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The Notch1 gene may control cell chemoresistance in esophageal 
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Background: In our previous study, missense mutations in the Notch1 gene were found in chemotherapy-
resistant esophageal squamous cell cancer (ESCC) patients. In this study, we explored changes in the 
interaction between Notch1 and DLL4 resulting from missense mutations.
Methods: Bioinformatics analysis was performed to assess and compare the different biological structures 
and functions of wild type (WT) and mutation type (MT) sequences of Notch1. A genetic information search 
was performed, and the results were analyzed using in silico modeling. Homology modeling of the Notch1 
protein was carried out using Swiss-Model software, and modeling of site-directed mutations was carried 
out using PyMOL software to observe the protein structure. The Notch1-DLL4 ligand-receptor complex 
protein model was constructed, Wincoot software was used to determine site-directed mutations, and a 
protein-ligand interaction profiler (PLIP) was used to calculate the noncovalent interactions in the complex.
Results: The mutation site was located in the region where Notch1 binds to DLL4. A careful examination 
of the in silico structural model revealed that the mutation caused an alteration in the surface charge, and the 
water-bridge bonds of the interaction between Notch1-DLL4 increased in number from 5 to 7.
Conclusions: Notch1 gene missense mutation leads to an increase in the number of water-bridge bonds, 
thus enhancing the Notch1-DLL4 interaction, which may lead to tighter Notch1-DLL4 binding, either 
making the pathway easier to activate or increasing the length of time it is active.
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Introduction

Neoadjuvant chemotherapy (NAC) combined with surgery 
has become the standard treatment for patients with 
locally advanced esophageal cancer in Japan, based on the 
results of the Japan Clinical Oncology Group Trial 9907 
(JCOG9907) (1). However, the results of our previous 
meta-analysis showed that nearly 40% of patients did not 
benefit from NAC, including approximately 5% of patients 
who experienced disease progression (2). Therefore, the key 
to the treatment of esophageal cancer lies in the screening 

of patients who will potentially benefit from chemotherapy 
and the adoption of new treatments for those who are 
resistant to chemotherapy. Nevertheless, the mechanism 
of NAC resistance in esophageal squamous cell carcinoma 
(ESCC) is not well understood thus far, and only some 
studies have demonstrated that the overexpression of certain 
genes may be related to NAC resistance. For example, the 
overexpression of MUC4 and MUC20 (3); CDKN1A, 
ELAVL2 and TSPAN4 (4); and ΔNp63 and SOX2 (5). The 
overexpression of these genes may serve as a biomarker 
to indicate resistance to NAC; however, evaluation at the 
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gene expression level is a complex and error-prone process. 
Fortunately, with the maturation of next-generation 
sequencing (NGS) technology, gene sequencing has shown 
great advantages in accuracy compared to gene protein 
expression analysis because genes are immutable factors, 
making them easier to explore than proteins.

In a previous study, we performed NGS on patients 
with esophageal cancer after NAC and compared 
them with the sequencing results of samples before 
chemotherapy. Ultimately, we discovered that the 
NM_017617.3:c.1348G>A (p. Glu450 Lys) mutation of the 
NOTCH1 gene was likely to be related to NAC resistance 
in esophageal cancer (6). Currently, 4 Notch receptors 
(Notch1–4) and 5 ligands (DLL1, 3, 4 and JAG1, 2) have 
been identified in mammals (7,8). The interaction between 
these receptors and ligands controls the differentiation, 
proliferation, and apoptosis events of mammalian tissues. 
The Notch1 signaling pathway is a current focus area 
in tumor research. Existing studies have shown that the 
Notch1 signaling pathway is overactivated due to gain-
of-function (GoF) Notch1 alterations in leukemia (9-12),  
non-small-cell lung cancer (NSCLC) (13), and breast 
cancer (14). However, the Notch1 signaling pathway is 
complex in ESCC, showing both under- and overexpression 
(15,16). Notch1 epidermal growth factor-like repeat 
sequence 11 interacts with the DLL4 Delta/Serrate/lag-2 
(DSL) domain, and the 450th amino acid of the mutation 
is located in the Notch1 EGF-like repeat sequence 11 (17). 
Therefore, the change in the 450th amino acid may affect 
the interaction between Notch1 and DLL4, which may be 
related to NAC resistance in patients with ESCC.

