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REVIEW ARTICLE
Application of artificial intelligence in drug
repositioning

Qingkai Hu'*, Xianfang Wang?*, Yifeng Liu?, Yu Sang’, and Dongfang Zhang'
'College of Computer Science and Technology, Henan Institute of Technology, Xinxiang, Henan,
453000, China

2College of Management, Henan Institute of Technology, Xinxiang, Henan, 453000, China

Abstract

The use of artificial intelligence technologies in biology, pharmacy, and medicine
has brought about a dramatic change in these industries. Drug repositioning is a
method of drug development in the process of applying existing therapeutic agents
to new diseases. This paper first outlines the use of artificial intelligence technology
in the field of drug repositioning, then reviews a variety of application methods of
artificial intelligence in the realm of drug repositioning, and finally summarizes the
advantages and disadvantages of these methods, and proposes the difficulties faced
by artificial intelligence in drug repositioning in the future and the corresponding
suggestions to achieve the goal of helping researchers to develop more effective
methods of drug repositioning.

Keywords: Drug repositioning; Drug targets; Deep learning; Artificial intelligence; Drug
target interaction

1. Introduction

More and more artificial intelligence technologies have been applied in the medical field
in recent years. Artificial intelligence technology was first applied in pharmaceutical
research and development in the field of health care, and has been widely used and
developed in many areas such as drug mining, drug dispensing, health management,
assisted diagnosis and treatment, and even the rational use of clinical drugs. With the
exponential growth of modern technology, artificial intelligence technology has also
quietly entered the ranks of drug repositioning.

Drug repositioning (also known as drug reconfiguration or drug repurposing) is the
process of taking an existing drug and treating it for a new disease!"!. Drug repositioning
can save R&D time and development costs compared to conventional drug development
methods. A major benefit of drug repositioning is that it is safe for humans in clinical
models and has a low failure rate because only the effectiveness of the drug is tested
against a specific disease®?’. In addition, repositioned drugs save the early cost and time
required to bring medicines to market, thereby accelerating the transition from basic
research efforts to clinical treatments. Nosengo et al. concluded that it currently takes
13 - 15 years to bring new drugs to market, costs between $2 and $3 billion, and is
increasing in cost®.. However, the average cost of repositioning a drug is only $300
million and takes about 6.5 years to enter the market.
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The recent drug development case of COVID-19
is a typical case of faster and further exploration of drug
repositioning. Traditional new drug development requires
a lot of investment, takes a long time, and is risky. With
the help of artificial intelligence technology, virtual
high-throughput screening of candidate compounds
can be performed, thus enhancing the efficiency of
drug development. The techniques related to artificial
intelligence are applied in different aspects of drug
repositioning to solve many key problems®!. For example,
active compound screening, molecule generation, drug
target discovery, and protein structure and protein-ligand
interaction prediction are widely used.

In this paper, we introduce the research progress of drug
repositioning in recent years, focusing on three categories:
Network-based methods, feature-based methods, and
matrix-based methods, as shown in Figure 1.

2. Net-based approach

For modeling biological and biomedical entities, and their
relationships and interactions, networks are the best way to go.
Networks can provide models of how drugs and indications,
as well as drug targets, work to determine therapeutic drug
potential. When representing biological data by networks,
usually genes, molecules, proteins, and other biological
entities can be represented by nodes; and their relationships
such as mode of action, similarity, association, and
interaction are represented by edges'®. For specific attribution
information, it is generally represented by the weighted values
of edges and node; examples include gene-gene interaction
networks, networks of drug-target interactions, and networks
of interactions between various other biological entities. For
learning graphical data with nonlinear relationships, the
graphical neural network in neural networks can be used; the
network can also be used to represent biological entity data.
Moreover, a network-based chemical similarity correlation
analysis method can be used to discover side effects of new
drugs as well as to reposition the already marketed drugs.

Many network-based drug repositioning methods have
been proposed by researchers in recent years, as shown in
Table 1.

A network-based inference method was invented by
Cheng et al.”). To derive new targets for already marketed
drugs, this method only needs to use the drug-target
dichotomous network topological similarity. Guney et al.’s
team used the metric of disease-drug similarity to calculate
the magnitude of the interaction between a disease and
a drug target®. The method is highly systematic and
comprehensive by introducing chemical similarity for
correlation and by considering the necessary biological
information. Wang et al. team invented a heterogeneous
network modeling framework that computes by capturing
various interrelationships between targets, drugs, and
diseases with each other to predict the effectiveness of new
drug use®.

Onthebasisof similarity-based heterogeneousnetworks,
deep learning techniques can be used to represent proteins

Table 1. Net-based approach

Methods Features References

NBI Using only drug-target dichotomous [7]
network topological similarities to infer
new targets for known drugs

Drug-disease A drug-disease similarity metric was (8]

proximity introduced

TL_HGBI Using Disease Information to Predict New [9]
Drug Targets

NRWRH Enables large-scale prediction of potential [10]
drug-target interactions

DTI-CNN  Drug-target interactions based on feature [12]
representation learning and deep neural
networks

NBI: Network-based inference, TL_HGBI: Triple-layer heterogeneous
graph-based inference, NRWRH: Network-based random walk

with restart on the heterogeneous network, DTI-CNN: Drug target
interaction prediction.

Naive Bayesian algorithm(NB)
k-Nearest Neighbor(KNN)
Random Forest(RF)

Support Vector Machine(SVM)
Logistic Regression(LR)

deep learning Drug Repositioning(deepDR)

. Net-based approach ¢ Graph Based Inference (TL_HGBI)

) Feature-based approach £

Drug Repositioning

€ Matrix-based approach

Network-Based Inference(NBI)
Drug-Disease Proximity

Triple Layer Heterogeneous

Drug-Target Interaction Prediction(DTI-CNN)

Network-based Random Walk with Restart on the
Heterogeneous network (NRWRH)

DivePred
Bounded Nuclear Norm Regularization (BNNR)

Drug
Repositioning approach using Bayesian Matrix C )

Figure 1. Artificial intelligence technology applied in various aspects of drug repositioning.
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and drugs in heterogeneous networks more easily and
efficiently. Chen et al. invented a heterogeneous network
supporting different relationships, which include drugs and
proteins linked by known drug-target interaction, chemical
similarity between drugs, and sequence similarity between
proteins to mine potential drug-disease associations!". In
2018, Olayan RS used a nonlinear fusion approach to fuse
drug-protein features from different similarity networks
and pathway-based features in these networks together!'!.
Peng et al. completed random wandering with restarts
using a similarity-based heterogeneous network model,
and based on that, a denoising autoencoder was used to
implement a convolutional neural network predictive
classifier and learn the basic features!'?. Ji et al. used a
heterogeneous network combining a large amount of
functional information and a large amount of information
about the structure of the network nodes to perfectly
solve the problem of excessive feature generation by
the nodes in the heterogeneous network to calculate the
final feature vector™®. Lu et al. investigated a drug-target
interaction prediction method based on multisource data
fusion and network structure perturbation. He et al.
invented and disclosed a computational drug relocation
method based on memory networks and attention!™).
Wang et al. investigated a hybrid graph network and ion
channel-based drug repositioning technique for COVID-
191, They designed a hybrid graph network model for
predicting the affinity of COVID-19 ion channel targets
to drugs. Based on the simplified specification of drug
molecular input line input (SMILES) code, the atomic
features were first extracted to construct the point set, and
the atomic bonds were used to construct the edge set; then,
RDKit was used to generate undirected graphs with atomic
features, and drug feature information was extracted using
the graph attention layer. A convolutional neural network

was used to extract protein features from five ion channel
target proteins screened from the SARS-CoV-2 whole-
genome sequence of the NCBI database. The extracted
drug features were then connected with the target feature
information using graph convolutional network (GCN)
and attention mechanism. The drug-target affinity is
outputted after two layers of fully connected operation,
and finally the drug-target affinity model is obtained. One
of the hybrid graphs network-based drug-target affinity
prediction model framework is shown in Figure 2.

3. Feature-based approach

The feature extraction method uses a new feature space of
lower dimensionality to map the original feature projection,
while the new features are usually a combination of the
original features, with the aim of finding more meaningful
information. The common feature extraction techniques
are principal component analysis and singular value
decomposition!”. The purpose of the selection method
is to select small portions of features from the complete
set of input features based on some design criteria to be
used as input to the model. In the process of predicting
drug sensitivity, a priori biological knowledge is usually
incorporated into the feature fraction.

At present, drug repositioning approaches are not only
limited to relying on biomedical data of drug similarity
alone but also innovative machine learning methods
have also been applied. The combination of machine
learning algorithms with drug-target interaction network
information provides new ideas for drug development.
The main methods include the use of plain Bayes,
k-nearest neighbors (KNN)), random forest!™, and
support vector machines (SVMs)®%, and more recently for
binary classification, superclass classification, and value
prediction, as shown in Table 2.

Molecular Graph GAT Layers

SMILES

Protein Sequences

Embedding Layer

GCN Layers

g m *(( o

Convolution Layers

>mam» (7

Graph Pooling FC Layer

. Output
90

Max Pooling ’

Figure 2. Framework of hybrid graph network-based drug-target affinity prediction model.
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Table 2. Feature-based approach

Methods Features References

KNN No need to estimate parameters and train [18]
drug target data

SVM Requires a relatively small number of drug [20]
target samples

DT Can handle both continuous and discrete [22]
drug target data

LR The weights of the target features can see [24]

how different features affect the final results

KNN: K-nearest neighbor, SVM: Support vector machine,
DT: Decision tree, LR: Logistic regression.

In 2006, Guengerich used machine learning algorithms
to reveal the role of P450 enzymes arising in drug
metabolism and toxicity?". In 2011, Dr. Feixiong Cheng
proposed a method to predict P450 enzymes using
traditional classifiers such as KNN, DT, and SVM®.
A large number of new algorithms to predict human
cytochrome P450 enzymes were published immediately
afterward. Napolitano et al. applied non-linear SVMs to
the classification of drug efficacy®. Gottlieb et al. used
logistic regression algorithm for drug repositioning.
Gonen used Bayesian algorithm in machine learning for
drug-target protein prediction to find new drug-target
protein association relationships. First, drug and side effect
information, drug chemical structure information, and
disease and gene-related information were integrated, and
then, the training data were obtained by feature selection
and feature extraction. Then, suitable machine learning
algorithms were selected to train them, and finally,
the trained algorithm models are used to obtain drug
repositioning results?.

Nowadays, the technology of drug repositioning is
influenced by deep learning, of which feature learning is
the main embodiment of deep learning technology. Deep
learning builds computational models by simulating
the human brain, which can not only extract features
automatically but also obtain effective feature information
at different levels. Based on these advantages, deep learning
has also been applied in drug repositioning. Deep learning
technique is a concept closely related to artificial neural
network.

To predict the pharmacological characteristics of
a drug, Aliper et al. fully used connected deep neural
networks to make predictions. The drug characteristics
were also used to calculate the therapeutic potential as
well as new drug indications. They constructed a deep
neural network model using gene expression signature
data and pathway data. This model has a high accuracy
in prediction for drug indication classification and has

better performance than support vector machine model.
Therefore, this deep neural network model was used for
drug repurposing. In addition, they proposed that a deep
neural network confusion matrix can be used for drug
repositioning®. Segler et al.’s®”) method based on deep
learning combined with Monte Carlo algorithm is simple
and efficient and has been affirmed by professionals.
Hughes et al. developed the first model capable of
fast screening of compounds using deep learning
models®!. Turk et al. extracted matched molecules
from the ChEMBL database as a dataset for deep
learning models™!. Zhang et al. proposed an extraction
strategy based on multisource features to construct a
protein-ligand interaction prediction model using an
integrated learning approach, which outperformed
the single classifier prediction model in terms of
sensitivity and Youden index and could effectively
solve the data imbalance problemP’. Chen et al
proposed a multisimilarity fusion-based drug relocation
recommendation algorithm to address the shortcomings
of traditional drug relocation recommendation
algorithms. First, disease similarity was calculated based
on drug-disease data sources. Then, three similarities
were calculated based on drug-chemical structure, drug-
target protein, and drug side effect data sources and were
fused into drug similarity. Finally, the predicted values of
drug-disease correspondence were calculated using two
similarities and fused into the final predicted values by
the prediction fusion method®!. Zhang et al. obtained
knowledge associations from PubMed, DrugBank, CTD,
and other databases, constructed semantic knowledge
graphs by knowledge fusion, attribute definition, and
used drug repositioning as empirical evidence to
reason about new uses of drugs in tumor therapy by
two methods: Path search and link prediction®. Zeng
et al. investigated a deep learning drug repositioning
(deepDR) based on a network deep learning approach
using multimodal deep self-encoder and variational self-
encoder models to discover drug-disease associations,
which is shown in the steps in Figure 3. They combined
many drug association data phases into one dataset
(drug-disease association, drug-target association, drug-
drug association, and drug side effects) and then used
this dataset to train a multimodal deep autoencoder
and then define advanced drug features™!. Next, to
identify new indications based on features that can be
identified, they used a variational autoencoder to encode
and decode combinations of advanced drug features
and disease-drug associations in clinical reports. These
studies have been tested on datasets with common
disease-drug associations and have shown better results
than previous machine learning models.
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A Random walk based network representation
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Figure 3. deepDR method steps. (A) deepDR generates random walk-based network representations from multiple drug-related complex heterogeneous
networks. (B) deepDR uses multimodal deep autoencoder (MDA) to take the entire punctual mutual information (PPMI) matrix in each network into
compact low-dimensional features shared by all networks and then obtains the low-dimensional features in the intermediate layer of MDA. (C) deepDR
uses a collective variant autoencoder (cVAE) for prediction of disease-drug relationships.

