolerated, it is critical to identify the right combination 
of tumor and drug to derive maximal therapeutic benefit. Additional challenges with 
antibody-targeted therapies are their complex dose-response curves in vivo and long 
half-lives. While small molecules are typically excreted in hours, most antibodies 
remain in circulation for days. This may pose a problem, as the consequences of 
sustained inhibition of the Notch signaling pathway are not fully understood. For 
example, studies with anti-Dll4 antibodies in rat models have shown that prolonged 
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blockade of the ligand resulted in severe disruption of normal tissue homeostasis, 
activation of endothelial cells and led to development of vascular/endothelial-based 
tumors resembling hemangioblastoma in the heart and lung [147]. These studies 
raise significant concern that chronic blockade of Notch signaling pathways may 
disrupt normal organ homeostasis and potentially produce disease in multiple 
organs. In that case, single-chain antibodies with short half-lives may be 
preferable.

10.6.3  �Radiotherapy

Although radiation has been reported to induce Notch activation, very little is known 
about the relationship between radiation and the Notch pathway. Studies have pro-
posed a synergistic effect of Notch-targeted therapy following radiation therapy of 
lung cancer in vitro and in vivo. Mizugaki et al. combined γ-secretase inhibitor and 
radiation in escalating doses in three Notch-expressing NSCLC cell lines (H460, 
A549, and H1395) [176]. γ-secretase inhibitor treatment following radiation sup-
pressed growth most effectively in vitro and in vivo. The combination induced apop-
tosis via MAPK and Bcl2 family proteins. They found that blocking activation of 
Notch by using γ-secretase inhibitors after radiation treatment prevents Notch-
induced radiation resistance. Ikezawa et  al. determined that the induction of 
NOTCH3 following radiotherapy is caused by HIF-1α and found that co-treatment 
with HIF inhibitor YC-1 improved radiosensitivity of tumors in conjunction with 
a γ-secretase inhibitor [177].

10.6.4  �Summary of Therapeutic Approaches

Each of the therapeutic approaches described above has potential advantages and 
disadvantages. While γ-secretase inhibitors have demonstrated preclinical activity, 
their clinical utility for lung cancer remains to be demonstrated. Targeted and selec-
tive biologics including antibody-drug conjugates (ADCs) are likely to be the treat-
ment of choice with fewer side effects. Alternatively, bispecific antibodies may offer 
a useful strategy for Notch-targeted drug development in the future, for example, 
combining a Notch antibody with a T cell antibody to direct the immune response 
to Notch-expressing tumor cells. It will be critical to have a strong companion bio-
marker package in place to select patients and optimize clinical benefit. A better 
understanding of the transcriptional, translational, and posttranslational regulation 
of the Notch signaling pathway is needed to understand the implications that these 
specific therapies may have for lung cancer patients. The cellular context of the 
cancer will be very important, as roles of Notch in adenocarcinoma will be very 
different than in squamous cell carcinoma. The ability to identify subgroups of can-
cer patients that will benefit from Notch-targeted therapies will be essential if they 
are to be of clinical utility.
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10.7  �Targeting Notch in Cancer Stem Cells and Rational 
Combinations of Therapies with Notch Inhibitors

As discussed in Section 10.3, the Notch signaling pathway has been shown to have 
a role in the survival and maintenance of stem cell populations in the lung [46–48, 
185]. Cancer stemlike cells are undifferentiated cancer cells that share properties of 
normal stem cells such as self-renewal, asymmetric cell division, clonogenicity, and 
resistance to chemotherapies. Cancer stemlike cells are thought to exist in small 
numbers as a distinct population of cells within tumors. Their quiescent nature 
allows them to escape standard therapies and even after periods of apparent com-
plete remission cause recurrence or metastasis. Targeted therapeutics to eradicate 
cancer stemlike cells should theoretically result in more durable responses and 
improve survival outcomes.