In this study, we analyzed the changes in the interaction 
between Notch1 and DLL4 by constructing protein models 
of the Notch1 receptor and ligand to speculate on the 
role of mutated genes in NAC resistance. We expected to 
determine the molecular mechanism of NAC resistance in 
patients with ESCC to screen suitable patients for NAC 
and avoid toxicity in patients with drug resistance.

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

Query and analyze Notch1 genetic information

Notch1 genetic information was obtained from the 
UCSC Genome Browser.  Informat ion about  the 

NM_017617.3:c.1348G>A mutation site was acquired 
according to the naming rules of the mutation site 
formulated by the Human Genome Variation Society 
(HGVS). We used Clustalw software to analyze the results 
of multiple sequence alignment of the Notch1 protein from 
12 species, including humans, chimpanzees, macaques, dogs, 
cows, mice, rats, chickens, zebrafish, Drosophila, anopheles, 
and frogs.

In silico analyses: molecular structure simulation of human 
Notch1 protein

We used Swiss-Model software to conduct homologous 
modeling of the human Notch1 protein. In the results, we 
found that model 5UK5.1. A represented the mutation 
site E450 (coverage was 298-488 AA), and the sequence 
identity reached 96.91%, including the EGF-like domain  
(412-450 AA) in the covered sequence. Then, we used 
PyMOL software to analyze the 3D structure of the 
missense mutation of the Notch1 protein and carried out 
site-directed mutagenesis.

In silico analyses: interaction analysis between Notch1 and 
DLL4

The crystal structure model (4xl1.pdb) of the interaction 
between Notch1 and DLL4 in Rattus norvegicus was 
obtained from the PDB database, and the comparative 
analysis of the Notch1 protein in Rattus norvegicus and 
humans revealed that the sequence identity was 90.61%. 
This model (4xl1.pdb) was used to construct the protein 
interaction model because of the high sequence similarity, 
and Wincoot software was used for site-directed mutations. 
A protein-ligand interaction profiler (PLIP) was used to 
calculate the noncovalent interactions in the Notch1-DLL4 
complex before and after mutation to predict the impact of 
mutations on protein interactions (Figure 1).

Results

Notch1 genetic information

The human Notch1 gene is located on band 3 of region 34 
of the long arm of chromosome 9 and consists of 34 exons 
and 33 introns. The Notch1 protein consists of a total of 
2,555 amino acid residues. The transcript NM_017617.3 is 
9309 bp in length, and the coding sequence (CDS) length is 
7,668 bp [1–7,668]. The mutation site is located in exon no. 
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8, and the mutation from G to A results in the 450th amino 
acid of the peptide changing from Glu (E) to Lys (K). The 
mutation site (E450) is located in the epidermal growth 
factor-like domain (EGF_CA) from the Notch1 conserved 
domain in humans, and the interval is 412-450 AA. Multiple 
sequence alignment analysis showed that glutamic acid 
located at position 450 of the Notch1 protein is highly 
conserved (Figure 2 red box and black characters).

The alteration of the surface potential of Notch1

The effect of the amino acid mutation (Glu450Lys) on 
the protein structure was observed after a site-directed 
mutation, which resulted in a change in the surface 
charge from negative to positive at the 450th amino acid  
(Figure 3). E450 was located in the EGF domain of the 
contact interface between Notch1 and DLL4 proteins, and 
its mutation caused changes in the surface charge, which 
might affect the binding of the Notch1 protein to DLL4.

The change in the interaction force between Notch1 and 
DLL4

As shown in Figure 4A, there were two water bridges and 
two hydrogen bonds formed by the residues of GLU-424, 
ARG-448 and GLU-450 in the A chain (Notch1) near the 
amino acid at the 450th position, together with TRY198 
and TRY196 of DLL4. However, as shown in Figure 4B, the 
Notch1 protein was deformed slightly due to the mutations, 
and there were three water bridges and two hydrogen 
bonds formed by the residues of GLU-424, ARG-448 and 
GLU-450 in the A chain (Notch1) near the amino acid at 
the 450th position, together with TRY198 and TRY196 of 
DLL4.