4. Matrix-based approach

Both network-based drug relocation methods and
feature-based drug relocation methods perform well, but
both methods require feature extraction as well as the
selection of appropriate negative samples. To remedy this
deficiency, more efficient methods, matrix decomposition,
and matrix complementation methods have emerged. In
recent years, researchers have proposed various methods
to predict drug-target interaction, among which, Bayesian-
based matrix decomposition methods are widely used for
drug-target interaction matrices. Matrix decomposition
can map higher dimensional data to the product of two
lower dimensional matrices, which can solve the problem
of data sparsity, and the specific implementation and
solution of matrix decomposition are concise and easy to

Table 3. Matrix-based approach

Methods Features References
DivePred  Projection of high-dimensional drug features [34]
into a low-dimensional feature space to generate
a dense feature representation of the drug
BNNR Balancing the approximation error and [35]
the rank property by introducing a
regularization term
DRIMC  Integrates drug and disease multisource data [36]
and models the probability of correlation
through inductive matrix completion (IMC)
MLMC Introduction of matrix completion as a [38]

preprocessing of sparse correlation matrix

BNNR: Bounded nuclear norm regularization, DRIMC: Repositioning
approach using Bayesian inductive completion, MLMC: Multiview
learning with matrix completion.
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understand. Matrix completion is the decomposition of
an incomplete matrix to obtain two or more submatrices,
which are multiplied together to obtain a new matrix
that approximates the original missing matrix, and then,
the values in the new matrix are used to fill the missing
values in the missing matrix. Many matrix-based drug
repositioning methods have been proposed by researchers
in recent years, as shown in Table 3.

Xuan et al. proposed a prediction method for disease-
drug associations, and this method uses a non-negative
matrix decomposition (DivePred) technique. To indicate
the characteristics of drugs from various perspectives,
DivePred incorporates the similarities of various drugs®.
A low-rank matrix complementation method was proposed
by Yang et al. This method can use the regularization term
to reduce the similarity noise, while the resultant values

A

Multi-view drug similarity matrices

Multi-view learning(ML)

ML(A,AAAB) B

B Drug node @ Disease node
AA: multi-view drug similarity matrices
AB: multi-view disease similarity matrices
G: predicted association matrix by ML

Gyyc: predicted association matrix by ML {MC}

I
| JrasR s
. 100000 00000 | | t
I
an | The ensemble :
: | | : prediction results |
|- =m @ Em I | 2 00000 |
D MC : 2} :
~ ~ Mltiview leammg witimatx || S gy gl |
completion (ML {MC}) 1 (G Gac) :
00000 o 00000 AT M ;

MC: Matrix Completion

ML: Multi-view Learning

R: predicted association matrix by ensemble
A (W): known drug-disease association matrix (updated by matrix completion)

B . .
Multi-view disease
similarity matrices

5 00000
]
._ !

Figure 4. (A-E) Overall workflow of multiview learning with matrix completion.
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can be obtained within their own specified range®!. A new
method called DRIMC was proposed by Zhang et al. The
DRIMC method integrates data from multiple sources such
as drugs and diseases, while using inductive matrices to
complete the modeling of relevant probabilities™. Peng et
al. proposed a drug-target relationship prediction method
based on deep forest and positive and unlabeled (PU)
learning, which constructs a similarity matrix between
drugs and a similarity matrix between targets based on drug
structure information and target sequence information,
respectively®). Yi et al. developed a multiple attempt
learning based on matrix completion for drug repositioning
method multiview learning with matrix completion
(MLMC)P®l. They used multiple view learning so as to
predict new indications, while using matrix completion
for the associated sparse matrices for preprocessing so
that features between multiple similarity matrices can be
computed. First, to calculate the best similarity matrix,
they used multiview learning to predict multiple disease
similarity matrices and multiple drug similarity matrices.
Second, to make the multiview learning predictions more
accurate, the values of the related matrices were populated
using matrix complementation methods. Finally, the above
two steps were merged into one strategy in MLMC. The
execution flow of MLMC is shown in Figure 4.

4, Conclusion

This paper presents the research progress of artificial
intelligence-based drug repositioning, focusing on
network-based approach, feature-based approach, and
matrix-based approach.

Each method of Al-based drug repositioning has its
advantages and disadvantages. Network-based approaches
are simple and reliable and are able to explore disease-drug
target network relationships, but they cannot predict the
targets of new drugsandareverylimited. However, network-
based approaches have great potential for deciphering the
underlying mechanisms of complex diseases, the mode
of action of drugs, and for repositioning disease-specific
drugs. With feature-based approaches, drug development
takes relatively long because the data requirements are
relatively high and require specialized expertise to design
the label. In particular, the development of robust model
for feature-based computational drug repositioning is
a very complex process. One of the biggest difficulties is
to put theoretical computational approach into practice,
because mapping between the theoretical approach and
the behavior of biological organisms is more complex.
As for matrix-based methods, because they do not rely
on feature extraction and negative sample selection, they
do not require setting labels and have a relatively short
development time. However, inaccuracy, extreme data,

and missing data can occur among samples, there is a
deviation between the calculated and actual results of the
matrix approach.

Hence, it is recommended that researchers combine
different strategies and methods to achieve higher
rates of success. The effective combination of different
methodological strategies and available data will also
lead to great advances in the field of drug repositioning.
As artificial intelligence technology develops, more and
more effective ways will emerge to help understand disease
mechanisms and develop appropriate treatments. More
algorithms being used in the drug development process
in the future, combined with the foundation of traditional
biological experiments, will be the basis for newly
developed drugs with greater relevance and adaptability to
the human body.
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Abstract

Hydrogen sulfide (H,S), a gaseous biomolecule, is considered a key player in the
regulation of various essential cellular events. Normal physiology is determined by
the level of endogenous H,S. Any alterations (upregulation and downregulation) to
the level of endogenous H,S may lead to iliness, including the onset of tumorigenesis.
Overthe past two decades, extensive research on therole of H,Sin cancer development
has affirmed the potential pharmacological means to suppress cancer progression by
either inhibiting H,S synthesis in cells or exposing exogenously supplied H,S donors
to treat different cancers. Some H,S donors and inhibitors release H.,S or affect its
synthesis. As a result, they have progressed through the development process into
widespread clinical use and become increasingly important. The present study draws
a detailed discussion on the types of H,S donors and inhibitors and their role in cancer
research. We believe that this state-of-the-art review will empower the synthesis
of H_S-based chemopreventive drugs and promote the need for further in-depth
exploration of the associations between H,S and cancer treatments in clinical settings.

Keywords: Cancer; Diagnosis; H,S donors; H,S inhibitors; Hydrogen sulfide; Treatment

1. Introduction

Hydrogen sulfide (H,S) is a colorless, flammable gas with water-soluble properties
and a rotten-egg odor. H,S has historically been considered toxic and occupationally/
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environmentally harmful™. In mammals, HS can
be endogenously generated through the -catalysis of
L-cysteine and homocysteine by cystathionine y-lyase
(CSE) and cystathionine B-synthase (CBS), which are the
two members of pyridoxal-5bers of pyri(PLP)-dependent
enzymes that are predominantly found in the cytosol
form™. Besides, 3-mercaptopyruvate sulfurtransferase
(3-MPST), which is a non-PLP-dependent enzyme, acts
in unison with cysteine aminotransferase (CAT) and
in the presence of o-ketoglutarate to produce H,S from
L-cysteine. Both enzymes are colocalized in the cytosol
and mitochondria®. Moreover, it has been indicated that
D-amino acid oxidase can catalyze D-cysteine to form
Achiral ketoacid and 3-mercaptopyruvate, which is further
processed by 3-MPST into H,S in both the brain and kidneys
(Figure 1)". The produced H.S is then instantly released
or converted into acid-labile sulfur or bound sulfane
sulfur and stored in mammalian cells®. The catabolism
of H,S can occur through mitochondrial oxidation to
sulfate and thiosulfate, excretion from the kidney or
lung, sulthemoglobin-mediated scavenging, and thiol
methyltransferase and rhodanese-mediated methylation
to generate methanethiol and dimethylsulfide!®..

Due to its unique chemistry, molecular reactivity
mechanisms, ability to modify proteins, and active
participation in many redox reactions with metal, H,S
has emerged as an essential signaling molecule in cancer
biology. A huge volume of research has indicated the key
roles of H.S in a wide range of physiological activities
related to cell cycle and tumorigenesis. H.S is involved in
angiogenesis, tumor growth, cellular and mitochondrial
biogenesis, migration and invasion, tumor blood flow,
metastases, epithelial-mesenchymal transition (EMT),
DNA repair, protein sulthydration, and chemotherapy
resistancel” 11,

Since the last decades of research trend in translating
H_S to therapeutic forms, extensive efforts have been made
by exploring natural H,S-based molecules and designing
synthetic ones (donors and inhibitors) to exploit the role of
H_S in cancer development. H_ S donors and inhibitors have
gained importance and are being extensively explored to
determine their clinical application in research, especially
cancer. The research community is constantly struggling
to design H,S-based pharmacological drugs using these
molecules and expecting significant breakthroughs in H,S
research in cancer. Considering the clinical importance
of these naturally existing and those pharmacologically
synthesized H,S-based chemicals and research trends, it
is worth summarizing the relevant literature that focuses
on their use in translational research. The present study
provides a detailed discussion of the types of H,S donors
and inhibitors and their role in cancer research. We

anticipate that this state-of-the-art review will empower
the synthesis of H S-based chemopreventive drugs and
promote the need for further in-depth exploration of the
associations between H.,S and cancer treatments in clinical
settings.

2. Targeting exogenous H_S for cancer
treatment

2.1. Natural world
2.1.1. Allicin

Diallyl thiosulfinate, also known as allicin, is a biologically
active compound found in garlic. Having antitumor
and antimicrobial properties, this compound induces
antitumor activities by regulating cellular processes, such as
apoptosis, inflammation, oxidative stress, autophagy, and
angiogenesis!"'. The mechanisms targeted in mediating
its effects include post-translational modifications of the
protein cell cycle, mitochondria apoptotic pathways, redox-
sensitive signaling cascades, catalytic actions of telomerase
enzyme, and activities of intercellular glutathione (GSH)
and nucleic acid modifications!™?. The effects of allicin
vary with different cancers and cell types!™. It has been
shown that the treatment of colon cancer cells (HCT-
116) with allicin can effectively inhibit cell proliferation
by promoting pro-apoptotic events characterized by the
upregulation of Bax and cytochrome (Cyt)-c expressions,
the downregulation of Bcl-2 and Bcl-xL, and subsequently,
the activation of nuclear factor erythroid-2-related factor 2
(Nrf2) and deactivation of signal transducer and activator of
transcription 3 (STAT-3) pathways"*. The administration
of allicin induces autophagic cell death in liver and thyroid
cancer through the stimulation of p53 and the inactivation
of protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) pathway, respectively!".