Cancer stemlike cells can be isolated on the basis of the expression of cancer 
stemlike cell markers, but the accuracy and relevance of these markers remains 
controversial [186, 187]. Research has identified CD44 [188], CD133 [189–191] 
and aldehyde dehydrogenase (ALDH) [192–194] as potential markers of lung can-
cer stemlike cells [195]. Sullivan et al. compared the expression of three putative 
lung cancer stemlike cell markers (ALDH1A1, ALDH3A1 and CD133) and found 
that the markers identified distinct tumor subpopulations [194]. Elevated expression 
of NOTCH1, NOTCH2, NOTCH3, HES1, and HEY1  in ALDH+ cells versus 
ALDH− cells, indicated Notch pathway activation  in the  ALDH+ subpopula-
tion  [194]. NOTCH3 had the strongest correlation with ALDH+ expression in 
NSCLC and suppression of NOTCH3 expression reduced the ALDH positive popu-
lation and reduced tumor cell proliferation [194]. Other studies have supported a 
role of ALDH as a marker for stemlike lung cancer cells. Studies by Li et al. isolated 
ALDH+ lung cancer cells and demonstrated the population was capable of colony 
formation, proliferation, growth, migration and resulted in tumors in mice that rep-
resented characteristics of the parental lung cancer cells [193]. Futhermore, 
γ-secretase inhibitor therapy reduced the ADLH+ population, supporting a role of 
Notch signaling in maintenance  of the  cancer stemlike cell population [194]. In 
addition to NSCLC, Notch drives stemlike properties in esophageal adenocarci-
noma [196]. Another research group has identified that MAP17-mediated sequestra-
tion of Numb promotes Notch signaling and cancer stemlike cell phenotypes [197].

Experimental studies have found that pretreatment of H460 and H661 lung can-
cer cell lines with low-dose cisplatin resulted in enrichment of CD133+cells and 
appeared to be mediated through Notch signaling [198]. Pretreatment with the 
γ-secretase inhibitor, DAPT, or a NOTCH1-targeted shRNA reduced enrichment of 
CD133+cells and increased sensitivity to doxorubicin and paclitaxel. Additionally, 
re-expression of NOTCH1-ICD was shown to reverse the action of DAPT on drug 
sensitivity. Immunohistochemistry of relapsed NSCLC lung tumors that had been 
treated with cisplatin showed a significant increase in CD133+ expression in three 
out of six patients. In vivo studies demonstrated cisplatin treatment increased 
NOTCH1 cleavage and suggested that cisplatin-induced enrichment of CD133+ 
cells was mediated through activation of Notch signaling.
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It has also been shown that treating lung cancer cells with erlotinib enriches 
ALDH+ stemlike cells through activation of Notch3 [89]. Similarly, a study by 
Rosell et al. identified that gefitinib treatment in EGFR-mutant cell lines induced 
YAP1-Notch signaling in a compensatory manner [199]. These studies may shed 
light on the perplexing observation that the addition of EGFR TKIs to curative-
intent therapies (chemoradiation [200] or surgery [201]) actually results in an 
increased risk of death. Clinical benefit in these situations may depend on the elimi-
nation of cancer stemlike cells as well as the primary tumor. Together, these studies-
suggest that dual targeting of the stem cells using Notch therapies together with 
targeted TKI’s or standard chemotherapies may result in more durable responses in 
lung cancer patients.

10.8  �Conclusion

Notch plays essential role in early lung development, maintenance of adult airways, 
and cancer. Genome sequencing studies have identified Notch mutations in a small 
percentage of lung cancers. Recent literature has highlighted the significant role that 
Notch signaling plays in lung tumorigenesis even in the absence of mutational evi-
dence. Despite the low number of mutations, dysregulation of the Notch signaling 
pathway is associated with 25% of SCLC and 33% of NSCLCs. This makes Notch 
an attractive target for therapy since it plays critical roles in the regulation of tumor 
growth and proliferation, apoptosis, cell differentiation, survival, immune response, 
angiogenesis, cancer stem cell biology, and chemoresistance. Unfortunately, efforts 
to target Notch therapeutically still face a number of hurdles. Successful develop-
ment of targeted therapies that can be used in combination with other approaches 
will require a deeper understanding of the mechanisms that enable different cell-
type specific responses of Notch in lung cancer. 
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