As shown in Figure 4C, there were three water bridges, 
three hydrogen bonds, two hydrophobic bonds, and one 
pi bond formed by the residues of GLU-424, ARG-448, 
and GLU-450 in the A chain (Notch1) near the amino acid 
at the 450th position, together with ARG191, LEU187, 

Notch1 gene

Molecular structure simulation

    of human Notch1 protein

Interaction analysis between

Notch1 and DLL4

The surface charge of the 

   mutation site changes
The number of noncovalent bonds 

      at mutation sites increased

Enhance the interaction of Notch1-DLL4 complex

Query and analyze information of Notch1 gene

The missense mutation site (Glu450Lys) is highly conserved

Figure 1 Flowchart of the study. To analyze the surface charge change of the Notch1 protein, we first conducted homology modeling by 
Swiss-Model software and then gene mutation analysis by PyMOL software. To analyze the changes in the interaction forces of Notch1-
DLL4, we found the interaction model of Notch1-DLL4 in Rattus norvegicus, carried out gene mutation modeling by Wincoot software, 
and used PLIP to calculate the interaction force of Notch1-DLL4. PLIP, protein-ligand interaction profiler.
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TRY198, and TRY216 of DLL4. However, as shown in 
Figure 4D, there were four water bridges, three hydrogen 
bonds, two hydrophobic bonds, and one pi bond formed by 
the residues of GLU-424, ARG-448, and GLU-450 in the 
A chain (Notch1) near the amino acid at the 450th position, 
together with ARG191, LEU187, TRY198, and TRY216 of 
DLL4 (Figure 4).

The mutation resulted in the addition of two water 
bridges to the Notch1-DLL4 complex compared with the 
number of water bridges before the mutation, resulting in 
an enhanced interaction between the mutant Notch1 and 
DLL4 near the amino acid residues at position 450, which 
might increase the overall stability of the protein (Table 1).

Discussion

ESCC is a complex disease involving multiple genes and 
factors related to heredity. It can be distributed or inherited 
in families. The Notch gene was first discovered in fruit 
flies in 1919, and it was named for causing “notches” in 
the wing margin in flies (18). The Notch receptor mainly 
consists of an extracellular region, a transmembrane 
region and an intracellular region, and it is expressed as a 
heterodimeric protein on the cell surface. The structural 
domain of the extracellular portion consists of 29–36 
epidermal growth factor (EGF)-like repeats and 3 cysteine-
rich Lin Notch repeats (LNRs). The primary function 
of these domains is to bind ligands and initiate Notch. 
The Notch intracellular domain (NICD) consists of the 
following five parts: a RAM region, which can bind to DNA 

binding proteins; six ankyrin repeats (ANK), acting as an 
enhancer of Notch, mediating the interaction between 
Notch and other proteins; two nuclear localization signals 
(NLS); a transactivation domain (TAD), which has not 
yet been defined for Notch3 and Notch4; and a PEST 
(praline-glutamate-serine-threonine-rich domain) region, 
which is related to the stability of the Notch receptor (19). 
Notch signaling controls mammalian tissue differentiation, 
proliferation, and apoptosis events. Abnormal Notch 
signaling, including GoF Notch1 alterations, is involved 
in the biological processes of a several tumors, such as 
chronic lymphocytic leukemia, T-ALL, diffuse large B 
cell lymphoma, mantle cell lymphoma, NSCLC, and 
breast cancer (9-14) and LoF Notch1 alterations are 
found in tumor such as HNSCC, cutaneous squamous 
cell carcinoma, and SCLC (20-23). The role of Notch1 
signaling in ESCC was not studied until relatively recently, 
and its role is not yet clear. A study of esophageal tissue 
in 9 patients showed that the Notch1 mutation was 
several times more common in the normal esophagus 
than in esophageal cancer (15), and another study focused 
on the exome sequencing results of 12 ESCC patients 
revealed that 21% of patients had Notch1-inactivating  
mutations (24). This indicated that the Notch1 signal 
intrinsically exerts tumor-suppressive effects. However, 
a study of 60 patients with ESCC, 42 patients with 
benign esophageal squamous epithelium, and 13 patients 
with eosinophilic esophagitis with continuous NICD 
immunohistochemical staining showed that patients with 
ESCC had high NICD expression and were more likely to 

Figure 2 Results of multiple sequence alignment. The red frame is a mutant amino acid, and multiple sequence alignment of the partial 
amino acid sequence of the NOTCH1 protein showed conservation of glutamic acid 450 across different species.