In ovarian cancer, glioblastoma, gastric cancer, cervical
cancer, and cholangiocarcinoma, the anti-carcinogenic
effects of allicin have been found to be associated with
the activation of c-Jun N-terminal kinase (JNK) mitogen-
activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) and p38 MAPK/Nrf2 pathways as
well as the inhibition of STAT-3 cascades!'®l. Furthermore,
the loss of mitochondria potential, the activation of
caspases, and the overexpression of p21, NOX4, and Bak
have been reported in a breast cancer cellular model
following the treatment with allicin”. A recent study
has also revealed that allicin can effectively suppress the
migration and invasion of gastric cancer cells by elevating
miR-383-5p and inhibiting the receptor protein-tyrosine
kinase ERBB4®. In addition, allicin effectively reverses
the oncogenic properties of ornithine decarboxylase in
neuroblastomal’?l.
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Figure 1. A schematic illustration of the biosynthesis of endogenous H,S in mammals. H,S: Hydrogen sulfide, H,O: Water, CBS: Cystathionine 3-synthase,
CSE: Cystathionine y-lyase, NH,: ammonia, L-Glu: L-glutamate, 0KG: c-ketoglutarate, 3-MST: 3-mercaptopyruvate sulfurtransferase, CAT: Cysteine

aminotransferase, 3-MP: 3-mercaptopyruvate, DAO: D-amino acid oxidase.

Besides that, numerous studies have revealed the
potential of allicin in enhancing the sensitivity effects of
other anticancer therapeutics when used synergistically. For
example, a combination of artesunate and allicin induces
osteosarcoma cell death through caspase-dependent
apoptotic pathways®. Similarly, the side effects of the
anticancer drug cisplatin, especially in damaging stria
vascularis, could be successfully reduced by synergizing
the drug with allicin as shown in a mice model®. It has
also been indicated that the sensitivity of temozolomide,
a chemotherapy drug, can be significantly enhanced by
allicin in glioblastoma through the upregulation of miR-
486-3p. The compound has also been reported to
improve the sensitivity of 5-fluorouracil in different types

of cancer, including hepatocellular, lung, and colorectal
cancer (CRC)?Y. In addition, the cardiotoxicity of the
anticancer drug doxorubicin in rats can be reduced by
allicin through the attenuation of apoptotic, oxidative
stress, and inflammatory responses®!.

In multiple myeloma, the use of allicin with
dexamethasone increases the sensitivity of side population
cells to the latter by upregulating the expression of
miR-127-3p and inhibiting phosphatidylinositol 3-kinase
(PI3K)/AKT/mTOR pathway®®. Allicin can also increase
the sensitivity of cisplatin-resistant lung cancer cells by
suppressing hypoxia-inducing factors 1o and 2o in hypoxic
cells. Apart from chemotherapy, allicin can enhance the
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radiosensitivity of cancer cells by suppressing the nuclear
factor-kappa B (NF-kB) signaling pathway in CRC?" and
through the promotion of intracellular DNA damage that
is related to the downregulation of interleukin (IL)-6 and
interferon-f3 as well as the increase in p53 expressions in
glioblastoma®!. Despite the promising anticancer effects
of allicin, a recent study has shown that allicin can trigger
hemolysis, eryptosis, and oxidative stress in erythrocytes
through calcium overload and the activation of MAPK and
casein kinase-10%’). The combined treatment of allicin with
eryptosis inhibitors could be helpful in reducing the effect.

In recent years, nanoparticles have been established as
effective and efficient carriers for delivering numerous drugs.
In the case of allicin, its cytotoxicity in HepG2 cells has
been demonstrated to be enhanced with the encapsulation
of gelatin nanoparticles coated with glycyrrhetinic acid®.
Moreover, the loading of allicin with cyclodextrin-based
nanoparticles also enhances its delivery and the resulting
corresponding pro-apoptotic effect on cancer cells®!l. Overall,
allicin has shown promising anticancer activity. In addition,
it is cost-efficient and can be used in combination with other
drugs to increase sensitivity and alleviate side effects.

2.1.2. Ajoene

The anticancer properties of ajoene have been widely
recognized and attentively investigated.  Ajoene
(4,5,9-trithiadodeca-1,6,11-triene-9-oxide) is a sulfur-
containing organic compound formed after the
rearrangement of allicin. Ajoene occurs in two forms:
Z- and E-isomers. By characterization, the former is
more bioactive, while the latter is relatively more stable.
Recently, the compound has been shown to be synthesized
in the laboratory through a new technique involving
four key steps: (1) propargylation; (2) radical addition of
thioacetate; (3) deprotection; and (4) disulfide formation/
allylation. Ajoene has antimicrobial, antithrombosis,
anti-inflammatory, and anticancer properties®?. In
cancer, the compound targets several activities, such
as migration, apoptosis, oxidative stress, and protein
folding™!. A previous study has suggested that ajoene
can induce anticancer effects in leukemia cells (HL-60)
by triggering G2/M arrest, attenuating proteasome-
mediated trypsin- and chymotrypsin-like activities as
well as inhibiting ERK-1/2 signaling cascade®!l. Moreover,
the ajoene has been shown to promote apoptosis in
leukemic cells but not in peripheral mononuclear blood
cells of healthy individuals by elevating the oxidative
status and activating the NF-kB pathway®. Similarly,
in lung adenocarcinoma, the treatment with 25 uM of
ajoene significantly reduced the cell viability of cancerous
cells A549, NCI-H1373, and NCI-H1395, but not non-
carcinogenic bronchus cells BEAS-2B, partially through

reactive oxygen species (ROS)-induced apoptosis and the
activation of JNK/p38 cascade®!.

In a human study of basal cell carcinoma, the patients
were topically treated with ajoene. The study showed that
ajoene can effectively suppress tumor growth through the
activation of mitochondria-dependent apoptosis and the
subsequent reduction of antiapoptotic Bcl-2 expression®*.
Besides, apoptotic regulators such as p53, p63, and p73 have
also been demonstrated to be activated by the compound in
cellular models®®®l. Furthermore, Z-ajoene could selectively
inhibit cancer stem cells from glioblastoma multiform by
attenuating phosphorylated (p)-SMAD4, p-AKT, and
FOXO3A expressions™. In MDA-MB-231 and HeLa
cancer cells, ajoene has shown to reduce migration and
invasion activities through s-thiolation of cysteine-328
of the vimentin, thereby disrupting it and subsequently
inhibiting metastatic activities?®®.

An analog of ajoene, bis[(para-methoxy) benzyl], has
more substantial anticancer effects. It acts by activating
unfolded protein response mechanisms through CHOP/
growth arrest- and DNA damage-inducible protein 153
(GADD153) in esophageal carcinomal®.. In the treatment
of colon cancer cells, Z-ajoene effectively inhibits tumor
growth by decreasing the expression of P-catenin and
increasing CK-lo-mediated f-catenin phosphorylation
and prevents skeletal muscle atrophy induced by colon
cancer by suppressing muscle-specific E3 ligases and
NF-kB!. Therefore, ajoene can specifically and selectively
target cancer cells as well as promote apoptosis and
antimetastatic activities.

2.1.3. Diallyl sulfide (DAS)

DAS is a significant component of garlic with protective
properties against various physiological disorders. The
regulation of cellular markers associated with apoptosis,
redox status, necrosis, angiogenesis, and cytotoxicity
(cytochrome P450 2E1), as well as the interaction with
membrane lipids are among the mechanisms targeted
by the compound™. In cancer, DAS has been previously
shown to delay the onset of cancer in chemically induced
skin tumors in mice™. The corresponding effects of DAS
are associated with the inhibition of key cellular pathways,
such as p53, p21/Ras, PI3K/AKT, and p38 MAPK cascades,
with JNK1 and ERK1/2 remaining unaffected™. In vitro
evidence has revealed that DAS can effectively protect
normal human breast cells MCF-10A from a carcinogenic
chemical compound, diethylstilbestrol, which can cause
DNA damage and lipid peroxidation!*.

In prostate cancer, DAS has been shown to improve
oxidative status by suppressing a testosterone-mediated
decrease in antioxidants™*. It has also been reported that
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DAS can potentially induce antiproliferative properties in
thyroid carcinoma by activating the mitochondria apoptotic
pathway as displayed by the elevation of Bax, caspase-3, -9,
and cytochrome c (cyt c¢) expressions, as well as the
suppression of Bcl-2 expression™®l. DAS can also prevent
the progression of colon cancer by containing the gene
expression and activities of arylamine N-acetyltransferase
and downregulating ERK1/2 pathway*!. In a leukemia
model, DAS restored the elevated levels of P-glycoprotein
(P-gp), a multidrug protein/*®. The treatment of cervical
cancer cells with DAS has been reported to promote cell
cycle arrest and apoptosis by increasing ROS, calcium ions
(Ca?"), and the number of cells accumulated in the gap 0
(G0)/G1 phase!. The treatment increases the expressions
of p21, p27, p53, Bad, Bid, Bax, apoptosis-inducing factor
(AIF), caspases, and cyt ¢ but decreases the expressions of
Bcl-xl, Bcl-2, cyclin-dependent kinase 2 (CDK2), CDKe,
checkpoint kinase (CHK)2, and human papillomavirus
(HPV) oncogenes E6 and E7P.

Furthermore, treating neuroblastoma cells SH-SY5Y
with DAS has been shown to suppress pro-proliferative
activities and trigger apoptosis by increasing caspases
activation and Ca** levels while suppressing NF-xB
pathway®!l. In a mice lung cancer model, DAS significantly
reduced tumor growth and increased antioxidant levels
and apoptotic activities by suppressing the expression of
fatty acid synthase®?. In a recent study, the combination of
paclitaxel and DAS has been demonstrated to improve skill
texture and downregulate antiapoptotic protein Bcl-2 in a
mice skin cancer model™*.

Alternatively, in esophageal carcinoma, a previous study
has revealed that DAS is only effective when administered
after its exposure to carcinogen, which suggests that the
compound is more effective as a treatment rather than for
prevention purposest®*. Overall, DAS has considerable
potential as a therapeutic option for cancer. However, further
studies are required to shed light on the possible ways of
improving its efficiency and reducing the side effects.

2.1.4. Diallyl disulfide (DADS)

DADS is an organosulfur compound from garlic with
strong anticancer properties. It is formed from allicin.
DADS has demonstrated its effects in different types of
cancers through the regulation of apoptosis, oxidative
stress, and cell cycle, along with several cellular pathways
associated with cancer survival and progression®.
For example, in colon cancer cells HT-29 and Caco-2,
treatment with DADS has shown to induce anticancer
effects by activating histone 3, inhibiting histone
deacetylase (HDAC), and increasing p21 expression™’.
In HCT-116, DADS has been shown to trigger G2/M

arrest by activating cyclin Bl and promoting apoptosis
through ROS-mediated activation of p53 pathway, thereby
promoting cell death®™. In another colon cancer cell
line SW480, treatment with DADS has shown to inhibit
migration and invasion by downregulating glycogen
synthase kinase (GSK)3B/NF-kB and LIM kinase-1
(LIMK-1)/dextrin/cofilin cascades, resulting in the
suppression of vimentin, Ki-67, and CD-34 expressions
and the elevation of E-cadherin®™. Other signaling
markers targeted with DADS treatment in colon cancer
cells include the elevation of Ca?* levels, phosphorylation
of ERK, activation of STAT-1, and inhibition of Racl/
PAK1/LIMK1/cofilin pathways!*".

In leukemia, DADS induces cell death through the
inhibition of Racl/ROCKI1/LIMKl/cofilin and ERK
pathways as well as the activation of p38MAPK, Rac2/
JNK, and caspase-dependent apoptotic pathways/'l. Its
anticancer effects in leukemia cells are evident through
the downregulation of vascular endothelial growth factor
(VEGF) and calreticulin. It inactivates epidermal growth
factor receptor (EGFR) and mTOR pathways that mediate
the induction of G2/M and GO/GI1 arrest through the
downregulation of PARK-7, cofilin 1, and Rho GDP
dissociation inhibitor 2.

In a mice prostate cancer model, testosterone and
N-methyl N-nitroso urea-induced cancer and its
associated features such as dysplasia, hyperplasia, and
prostatic intraepithelial neoplasia were significantly
reduced with DADS treatment®.. In addition, it has also
been reported that DADS treatment can promote apoptosis
through G2/M arrest due to decreased CDK1 expression
and the activation and inhibition of JNK and PI3K/AKT
pathways, respectively. Furthermore, DADS also initiates
histone hyperacetylation, increasing DNA damage,
raising the expression of pro-apoptotic cell markers, and
decreasing migration and invasion-associated proteins®l.
In hepatocellular carcinoma (HCC), DADS has been
reported to reduce cell proliferation and migration by
promoting apoptosis by regulating associated markers and
G2/M arrest. Moreover, it also been reported to induce
antiapoptotic activities and reduce toxicity by inhibiting
CYP2E1[!. Albeit, the pro-apoptotic effects of DADS can
be increased in HCC by cotreating with other compounds,
such as p38 or p42/44 MAPK inhibitorsl.

DADS enhances programmed cell death in breast cancer
by promoting GO arrest, altering Bcl-2 family proteins,
inhibiting HDAC through histone-4 hyperacetylation,
suppressing ERK, and activating SAPK/JNK and p38MAPK
pathways/!. The inhibition of ERK by DADS in breast
cancer is initiated through the upregulation of miR-34a
expression, leading to the inhibition of upstream cascades,
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SRC and Ras!. Similarly, other studies have shown that
DADS treatment can reduce breast cancer progression and
metastases by elevating the expressions of tristetraprolin/®.
Furthermore, the investigation of normal breast cancer
cells MCF-10A has indicated that DADS pre-treatment
can protect against benzo(a)pyrene-induced cancer and
the compound can help to avert environmentally induced
cancer initiation®!. It has also been demonstrated that
DADS treatment can effectively inhibit pro-cancer activities
in triple-negative breast cancer (TNBC) cells by suppressing
antiapoptotic proteins and f-catenin activation™. In
addition, nanoemulsions of DADS with o.-linolenic acid
can trigger GO/GI arrest and regulate the ERK pathway in
MCEF-7 cells”. Moreover, the modification of DADS loaded
in solid-lipid nanoparticles with receptor for advanced
glycation end products antibody improves the efficiency of
DADS by facilitating target-specific delivery and reducing
off-target effects in TNBCI2.

DADS exerts its anticancer effects in lung cancer by
regulating the expression of apoptotic proteins, increasing
ROS levels, and Ca** elevation, inducing G2/M arrest,
and activating p53, p42/44MAPK, and JNK pathways.
Cisplatin-resistant lung cancer cells A549/DPP can be
sensitized to DADS by cotreating with small interfering
(si)RNA BCL-2"4. In a recent study, DADS has been
shown to prevent cancer growth and EMT in A549 cells
by suppressing E-cadherin and cytokeratin-18 as well as
elevating N-cadherin and vimentin through inactivating
Wingless and Int-1 (Wnt)/p-catenin pathway”..

Moreover, the treatment of esophageal carcinoma
models with DADS has been reported to cause cell death
through the suppression of NAT and CYP2E1 expressions,
the activation of mitochondria-apoptosis and p53/p21
pathways, and the inhibition of Raf/mitogen-activated
protein kinase kinase (MEK)/ERK pathway!"®.

In a recent study, DADS has also been shown to prevent
the metastasis of type 2 esophageal-gastric junction
adenocarcinoma cells by decreasing the expression of
matrix metalloproteinases (MMPs) and increasing the
expression of MMP tissue inhibitors partly through
the inactivation of NF-kB and PI3K/AKT pathways®.
Furthermore, DADS inhibits the cell cycle. DADS promotes
ROS production, causes DNA damage, upregulates miR-
34a, miR-22, and miR-200b expressions, as well as inhibits
PI3K/AKT and Wnt/B-catenin cascades”. However, a
possible resistance to DADS by gastric cancer cells has
been found to be associated with the increase in GSH
peroxidase or GSH levels, resulting in the alteration of
ROS status. This suggests that the compound may not be
fully efficient in treating this type of cancer”. Studies on
skin cancer have demonstrated that DADS can prevent the

progression of cancer by regulating cell cycle, apoptosis,
and oxidative stress events by promoting the activation of
p53- and p21-mediated Nrf2"?). In brain tumors, treatment
with DADS can effectively reduce p38 MAPK, NF-kB, and
H-RAS expressions, increase peroxisome proliferator-
activated receptor-gamma coactivator-1c. and Ca** levels,
trigger G2/M arrest, and activate JNK/c-Jun pathways
and mitochondria-dependent apoptosis, which ultimately
result in tumor suppression!”.

Furthermore, in the treatment of cervical cancer
with DADS, the compound inhibits cell proliferation by
targeting TAp73/ANp73 status and activating p53/p21
signaling pathways®!. DADS induces its anticancer effects
in bladder cancer by inhibiting N-acetyl transferase (NAT)
activities as well as promoting ROS production and G2/M
arrest®™]. Besides, the inhibitory effects of DADS have
been reported in other types of cancers, including the
suppression of EMT through MAPK/ERK inactivation
in oral cancer, G2/M arrest in pancreatic cancer, G1/S
arrest associated with MAPK phosphorylation in
nasopharyngeal carcinoma, the upregulation of miR-34
and p21 expressions and inactivation of PI3K/AKT/mTOR
in osteosarcomal®?, as well as C-MYC, specificity protein
1 (SP1), and MADI1-mediated attenuation of human
telomerase reverse transcriptase (hTERT) in lymphoma.
Overall, the role of DADS in cancer has been extensively
studied, and numerous pathways have been implicated in
the process. However, the research on the side effects of
the drug and its elimination mechanisms is still lacking,
thereby requiring further investigations.

2.1.5. Diallyl trisulfide (DATS)

Similar to DAS and DADS, DATS is an organic compound
produced by garlic. It has immense therapeutic significance
in different types of cancers. Dose combination also affects
various cellular processes, including cell cycle, apoptosis,
proliferation, EMT, and oxidative stress. Numerous in vitro
and in vivo studies of different types of cancers have been
conducted to investigate the drug’s potential for therapeutic
purposes. In prostate cancer models, DATS treatment has
been shown to promote a decrease in the expression of
X-linked inhibitor of apoptosis protein (XIAP), an increase
in pro-apoptotic protein Bak, JNK1-mediated activation of
ITCH ubiquitin ligase signaling axis, JNK1/2 and ERK1/2
activation; AKT, NF-kB, and p-STAT-3 inhibition; as well
as G2/M arrest due to CHK1 activation and increase in p53
and p-Cdc25C expressions!®#,

In breast cancer, DATS treatment suppresses the
expressions of Bcl-2, Bcl-xL, MMP-2, estrogen receptor
(ER)-o., lactate dehydrogenase-A (LDHA), Forkhead
box Q1 (FOXQ1), hypoxia-inducible factor (HIF)-o., and
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thioredoxin, increases ROS generation and Bak expression,
stimulates activator protein (AP)-1 and apoptosis signal-
regulating kinase (ASK)I-JNK-Bim signaling axis,
and deactivates transforming growth factor (TGF)-f1,
Wnt/p-catenin, NF-kB, ERK/MAPK, AKT, and Notch
pathways®.. In mice models, the combination of DATS and
doxorubicin has been reported to induce multi-signaling
targeted apoptosis, inhibit Notch and NF-kB pathways,
and activate the p53 apoptotic axis®®. Similarly, treatment
with DATS in bladder cancer markedly suppresses EMT.
DATS also elevates apoptotic activities in a caspase-
dependent manner through the inhibition of PI3K/AKT
and the activation of JNK pathway°l.

Recent studies have reported an increase in apoptosis
and a decrease in EMT in bladder carcinoma cells following
DATS treatment. G2/M arrest, NF-k2 inactivation, ATM-
mediated CHK2/Cdc25C/Cdc2 stimulation, and ERK1/2,
JNK, and p38 phosphorylation were observed®.. In gastric
cancer, DATS treatment exerts pro-apoptotic properties
by inducing mitotic arrest through ROS-dependent
activation of AMP-activated protein kinase (AMPK)
pathway, regulating apoptotic markers™, and reducing
ROS, sulfiredoxin, and malondialdehyde (MDA) levels.
DATS also sensitizes gastric cancer cells to docetaxel and
cisplatin by elevating the levels of metallothionein 2A,
which leads to NF-«xB pathway inhibition, and inhibiting
Nrf2/AKT as well as activating p38MAPK/JNK signaling
cascades, respectively®.

Besidesthat,inthetreatmentofosteosarcomawithDATS,
the compound also suppresses tumor growth by targeting
GO0/G1 through decreasing cyclin D1 and upregulating
p21 and p27 by ROS-mediated PI3K/AKT inhibition®".
DATS also suppresses P-gp and glucose-regulated protein
78, switches microRNA levels, downregulates NF-xB and
Notch 1 pathways, as well as upregulates the expression
of Ca?*-binding protein calreticulin®!. A recent study has
also reported the downregulation of vimentin and Bcl-2 as
well as the upregulation of Bax, Bak, and E-cadherin due
to PI3K/AKT/GSK3f inhibition following the treatment of
osteosarcoma cells with DATS®.

Otherwise, in the treatment of lung cancer with
DATS, the compound promotes DNA damage and
apoptosis through the elevation of caspase-3, -8, -9, Bax,
and Bak; the attenuation of Bcl-xI and Bcl-2 proteins; as
well as the induction of JNK, p53, and p38 pathways®.
DATS can also potentiate its protective effect in lung
cancer by suppressing Wnt/B-catenin®!. Furthermore,
its modification with extracellular microparticle carriers
enhances anti-inflammatory and ROS activities by
suppressing S100 calcium-binding protein A8/A9, serum
amyloid A, fibronectin, IL-6, and toll-like receptor-4. In

thyroid carcinoma, it has been found that the induction of
apoptosis is associated with the activation of ERK, JNK,
and MAPK pathways, G2/M arrest through ATM and
H2AX phosphorylation, and a positive feedback loop
due to a rise in H,S and CSE levels, resulting in NF-kB
hyperactivation®!. It has been shown that treating colon
cancer cells with DATS can significantly promote cell
death and reduce migration activities by inhibiting focal
adhesion kinase (FAK), Src, and Ras, facilitating G1/S
arrest by oxidating -tubulin, ROS production, and
mitochondria-mediated apoptosis®.

The elevation of Ca?* levels, the generation of ROS,
the downregulation of antiapoptotic proteins, integrins,
and FAK, and the activation of caspases and p53 pathway
have been observed in skin cancer cells following DATS
treatment®”. Likewise, DATS improves the anticancer
effects of cisplatin in ovarian cancer cells (SKOV-3)®. In
leukemia, DATS treatment suppresses cancer progression
by triggering GO/G1 arrest and caspase activation, the
disruption of mitochondria potential due to high ROS
levels®!, and the dimerization of heat shock protein
(HSP)-27. In brain cancer, DATS reduces migration and
proliferation activities by suppressing Wnt/[B-catenin,
mTOR, EGFR, C-MYC, active Bcl-2, and HDAC activity,
and increasing histone acetylation and p21/p53 levels!*.

In pancreatic cancer, lymphoma, and nasopharyngeal
carcinoma, DATS induces apoptosis through p53 elevation,
TRAF-6 degradation and NF-ka inactivation, as well as
caspase-8 and MAPK pathway activation, respectively!'!l.
Collectively, the above data confirms the potential of DATS
in cancer treatment by targeting numerous vital signaling
pathways associated with proliferation and migration
activities. However, the research on the possible side effects
and mode of action of this drug is still lacking regardless
of the possibility. Figure 2 explains the signaling pathways
involved in the apoptosis induction effect of DATS
exposure.