1. Humans

2. Chimpanzees

3. Macaques

4. Dogs

5. Cows

6. Mice

7. Rats
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9. Zebrafish

10. Drosophila

11. Anopheles

12. Frogs
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die from the disease (25), and another study of the Notch1 
signaling pathway in EC-9706 cells involving the induction 
of epithelial-to-mesenchymal transition (EMT) through 
Snail demonstrated that inhibiting Notch1 signaling can 
suppress tumor invasion and metastasis (26). This indicated 
that the Notch1 signal intrinsically exerts oncogenic effects. 
We believe that the differences in research conclusions 
are due to different research methods and small sample 
sizes, which further indicates the complexity of the Notch1 
signaling pathway in esophageal cancer.

Chemotherapy resistance significantly reduces the 

survival of patients with ESCC. The results of some 
studies confirmed that abnormal activation of Notch1 
signaling could lead to drug resistance in various tumors 
during chemotherapy, which was consistent with our 
previous studies. Alterations in microRNAs (miRNAs) 
are involved in the initiation and progression of human 
diseases, including cancer (27). Several studies have revealed 
that high expression of miRNAs can inhibit the Notch1 
signaling pathway, thus enhancing the chemotherapy 
sensitivity of ovarian cancer (28), breast cancer (29), 
colorectal cancer (30) and prostate cancer (31). Several 
studies have shown that activation of the Notch1 signaling 
pathway can enhance the chemotherapeutic resistance of 
cancer cells (32-37), including esophageal cancer cells (33). 
In general, the resistance of tumor cells to chemotherapy 
was increased by upstream signaling or the direct activation 
of the Notch1 signaling pathway.

We previously found that Notch1 mutations might be 
associated with NAC resistance in patients with ESCC 
through NGS (6). The results of the present study 
demonstrated that the mutation site was located in the 
Notch1-DLL4 binding site, and the mutant domain was 
found to be highly conserved through bioinformatics 
analysis, highlighting the importance of this mutation site. 
By further analysis, we found that the mutation changed the 
protein surface charge of the binding site and increased the 
interaction force of the noncovalent bond compared with 
that of the wild type protein. This change might activate 
the Notch1 signaling pathway, leading to NAC resistance. 
However, one methodology limitation of this study was 
the lack of external validation in real-world samples 
from patients with ESCC and Notch1 signaling pathway 
alterations. Analyzing such samples is important and 
necessary for the study of the mechanism of NAC resistance 
in patients with ESCC, and we will perform these analyses 
in the future.

Conclusions

Missense mutations in the Notch1 gene lead to changes in 
the receptor surface charge and an increase in the number 
of noncovalent bonds in the binding site, which may cause 
the Notch1 signaling pathway to become more active. 
This may lead to NAC resistance in patients with ESCC. 
However, further in vitro experiments are needed to confirm 
our hypothesis.

GLU-450

GLU-450

LYS-450

LYS-450

A

B

C

D

Figure 3 Three-dimensional structure of the EGF domain of 
Notch1 protein (298-488AA). (A and C) are the structural diagrams 
of wild-type proteins, and (B and D) are the structural diagrams 
of site-specific mutations using PyMOL; (A and B) are protein 
structures shown in cartoon form, in which the red structure is an 
alpha helix, the yellow structure is a β-pleated sheet, the green bar 
is a loop, and the green ball is a Ca ion; (C and D) are schematic 
diagrams of the protein surface charge (blue represents positive 
charge, red represents negative charge, and white represents 
neutral charge), and the surface charge at amino acid 450 of the 
mutant changes from negative to positive.
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Figure 4 Interaction analysis between Notch1 and DLL4. (A, B, C and D) show the interaction of amino acid residues around the 450th 
amino acid (p.E450) WT and MT, respectively; the interaction between Notch1-DLL4 complex A chain (Notch1) and DLL4 is shown 
on the left (A and B) and the interaction between Notch1-DLL4 complex D chain (Notch1) and DLL4 is shown on the right (C and D) 
because the Notch1 protein is dimer; the green bar structure represents the A-chain amino acid residue (Notch1), and the cyan bar structure 
represents the DLL4 amino acid residue; the purple bar structure represents the D-chain amino acid residue (Notch1), and the yellow bar 
structure represents the DLL4 amino acid residue. WT, wild type; MT, mutation type.

Table 1 Noncovalent interactions in the Notch1-DLL4 complex WT and MT

Genetic types
A chain D chain

Water bridge Hydrogen bond Water bridge Hydrogen bond Hydrophobic bond pi bond

WT 2 2 3 3 2 1

MT 3 2 4 3 2 1

WT, wild type; MT, mutation type.
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