2.1.6. Sulforaphane (SFN)

SEN is a sulfur-rich isothiocyanate (ITC) member
commonly found in cruciferous vegetables, such as broccoli
and cabbages. The compound is known to have anticancer
properties. In a study, SEN has been reported to have a potent
inhibitory effect in bladder cancer cells, which is associated
with the suppression of growth promoters such as survivin,
EGFR, and human epidermal growth factor receptor 2
(HER2)M", Treating bladder cancer cells with SFN also
upregulates insulin-like growth factor (IGF)-binding
protein-3, caspase-3, cyt ¢, and cell cycle inhibitor p27,
resulting in GO/GL arrest, as well as induces ROS-dependent
mitotic arrest, Nrf-2 activation, HDAC inhibition"*”, NF-xB
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Figure 2. A schematic diagram of the signaling pathways involved in the apoptosis-induction effect of DATS exposure. DATS: Diallyl trisulfide, ROS:
Reactive oxygen species, JNK: c-Jun N-terminal kinase, AP-1: Activator protein-1, ERK: Extracellular signal-regulated kinases, Bcl-2: B-cell lymphoma-2,
Bax: Bcl-2-associated X protein, AKT/PKB: Protein kinase B, PARP: Poly-ADP-ribose polymerase.

deactivation, and cyclooxygenase (COX)-2 suppression
through the elevation of p38 expression and activities. In
addition, by downregulating COX-2 and upregulating
miR-200c, SEN suppresses several EMT markers, including
MMP-2, -9, Snail, and zinc-finger E-box-binding homeobox
1194 In recent studies, SFN has been shown to prevent the
progression of bladder cancer by regulating the composition
of gut bacteria and protecting the gut barrier, increasing
the expression of FAT atypical cadherin, as well as
downregulating HIF-1o. expression and activities, thereby
reducing glycolysis. The chemoresistance against everolimus,
an mTOR inhibitor, and the upregulation of integrins 0.6, oV,
and P1 inbladder cancer canbe prevented by cotreatment with
SFN!_ In colon cancer, SFN promotes apoptotic activities
by arresting cells at G1 and inhibiting ERK1/2 and AKT
kinases, activating caspase-3 and chromatin condensation,
upregulating p27 through S-phase kinase-associated protein
inhibition, phosphorylating stress-activated protein kinase
and suppressing C-MYC, overexpressing p21 and inducing
G2/M arrest, activating MAPK pathways, suppressing
HIF-1oe and VEGF expressions, as well as increasing ROS
generation"””. Moreover, further studies have indicated

that SEN treatment can also suppress the proliferation and
metastasis of colon cancer by promoting Nrf2 expression
through demethylation of its promoter, upregulating
NmrA-like redox sensor 2, pseudogene and pseudogene
activating ROS/p38 axis, and downregulating COX-2/
microsomal prostaglandin E synthase-1 cascades as well as
HDAC, hTERT, and miR-21 expressions. SEN also induces
the downregulation of pro-inflammatory markers in colon
cancer cells!"%®1%],

In breast cancer, SEN has been reported to prevent
cell progression through the upregulation of early growth
response 1 and thioredoxin reductase 1 expression and
redox status, a reduction in the phosphorylation of AKT and
S6K1 kinases, and a suppression in the expression of SERTA
domain containing 1, cyclin D2, and HDAC 3, resulting in
G1/S arrest!"'?!, In addition, the treatment of TNBC stem cells
with SEN promotes cell death by inhibiting the expressions
of Nanog, aldehyde dehydrogenase 1A1, Wnt3, Notch 4,
and Crypto/Alk4 protein complex formation!"'!l. Moreover,
in the treatment of gastric cancer with SFN, the compound
inhibits the progression of cancer by mediating the induction
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of G2/M arrest through the activation of mitochondria
apoptotic pathway, p21 upregulation, and histone H3
phosphorylation, accompanied by the activation of ROS-
AMPK pathway!"'?. In addition, SFN causes cell death by
inducing cell cycle arrest at the S phase through p21/53
upregulation and reducing the expressions of suppressor of
variegation, enhancer of zeste, trithorax (SET) and myeloid-
Nervy-DEAF1 domain-containing 3, myosin regulatory
light chain 9, as well as cysteine-rich angiogenic inducer".
SEN also promotes the maturation of miR-29a-3p, reduces
COL3A1 and COL5A1, inhibits the Wnt/B-catenin pathway
phosphorylation of MAPK, deactivates EGFR and p-ERK1/2,
and inhibits the Sonic hedgehog pathway!*l,

In prostate cancer, SEN treatment facilitates apoptosis
by increasing mitochondria ROS, apoptotic protease-
activating factor-1, and Bax expression, and reduces the
expression of phosphoglucomutase 3, the activation of
caspases, the upregulation of Nrf2, the demethylation of
cyclin D2, the suppression of androgen receptors, and
the inhibition of STAT-3, HDAC6 deacetylase, ERK1/2,
hTERT, and C-MYC!''>"¢ In a recent study, treatment
with N-acetyl-L-cysteine has been reported to inhibit fatty
acid metabolism by acetyl-CoA carboxylase and fatty acid
synthase suppression, which, in turn, inhibits prostate cancer
inhibition™"”). SFN also induces the acetylation of histone
H3 and H4, which leads to cell cycle arrest!!®l. SEN has also
been demonstrated to exert an inhibitory effect on ovarian
cancer cell proliferation by attenuating retinoblastoma
protein phosphorylation and E2F-1 expression!"”). Besides,
SFN also triggers G1/G2/M arrest and inhibits the PI3K/
AKT pathway!".. In recent studies, SEN has been shown to
increase the sensitivity of ovarian cancer cells to cisplatin by
inhibiting NF-kB, HER2, and C-MYC as well as upregulating
p53, p27, Bax, and miR-30a-3p, thus facilitating DNA
damage™"!. In neuroblastoma, SFN promotes anticancer
activities through caspase-dependent apoptosis, which is
mediated by MEK/ERK activation??. Furthermore, in
HCC, SEN reduces the expressions of Bcl-2, HIF-1q, and
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase-4,
increases the expression of caspase-3 and Bax, as well as
activates Nrf2, p38, and ERK pathways to mediate cancer
cell death!?). SFN also activates Nrf2/antioxidant response
element/heme oxygenase-1, inhibits STAT3/HIF-10/VEGE,
and ROS dependently inactivates TGF-f pathway and
hTERT expression in HCC cells. SFN treatment significantly
increases the demethylation of histone H4 on arginine 3
(H4R3me?2s) in epidermal squamous cell carcinoma through
the alleviation of protein arginine methyltransferase-5 and
methylome protein 50 expressions2*.

In lung cancer, SEN upregulates the expressions of p21,
p73,p53 upregulated modulator ofapoptosis, Bax, cyclin D1,

cyclin K, and caspases and downregulates the expressions
of EGFR, cyclin Bl1, and Bcl-2"*l. SFN also suppresses
miR-616-5p expression through histone modification,
deactivates the GSK3f/B-catenin pathway to inhibit EMT
and reduce stem cell-like properties in lung cancer cells,
sensitizes lung cancer cells to treatments by upregulating
miR-214, and inhibits IL-6/ANp63ct/Notch pathways!'*¢l.
In nasopharyngeal carcinoma, SFN suppresses malignancy
by preventing the reactivation of the Epstein-Barr virus
Iytic cycle, increases the expression of Wnt inhibitory
factor 1, inhibits DNA methyltransferase 1, and inhibits the
activation of STAT-3 through the upregulation of miRNA-
124-3pl"?7. Besides, in salivary gland adenoid cystic
carcinoma, SFN treatment induces anticancer activities
by mediating G2/M arrest, accompanied by the decrease
in cyclin Bl and CDKI1, the increase in caspases and Bax,
and ultimately the inhibition of NF-k pathway!'*l. Overall,
the effect of SEN on cancer suppression has been explicitly
elaborated in different types of cancers, with the critical
cellular markers and processes affected being identified.
With the new focus on the drug clearance mechanism and
potential side effects, vital information that might be useful
in clinical application can be obtained.

2.1.7. 4-methylthiobutyl isothiocyanate (erucin)

Another common ITC compound is erucin. The protective
power of this compound in cells is essentially attributed to
its H,S moiety. In addition to other mechanisms, erucin acts
by regulating apoptosis and inflammatory processes!.. In
colon cancer, HCC, bladder cancer, prostate cancer, and lung
cancer, treatment with erucin suppresses tumor growth and
metastasis by promoting AKT and ERK phosphorylation
and DNA damage, as well as blocking cell cycle at G2/M
phase and p21/53 overexpression, respectively™. Erucin
induces cell death in KRAS-mutated pancreatic cancer
cell line AsPC-1 by suppressing ERK phosphorylation,
which is a crucial mechanism to counteract KRAS-
associated carcinogenic features associated with MAPK
hyperphosphorylation.  Besides, treatment with
erucin can effectively suppress carcinogenic activities by
suppressing telomerase activities in ovarian cancer!*?,
In breast cancer, erucin improves microtubule stability,
induces cell cycle arrest, mitochondria translocation of
cofilin and dynamin-related protein, mitochondria fission,
and the downregulation of HER2 and S6 ribosomal protein
phosphorylation"*!. Overall, erucin treatment exhibits
anticancer activities in different cell types through a variety
of mechanisms that are altered in cancer.

2.1.8. Allyl isothiocyanate (AIC)

AIC, a natural anti-inflammatory and anticancer
compound, has been shown to have significant anticancer
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effects. In breast cancer, AIC induces cell death by activating
both  mitochondria-dependent and  -independent
pathways!"*. G2/M arrest, ERK activation, and NF-«B
inhibition have also been observed in breast cancer cells
following AIC treatment!*. However, in a recent study,
AIC could not potentiate any significant apoptosis and
its treatment yielded in the upregulation of antiapoptotic
marker Bcl-2 and MTOR gene!*.. The reason behind this
discrepancy is yet to be determined. Besides, in cervical
cancer, oral cancer, lung cancer, and glioma, treatment
with AIC significantly attenuates Bcl-2/Bax status,
activates caspases, and promotes S/G2/M arrest, thus
potentiating its anticancer effect’*). In bladder cancer,
AIC promotes pro-apoptotic activities by facilitating the
activation of JNK, the phosphorylation of Bcl-2, and cell
cycle arrest’). In a recent study, treatment with AIC
nanoparticles in bladder cancer cells has demonstrated
that AIC nanoparticles inhibit cell proliferation more
potently compared to AIC by targeting pro-inflammatory
markers, such as IL-6, tumor necrosis factor (TNF)-o,, and
inducible nitric oxide synthase (INOS)!"®!*l Treatment
with AIC also suppresses EMT events in HCC cells!*,
Moreover, in CRC, the antimetastatic effects of AIC have
been reported to be associated with mitotic arrest, Ca**
release, growth arrest and DNA damage inducible protein
153 (GADD153) activation, and the suppression of MMP
expression and MAPK pathway!". Overall, AIC has
shown potential in cancer treatment, although further
studies are needed to understand the mechanisms involved
and its clearance mechanism.

2.1.9. Benzyl isothiocyanate (BITC)

BITC is another natural H,S donor and ITC derivative,
which is strongly linked with cytoprotection and anti-
carcinogenesis. The anticancer effect of BITC has been
well-documented in several papers. In bladder cancer,
BITC has been shown to reduce the incidence of cancer
in mice that are treated with the carcinogenic compound
N-butyl-N-(4-hydroxybutyl) nitrosamine and in cellular
models through the upregulation of miR-99a-5p through
ERK/c-Jun/AP-1 activation, which, in turn, downregulates
the expressions of IGFIR, mTOR, and fibroblast growth
factor receptor 3 cascades and reduces cell survival!,
BITC treatment also promotes ROS production, Gl
arrest, and protective autophagy through mTOR
inhibition™*. In breast cancer, treatment with BITC can
effectively suppress pro-survival activities by targeting
p53/liver kinase B1 (LKB1) and p73/LKBI1 cascades and
overexpressing transcription factor Kriippel-like factor
4 (KLF4)!l In addition, BITC can prevent osteoclast
differentiation in breast cancer cells by inhibiting runt-
related transcription factor 2 and receptor activator of

NEF-kF ligand"*. The reduction of XIAP, FOXQ1, STAT-
3, AKT, TGF-B, and TNF-o expressions and the elevation
of ROS, caspases, FOXO1, and JNK/p38 MAPK activation
have been observed in breast cancer cells following BITC
treatment!". In lung cancer, BITC has been shown to
suppress the resistance of cells to gefitinib and promote
autophagy, apoptosis, and ROS generation!*!. It has also
been suggested that BITC treatment can induce oral cancer
cell death by mediating G2/M arrest and DNA damage
by elevating pro-apoptotic markers and decreasing
antiapoptotic ones™). In head-and-neck squamous cell
carcinoma, BITC can suppress EMT markers such as
vimentin and activate pro-apoptotic markers such as
caspase-3 and poly-ADP ribose polymerase (PARP), thus
resulting in anticancer activities!**],

Moreover,in HCC, BITC treatment has been reported to
have anti-survival effects due to the reduction of MMPs and
MAPK pathways!"*!. In pancreatic cancer, BITC treatment
can suppress the expressions of antiapoptotic proteins such
as XIAP, p-PI3K, p-AKT, p-mTOR, p-FOXO1, p-FOXO3a,
p-STAT-3, and NF-«B as well as activate MAPK pathways,
resulting in increased cellular apoptosis and decreased
angiogenesis!"**l. Besides, BITC has antiproliferative
effects when used to treat gastric cancer. These effects are
associated with the inhibition of ERK1/2, Ras, iNOS, and
COX-2 as well as the activation of death receptors*?. The
above evidence validates the potential of BITC in cancer
treatment; however, further investigations are needed to
understand the mechanisms of action for this donor and
how H_S moiety participates in ROS generation.

2.1.10. Phenylethyl isothiocyanate (PEITC)

PEITC s a slow-releasing H,S donor and a member of ITCs.
The donor works by regulating the cell cycle and oxidative
stress, ultimately causing apoptosis. In oral cancer, PEITC
has been reported to suppress the expressions of pro-
migration markers, such as MMP-2 and -9, and increase
the expressions of tissue inhibitor matrix metalloproteinase
(TIMP)-1 and TIMP-2 by inhibiting several pathways,
including MAPK, NF-xB, and EGFR signaling cascades!'*.,
PEITC also induces cell death by activating mitochondria-
apoptotic pathways, death receptors, p21/53, and cell cycle
arrest’. In glioblastoma, PEITC promotes apoptosis,
cell cycle arrest, and anti-EMT activities through the
activation of intrinsic and extrinsic pathways, along with
the downregulation of MMPs, CDC20, cyclin B1, MCL-1,
and XIAP expressions!*.. Similarly, PEITC treatment has
also been shown to inhibit death receptors and activate
TGFP/Smad2 signaling pathways in cervical cancer!"*"l.
In the treatment of gastric cancer with PEITC, the latter
inhibits the expressions of MMPs, FAK, Ras, growth
factor receptor-bound protein 2, COX-2, and VEGF
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as well as disrupts microtubules to promote apoptosis
and anti-migratory events!'*”. In colon cancer, PEITC
inhibits NF-xB, AKT, ERK, and JNK to mediate anticancer
properties!'*®. The treatment of ovarian cancer cells with
PEITC has revealed that the latter exhibits pro-apoptotic
activities through the activation of caspases, p38, and JNK,
and the inactivation of AKT/ERK1/2 and CRM1-mTOR/
STAT3 pathways*).

In lung cancer, PEITC treatment promotes G2/M arrest,
elevates cleaved caspase-3, PARP, GADD153, endonuclease
G, and Bax, and inactivates the Janus kinase 2 (JAK2)/
STAT3 pathway, thus facilitating cell death and reducing
migration activities*". In melanoma, PEITC induces cell
death through the activation of mitochondria apoptosis
and the elevation of ROS level'®. Moreover, PEITC
administration suppresses Bcl-2 and Bcl-xL, elevates Bak,
inhibits Notch 1 and 2 cascades in pancreatic cancer, and
inhibits Wnt/B-catenin in CRC"?2. In prostate cancer,
PEITC treatment decreases the expressions of CDKI,
cyclin B1, CDC25C, o/f-tubulin, surviving, and XIAP, and
increases the expressions of miR-194, caspases, p53, and
WEEI to mediate anticancer activities!"*®. Furthermore,
PEITC induces cell apoptosis in breast cancer cells
through the elevation of p53, the suppression of ER-0.36,
metadherin, HER2, EGFR, and STAT-3 expressions, and
the reactivation of cadherin!"**'¢%l, The above data suggests
that PEITC has potential in cancer treatment; however,
little is known concerning the drug’s mode of action and
clearance mechanism.

2.1.11. N-acetyl cysteine (NAC)

NAC is a H,S donor and a precursor for L-cysteine and
reduced GSH. It is a cytoprotective compound with potent
antioxidant properties!'®. NAC-derived cysteine releases
H,S in the mitochondria, elevating 3-MPST and sulfide
quinone oxidoreductase (SQR), which are the potential
upstream regulators of sulfane sulfur species!'®. In a
recent study, NAC has been shown to serve as a substrate
for 3-MPST and SQR in colon cancer cells. However,
the event did not significantly alter their viability and
rate of proliferation*. In contrast, NAC-mediated
elevation of 3-MPST activities and intracellular H,S level
exhibits antiproliferative properties in neuroblastoma
cells (SH-SY5Y)!¢”l, Besides, NAC can reverse the anti-
tumor effect of xanthatin, including G2/M arrest and
ROS-mediated autophagy and apoptosis, in colon cancer
cells**l. In gastric cancer, NAC promotes SJ-89 cell
cycle arrest, apoptosis, and DNA damage!™®. Further
evidence has shown that NAC treatment can suppress the
metastasis and glycolysis of gastric cancer cells, resulting
from autophagy inhibition-mediated ROS, through the
deactivation of NF-kB and HIF-10'"’. Cotreatment

with NAC, however, may restore pro-cancer properties
following treatment with anticancer drugs that initially
work by raising ROS levels, such as piperlongumine.

Meanwhile, the combination of NAC with bromelain
shows more potency in inhibiting the growth of
gastrointestinal cancer by facilitating caspase-dependent
apoptosis and autophagy'’!l. Moreover, a clinical trial
has revealed that the administration of NAC can reduce
oxaliplatin-induced neuropathy in CRC and gastric cancer
patients!"”?. In lung cancer, individual treatment with NAC
has pro-cancer effects that are associated with reduced
ROS, p53 activity, and DNA damage; however, when
administered in combination with other therapeutics,
it shows solid anticancer activities!””. NAC enhances
glioblastoma cell death in an antioxidant-independent
manner by facilitating lysosomal degradation of Notch 2
cascade, thus resulting in the attenuation of the pathway!'7*l.
In gastric cancer cells, NAC can effectively attenuate ROS-
induced apoptosis, triggered by anticancer drugs like
curcumin”.

In human breast cancer MDA-MB-435 cells, treatment
with NAC induces cell death and vascular collapse by
promoting apoptosis and the production of antiangiogenic
mediator angiostatin, as well as shifting estrogen
metabolism by inhibiting the formation of DNA adducts!'7®!.
In addition, NAC suppresses cancer proliferation by
attenuating Ki67 expression and the glycolysis marker
stromal monocarboxylate transporter 4177). However, there
have been conflicting studies, wherein NAC treatment,
combined with other potential anticancer drugs, can either
enhance or suppress the drug’s cytotoxicity!”". The mode
of action of the treatment plays a key role in determining
the synergistic effect of NAC. In a recent clinical trial, oral
administration of NAC in breast cancer patients effectively
reduced paclitaxel-induced peripheral neuropathy and
improved the quality of life in these patients!"””). Moreover,
NAC treatment also exhibits anticancer effects in bladder
cancer linked with the activation of caspases, cell cycle
arrest, and suppression of metastasis through MMP-2
downregulation™). In bladder cancer, the co-treatment
of cis-dichlorodiammineplatinum and GSH with NAC
significantly reduces ROS generation from the initial
treatment, suggesting the restoration of carcinogenesis!'®!l.

In prostate cancer, NAC treatment suppresses cancer
metastasis through ROS regulation, CYR61 upregulation,
NF-kB inhibition, and the partial activation of AKT and
ERK1/20%], In addition, the pro-inflammatory effects of
cisplatin and etoposide (VP-16) may be suppressed by
NACU#), Besides, in ovarian cancer, the cotreatment of
doxorubicin with NAC enhances its anticancer effect, which
is associated with ATM/p53 pathway activation and mTOR
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inhibition™*¥. Furthermore, NAC treatment can inhibit
radiotherapy-induced premature ovarian failure through
the suppression of nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4)/MAPK/p53 pathway and the
promotion of VEGE, thus conserving ovarian function!"®!.
In addition, NAC can reduce oxidative injury by increasing
GSH peroxidase activity and decreasing the expression of
nicotinamide adenine dinucleotide phosphate oxidase
subunits (p22 and NOX4). It has also been demonstrated
that NAC treatment can effectively attenuate cell
invasiveness and proliferation in pancreatic cancer by
regulating the cell cycle®. The combination of NAC
with anticancer drugs, such as bromelain and curcumin,
results in potent anticancer activities that are associated
with attenuating migration markers such as MMP-2 and -9
as well as suppressing ROS-induced activation of ERK/
NE-kB!17,

In HCC, treatment with NAC can restore
intracellular GSH levels and IL-2-induced cytotoxicity of
mononucleated cells!**l. NAC reduces liver damage and
the incidence of post-embolization syndrome following
transarterial chemoembolization in HCC patients!™®. In
lung cancer, NAC adducts are significantly lowered, and its
administration reduces the oxidative stress and senescence
caused by the inactivation of transcription factor JunD,
in addition to lung emphysema; however, it concurrently
promotes the progression of cancer™. Briefly, these data
suggest that NAC has inhibitory properties on different
types of cancers. Its combination with other drugs may
further enhance/attenuate the effect, depending on the
drug’s mode of action. Besides, the cotreatment of NAC
with for drugs that initially work by facilitating ROS
generation may not be a good option due to the antioxidant
properties of nicotinamide adenine dinucleotide (NAD).

2.2. Native compound
2.2.1. Sodium hydrosulfide (NaHS)

NaHS is a fast-releasing H,S compound and one of the
most common donors in H S-related research. Being a
fast-releasing donor, it produces enormous amounts of
H,S in a remarkably short period of time followed by a
subsequent decline in production. Depending on the dose
administered and the type of cancer and cell, the drug is
known to induce dual effects; thus, there are numerous
conflicting reports. The compound also regulates
cellular processes, resulting in the modulation of tumor
growth and sensitivity to drugs™'. In a glioblastoma
model, treatment with NaHS facilitated tumor growth
in the animal model by upregulating HIF-o. expression
and in C6 cells by activating the p38MAPK/ERK1/2/
COX-2 signaling axis!?. However, another study has

suggested that the treatment with NaHS promotes
apoptotic activities through the activation of p38 and p53
cascades in C6 cells!*. Similarly, in colon cancer, NaHS
treatment promotes cancer progression and metastasis
by upregulating the expressions of SIRT-1, p-AKT, and
p-ERK as well as downregulating p211°Y.. In a recent study;,
NaHS reduced cell proliferation in CRC, but it did not
induce apoptosis by upregulating Ca?* levels through the
activation of transient receptor potential cation channel
subfamily V member 1; the effect was only observed in
metastatic cells but not in normal cells!*".

In multiple myeloma and oral squamous cell carcinoma,
NaHS exhibits pro-cancer effects by promoting the
phosphorylation of AKT and ERK1/2 cascades*. Moreover,
it promotes cancer metastasis through the activation of HSP-
90 and JAK2/STAT-3 in esophageal carcinoma EC109 cells;
NF-«B, STAT-3/COX-2,and HIF-0/adenosine triphosphate-
sensitive potassium channel activation in HCC; and the
upregulation of MMP-2/-9 in bladder cancer EJ cells!"..
Alternatively, in lung cancer, treatment with NaHS alleviates
carcinogenic activities, including EMT, through TGF-f1/
Smad2/Smad3 suppression and the activation of caspase-3,
p21, and p53 cascades!**1%,

NaHS also inhibits the proliferation of melanoma
cells by blocking PI3K/AKT/mTOR activation and breast
cancer cells by inducing G0/G1 arrest and p-p38 MAPK
inhibition. In neuroblastoma, treatment with NaHS
suppresses adenylyl cyclase and y-secretase, reduces
intracellular cyclic adenosine monophosphate levels and
dynamin-like protein expression, and increases ERK
phosphorylation!"***"), These data imply that H,S has a role
in cancer progression; however, the potential of NaHS for
cancer treatment is relatively insignificant.

2.2.2. Sodium sulfide (Na,S)

Na,S is another fast-releasing H,S-donating compound
that is associated with cancer therapeutics. In CRC
patients, Na S treatment in human mesenteric arteries
results in the relaxation of vessels by targeting potassium
ion (K*) channels®!. The compound has been reported
to selectively kill glioblastoma T98G and U87 cells, while
showing no effectin cerebral microvascular endothelial cells
(D3), through a mechanism that involves the elevation of
ROS levels and the suppression of mitochondria activities,
resulting in DNA damage and subsequent cell death*?.
In addition, Na S treatment also sensitizes glioblastoma
cells to radiotherapy™”l. In an earlier study, the anticancer
effect caused by the inhibition of CBS in ovarian cancer
was found to be reversible with low doses of Na,SP.
Despite the fact that there are only a number of studies on
Na,S, evidence has indicated that Na,S has protective and
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robust anticancer effects. However, its inability to imitate
the physiological production of H.,S affects its applicability.

2.2.3. Other metal sulfides

Apart from Na_§, sulfides of other metals, such as calcium
and copper, also have anticancer properties, as witnessed
in experimental settings. Although there are no existing
studies on individual drug administration containing
the aforementioned metal sulfides in cancer; their
nanoparticle formulations have been well-documented.
Calcium sulfate (CaS) nanoparticles are known to trigger
cell cycle arrest and induce apoptosis in lung cancer cells,
but no significant effect has been reported in normal
cells?®. Similarly, copper sulfate (CuS) nanoparticles have
been reported to possess the ability to target tumor cells
and penetrate their nucleus by modifying surface peptides
RGD and TAT™®. In a study, the cotreatment of CuS
nanoparticles with 980 nm near-infrared laser irradiation
causes cell death by increasing the temperature of the
nucleus and destroying the genetic materials. In cervical
cancer cells, CuS nanoparticles have been shown to induce
a concentration-dependent photothermal destruction
with low cytotoxicity™”l. The evidence suggests that
metal sulfides are useful as H,S donors and have a role in
cancer suppression; however, further research is needed to
illuminate the mechanisms involved and side effects.

2.3. De novo design

2.3.1. Morpholin-4-ium 4 methoxyphenyl(morpholino)
phosphinodithioate (GYY4137)

GYY4137 is the most common synthetic slow-releasing
H.S donor in research. It is soluble in water and exhibits
a strong anticancer effect in both cellular and animal
models. In various cellular models of cancer, including
prostate, cervical, lung, breast, and ovarian cancer,
treatment with GYY4137 can effectively promote pro-
apoptotic activities by increasing lactate production,
reducing intracellular pH levels, and facilitating G2/M
arrest®®]. In CRC, treatment with GYY4137 promotes cell
cycle arrest, apoptosis, and necrosis®”). In addition, drug
causes intracellular acidification in both ovarian and CRC
cancer, due to uncoupling of sodium-calcium exchanger
1 and sodium-hydrogen exchangerl channels?.
Treating colon cancer cells HCT116 with GYY4137
also increase LDHA activity and induce concentration-
dependent cell death by inactivating cGMP/VASP, AKT,
and p44/42 MAPK (ERK1/2) pathways!"®”). Moreover, in
HCC, GYY4137 upregulates caspases and blocks STAT-3
activation, thereby inducing G1/S arrest and cell death?!!l.
In a recent study, GYY4137 has also been shown to protect
neuroblastoma cells against lipopolysaccharide-induced
elevation of inflammatory activities™?. The above data

suggest that GYY2137 could serve as a potential anticancer
drug. However, further research is needed to investigate
the mechanism of action, cellular marker, and signaling
pathways involved.

2.3.2. 5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione
(ADT-OH)

ADT-OH is an artificial H,S donor with significant
chemoprotective effects against cancer cells. It is an
extraction from amphiphilic block copolymers containing
an ester bond linking ADT-OH using isoleucine and glycine
linkers®?.. In a recent study, treating melanoma cells with
ADT-OH have been shown to inhibit the progression
of cancer by downregulating XIAP and Bcl-2 as well as
stabilizing Fas-associated protein with death domain and
IxB-0,, resulting in NF-kB inactivation®*. Furthermore,
connecting ADT-OH with hyaluronic acid forms another
novel H,S donor (HA-ADT), which can produce more H,S
and induce more anticancer effects in breast cancer than
commonly used donors, such as NaHS and GYY413712%),
This effect is associated with the deactivation of PI3K/
AKT/mTOR and RAS/RAF/MEK/ERK pathways. The
above evidence supports the use of H,S in the treatment of
cancer and suggests that newly synthetic donors with high
efficiency could be the key.

2.3.3. S-propargyl-cysteine (SPRC)

SPRC, also known as ZYZ-802, is a structural analog of
S-acetyl cysteine and a crucial substrate for CSE, thus
making it an endogenous H,S donor. Like other H,S donors,
SPRC regulates cellular activities, including inflammation,
apoptosis, and oxidative stress. In a mice model of gastric
cancer implants, treatment with SPRC significantly
reduced tumor weight and volume by promoting pro-
apoptotic activities in cancer tissues through the elevation
of Bax expression, cell cycle arrest at G1/S phase, and the
activation of p53 pathway™¢. The anticancer effects of
SPRC can be reversed with peginterferon alfa-2a (PAG)
treatment. Likewise, in pancreatic cancer, treatment with
SPRC causes the inhibition of cell viability and proliferation
by triggering G2/M arrest and apoptosis through the
upregulation of p53 and a reduction in JNK degradation
through phosphorylation®”). From the information above,
SPRC has shown potential in cancer treatment; however,
a dearth of research has limited its applicability in clinical
settings.

2.3.4. (10-oxo-10-(4-(3-thioxo-3H-1,2-dithiol-5yl)
phenoxy) decyl) triphenylphosphonium bromide
(AP39)

AP39 is a compound that targets mitochondria through
triphenylphosphonium moiety and releases H.S inside the
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organelle. According to preliminary studies, H,S induces
cytoprotective effects by promoting oxidative stress,
apoptosis, and inflammation”). Treatment with AP39 has
been shown to increase the population of early and late
apoptotic cells among colon cancer cells®®l. In addition,
it also protects against doxorubicin-induced cardiotoxicity,
which is associated with mitochondrial toxicity and
a decrease in H,S level®’. Despite the lack of vital
information on the mechanisms and pathways targeted by
this donor in different types of cancers, the available data
suggest a potential anticancer effect and protective effect
when combined with other drugs.

2.3.5. Ammonium tetrathiomolybdate (ATTM)

ATTM 1is a slow-releasing inorganic H,S donor with
cytoprotective capability. The chemical formula of
ATTM is (NH,),MoS,. ATTM has been shown to exert
antioxidant effects at lower concentrations in HaCaT
cells®*l. Treating pancreatic cancer cell lines with ATTM
dose and time dependently reduces intracellular high
affinity copper uptake protein 1, VEGE, and cyclin D1
expressions, thus mediating anticancer activities".
In head-and-neck squamous cell carcinoma, ATTM
has been reported to suppress resistance to cisplatin by
attenuating the progression of cancer by downregulating
the expression of ATPase copper transporting beta
(ATP7B)P2. Similarly, in breast cancer, treatment with
ATTM reduces the expression of ATP7A, a copper ATPase
transporter that is involved in the intercellular movement
and sequestering of cisplatin, thereby potentiating
cisplatin’s nuclear bioavailability, which, in turn, promotes
DNA damage, cell cycle arrest, and apoptosis®?. The
safety, tolerance, and anticancer effects of recurrent breast
cancer in patients have been witnessed in a clinical study
involving the drugi®!. Moreover, treating lung cancer
cells with ATTM significantly increase the expression
of H,S-producing enzymes CBS and 3-MPST and
promote cancer progression at low concentrations, with
an opposite effect at higher concentrations??. At lower
concentrations, ATTM triggers YTHDF1-dependent
PRPF6 m°A methylation through the upregulation of
methyltransferase-like protein 3 and the downregulation
of fat mass and obesity associated-protein (FTO). Overall,
these data suggest that ATTM shows potential in cancer
treatment; however, the information available on the
mechanism of action involved is insufficient.

2.3.6. H S-releasing nonsteroidal anti-inflammatory
drugs (H,S-NSAIDs)

H,S-NSAIDs are H_,S-moiety-containing anti-
inflammatory drugs with potent anticancer properties.
One of the most common H,S-NSAIDs is ATB-346,

a naproxen derivative [2-(6-methoxynapthalen-2-yl)-
propionic acid 4-thiocarbamoyl phenyl ester]. In addition
to producing H_S, it inhibits COX-2 activity. The previous
studies have shown that treatment with ATB-346 can
significantly reduce colonic pre-cancerous lesions in mice,
prostaglandin, and whole-blood thromboxane synthesis
without causing gastrointestinal injury™®®l. The anticancer
effects of ATB-346 are associated with the inhibition of
C-MYC and -catenin expressions. Similarly, treating
melanoma cells with ATB-346 inhibit pro-survival
activities by suppressing NF-kB and AKT pathways??*’.,
This suggests that the donor ATB-346 has anticancer
activities and can be used to treat different types of cancers.

2.4. Hydrogen sulfide-nitric oxide (H,S-NO) donors
2.4.1. NOSH-aspirin (NBS-1120)

Both NO and H,S are powerful neuromodulators, and
their role in cancer is widely recognized. The two gaseous
neuromodulators regulate one another. For the donor to
logically contain the moiety for both gasotransmitters, it
induces a more substantial regulatory effect. According
to a previous study, NBS-1120 exhibits chemoprotective
properties in the gastrointestinal tract, which are
inextricably linked to its antioxidant and anti-inflammatory
effects, thus making it superior to aspirin®?. Moreover,
treating colon cancer cells with NOSH-aspirin significantly
facilitate apoptosis, GO/G1 arrest, ROS generation, and
NF-xB deactivation®”!. Mechanistically, NOSH-aspirin
mediates both S-sulfhydration and S-nitrosylation of p65
NF-xB, along with the denitrosylation and desulthydration
of caspase-3, thereby inhibiting the activation of caspase-3
and NF-kB™. According to another study, the compound
preferentially inhibits COX-1 over COX-2, and its effect
varies with different isomers, with the inhibitory effect
in colon cancer ranking as follows: o-NOSH-aspirin
> m-NOSH-sspirin > p-NOSH-aspirin®!. In a mice
colon cancer model, the combination of NOSH-aspirin
with 5-fluorouracil induced a stronger effect compared to
individual treatments and showed no side effects or weight
loss in mice®>3]. In breast cancer, the drug treatment
results in tumor suppression through the reduction of
proliferating cell nuclear antigen, an increase in cyt c,
and ROS generation™*. Similarly, a recent study has
revealed that the treatment with NOSH-aspirin exerts
anticancer effects in a mice model of pancreatic cancer
by increasing ROS generation, caspase-3 activity, and
mutated p53 expression, while suppressing NF-xkB and
FoxM1 expressions***. Overall, the above data suggest that
NOSH-aspirin can be used to treat cancer, with minimal
side effects and by primarily targeting the cell cycle, COX-
1/2, and ROS.
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2.4.2. NOSH-sulindac (AVT-18A)

Another H,S and NO donor is NOSH-sulindac. This
compound has been shown to induce apoptosis in cancer
cells at a relatively lower concentration than normal
cells. The treatment of NOSH-sulindac resulted in over
150 times cell growth inhibition in human breast cancer
cells MCF-7, pancreatic cancer cells BxPC-3, and colon
cancer cells HT-29 as compared to its treatment in normal
lung cells IMR-90, pancreatic epithelial cells ACBRI 515,
and normal breast cells HMEpC™*!, Its effect is associated
with the suppression of pro-inflammatory TNF-a,
oxidative marker MDA, the induction of G2/M arrest,
and apoptosis™®’). The effect of this donor on colon cells
has been reported to be independent of the cell’s ability to
produce prostaglandin™®. As of now, no mechanism has
been found to be associated with the inhibitory effect of
NOSH-sulindac; hence, the potential of this donor has yet
to be determined.

With all the given findings, it is widely recognized
that the treatment with H,S donors (exposure of H.S)
can inhibit the proliferation of cancer cells, induce
apoptosis, and promote cell cycle arrest, thus resulting in
cancer cell death (Figure 3). However, there is still room
for investigation concerning H,S donors induction, the
initiation of cancer cell death signaling, and their causes.
Figure 4 is a schematic presentation of exogenous H.,S-
based natural and synthesized chemical compounds used
in cancer research.

3. Targeting endogenous H_S for cancer
treatment

3.1. CSE inhibitor

CSE is a major contributor to H.S production in numerous
cells. Targeting this marker directly affects cell viability
and progression. For example, CSE has been reported to be
highly upregulated in breast cancer patients, in which the
event positively corresponds to breast cancer metastasis by
elevating angiogenic factor VEGF and activating various
signaling pathways, such as PI3K/AKT, Ras/Raf/MEK/
ERK, and STAT-3%*l. By knocking down CSE in breast
cancer cells, MDA-MB-231 significantly suppresses both
migration and proliferation activities®. Treatment with
CSE drug inhibitors, such as 1157172 and 1194496, potently
suppresses CSE activities with pro-cancer events through
the promotion of sirtuin 1 and the inhibition of STAT-3,
VEGF/FAK/paxillin, PI3K/AKT, and Ras/Raf/MEK/ERK
pathways®'!. Similarly, CSE hasa pro-cancer effect in gastric
cancer; its inhibition prevents cell growth and metastasis
through promoting apoptosis and improving anticancer
drug sensitivity®?.. SP1-dependent activation of PI3K/
AKT pathway in HCC cells has shown that it acts through

CSE to enhance tumorigenesis®?***. Simultaneously, the
inhibition of CSE suppresses EMT markers and EGFR
though ERK1/2 inactivation, thus resulting in cancer
suppression®?l.  Knocking down CSE also increases
radiosensitivity and reduces radiation-mediated promotion
of EMT by blocking the p38 MAPK pathway®¢l. However,
a recent study has revealed that the inhibition of CSE in
mice negatively regulates the immunosuppressive enzyme
indoleamine 2,3-dioxygenase 1, creating an immune-
tolerant tumor microenvironment. This event can be
reduced by overexpressing CSE or increasing H,S levels**”).
This negative correlation can also be confirmed in clinical
samples. These conflicting results show a need for further
studies on cancer and the role of CSE. In colon cancer, the
activation of Wnt/-catenin pathway is associated with the
upregulation of CSE expression.

In a study, the proliferation of SW480 cells was
significantly reduced by CSE-knockdown, suggesting the
enzyme’s potential role in colon cancer metastasis*!. CSE-
mediated production of H,S has been reported to promote
the progression of prostate cancer through the activation of
Cav3.2 and IL-1p/NF-Kb cascades, whereas CSE inhibition
results in anticancer effects in PC-3 cells**!. Overall, the
above data suggest that CSE inhibitors have the potential
to be anticancer drugs in certain types of cancers; however,
less is still known about their mechanism of action, clinical
applicability, and possible side effects.

3.2. CBS inhibitor

CBS is also a key player in cancer activities. Therefore,
understanding its inhibition effect on cancer is of
paramount importance. It has been previously reported
that CBS is highly upregulated in gastric cancer tissues
compared to non-cancerous ones. Its inhibition with
amino-oxyacetic acid (AOAA) enhances the anticancer
effects of 3,3’-diindolylmethane by activating the p38/p53
axis®%. Similarly, in another study, tissue samples of breast
cancer patients exhibited high levels of CBS compared to
normal tissues. Further examination had revealed that
silencing CBS causes a significant reduction in cell growth
and progression of breast cancer cells®!. The inhibition
of CBS also attenuates the antioxidant pathway Nrf2 and
sensitizes the cells to doxorubicin®?..

Besides that, CBS modulates cancer cells by regulating
nicotinamide  phosphoribosyltransferase ~and  ATP
activities™?!. In HCC patients, low CBS mRNA expression
correlates with higher disease progression stagesand shorter
overall survival®*. However, the increased expression of
CBS as a result of hypoxia-induced radioresistance can
be attenuated following treatment with a CBS inhibitor
and AOAA in HepG2 cells®*!. CBS has been found to be
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Figure 3. Proposed mechanism of H,S effect on cell cycle arrest in cancer cells. H,S increases ROS levels and disrupts Ca** homeostasis, leading to high

intracellular Ca** with increased expression of p21 and p27, which can result in cell cycle arrest. H,S: Hydrogen sulfide, ROS: Reactive oxygen species,
MMP: Matrix metalloproteinase, G1: Pre-synthetic phase, S: Synthetic phase, G2: Post-synthetic phase, M: Mitotic phase.

(0]
"
AT \/\gs/\;\s/S MN He %/\Ncs
Allicin Ajosne AC
T
\/\ s/\’/ \\/\s S \ N
\/\ s & VY s\
pubee SR ooy SFN N Diallyl trisufide
cH2 \Nc
/YTK : \\0"
Hs ©/
OH
HN
\4c
S NAC PEITC
’ Ca S
\\’\s / \\\s /‘\0 c R
Disodium sulfide Sodium hydrosulfide nfmw ;ﬂm‘:ﬂe

Figure 4. A schematic presentation of exogenous H S-based natural and synthesized chemical compounds used in cancer research: (a-i) natural world;
(j-n) native compound; (o-w) de novo design.
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upregulated in hepatoma cells SMMC-7721 and HepG2
but downregulated in BEL-7404 compared to normal cells
HL-7702 and QSG-7701%"). In addition, the silencing of
CBS through siRNA or pharmacological inhibitors, AOAA
and quinolone-indolone conjugate, effectively induced an
anticancer effect in SMMC-7721 by promoting oxidative
stress and activating caspase-3.

Besides, treatment with another inhibitor of CBS,
CHO004, has also been shown to cause cell death in
HCC by promoting ferroptosis®**.. High CBS level has
been found to be associated with drug resistance in
HepG2 cells, and its inhibition increases their sensitivity
to doxorubicin and sunitinib; however, in BEL-7404, the
elevation of CBS levels enhances the sensitivity to the
drugs®7l. This confirms that the effect of CBS in HCC is
cell dependent. CBS expression has also been reported
to be significantly increased and associated with poor
prognosis in renal cancer and cholangiocarcinoma®?*,
suggesting that the enzyme is involved in cancer
activities. However, evidence on its inhibition is still
lacking. In ovarian cancer, CBS gene silencing reduces
migration, angiogenesis, and lipid contents?'!. The
inhibition of CBS also activates the JNK pathway
and suppresses mitofusin, resulting in mitochondrial
morphogenesis reprogramming and the sensitization of
cells to erastin®’!. In a recent study, a nanoformulation
comprising selenium-containing chrysin has been
shown to induce its anticancer effects in ovarian cancer
cells by reducing CBS expression, thereby causing
oxidative stress®®*. In colon cancer, CBS overexpression
is associated with cancer development and treatment
with AOAA, and CBS gene silencing can significantly
reverse pro-cancer activities®'l. AOAA also sensitizes
colon cancer cells to oxaliplatin by impairing the
antioxidant system and promoting ROS generation.
Treatment with AOAA has also been indicated to
induce the upregulation of E-cadherin and zonula
occludens-1 as well as the suppression of fibronectin,
thereby inhibiting the migration and invasion activities
of colon cancer cells and promoting mesenchymal-
epithelial transition?. Other CBS inhibitors that
induce apoptosis in colon cancer cells include
2,3,4-trihydroxybenzylhydrazine and sikokianin CP%,
Moreover, treatment with AOAA in multiple myeloma
reduces cell cycle progression by triggering GO/G1 arrest
and promotes apoptosis through Bcl-2 inhibition and
caspase-3 activation*. CBS knockdown in glioma cells
is to have a fatal outcome, as it results in the progression
and metastasis of cancer. These data suggest that CBS
plays a role in cancer activities in different types of cells,
with its effects varying accordingly; its anticancer effect
is selective only to certain types of cancers or cells.

3.3. 3-mercaptopyruvate sulfurtransferase inhibitor

3-MPST in commonly found in cells. It regulates
various cellular activities, including bioenergetics,
angiogenesis, and the mitochondria electron transport
system™®]. In an animal model of colon cancer, treatment
with the 3-MPST inhibitor 2-[(4-hydroxy-6-methyl
pyrimidin-2-yl)sulfanyl]-1-(naphthalen-1-yl)ethan-1-
one (HMPSNE) suppresses H,S production, CT26 cells
proliferation, migration, and oxidative phosphorylation-
associated cellular bioenergetics®®. HMPSNE treatment
also suppresses migration- and invasion-promoting
markers in colon cancer cells by suppressing Wnt-f3-
catenin pathway®’!. In human breast cancer cells MCF-7,
treatment with another inhibitor, S-Allyl-L-cysteine, has
been shown to reduce cell viability by attenuating 3-MPST
expression and, subsequently, H,S level®. On the
contrary, in neuroblastoma cells, the elevation of 3-MPST
activities has shown anticancer properties!'®”). The above
evidence suggests an involvement of 3-MPST in cancer
progression; however, its precise mechanism of action,
the pathways involved, and its inhibition effect in different
types of cancers are yet to be identified.

4.Translation of H_S research into
therapeutic format

The findings from the aforementioned research on H,S
donors and inhibitors show considerable potential for
the development of H,S-based chemopreventive cancer
therapies in the near future. The research community
expects substantial outcomes from the preclinical trials
on H. S-based chemopreventive drugs. However, to
shape the future of H,S research in oncology practice, it
is highly significant to investigate the biochemistry and
pharmacology of H,S donors and inhibitors as well as
characterize their dose-dependent responses to cancer
cells. A huge gap remains in understanding how H_S-
producing enzymes respond to the exposure of inhibitors
and donors in cancer cells and how they reinforce to
generate signals of apoptosis and proliferation in the
cancer microenvironment. To reach a large audience
across multiple disciplines and promote the innovation
of H,S biomedicine, identifying potential therapeutic H,S
scavengers and donors are as important as assessing their
biomedical applications.

5. Conclusion

H,S is widely recognized for its enormous diagnostic
and therapeutic advantages in various diseases,
including cancer. Besides its involvement in other
pathophysiological illnesses, H,S plays a significant role in
regulating various cellular activities, such as angiogenesis,
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cellular bioenergetics, proliferation, apoptosis, EMT,
and autophagy, all of which are involved in cancer. The
current understanding of H,S research reveals that both
the upregulation and downregulation of H,S might have
anticancer effects, depending on the type of cancer. With
the recent advancements in science and technology,
researchers have testified that the ability of applied H,S
donor or inhibitor drugs to induce their corresponding
effects on H,S production varies, resulting in pro-cancer
or anticancer properties of varying magnitude ranging
from none or little to a strong influence depending on the
drug type and targeted cells. Besides the individual impact,
combining H.S drugs with other anticancer drugs have
been reported to induce significant anticancer effects and
sensitize cells to treatments.

Furthermore, by alternating H,S levels, numerous
cellular markers that are associated with cell growth and
progression have been reported to be affected, resulting in
cancer inhibition or aggravation. Despite the huge potential
of these H,S-based natural, native, and designed chemicals
in cancer treatment, little is known about the mechanism
of action of these drugs. To shape the future of H.S
research in oncology practice, conclusive investigations
are required to assess the drug concentration for treatment
and the specificity of both H,S donors and inhibitors
before their use as candidate drugs for cancer treatment in
clinical settings.
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Abstract

NQO2 and tyrosine hydroxylase are co-expressed in dopaminergic neurons.
These neurons produce dopamine, a diol, which, under aerobic conditions, can
spontaneously revert to the more stable form, the o-quinone. O-quinones are
preferred substrates of NQO2 over p-quinones. In ad hoc conditions, NQO2 reduces
o-quinones into the original diols, leading to a futile cycle, the endpoint of which is a
strong local production of reactive oxygen species that is deadly for the cells. This futile
cycle can be interrupted by the conjugation of dopamine with UDP-glucuronic acid,
leading to a glucuronide that cannot be part of the cycle because the glucuronide is
not a substrate of NQO2. In this paper, we confer whether this futile cycle could be
one of the causes of the specific death of dopaminergic neuronal population that is
the signature of some degenerative diseases.

Keywords: Dopamine; Neurodegenerative diseases; Quinone reductase; Glucuronidation;
Reactive oxygen species; Toxicity

1. Drug metabolism and the case of dopamine

Reactive oxygen species (ROS) is a harmful chemical species, and the toxicity of
which is well known for decades for its role in a range of pathologies and conditions
from cancer!! to asbestos-induced toxicity®?. The constant production of ROS and
its impact onto subcellular structures (DNA, proteins, and membranes) is associated
with the process of aging at the cellular level®®. More generally, ROS causes harmful
lesions in organs in which they are massively generated. To overcome this, a series of
antioxidant mechanisms has been developed by evolution®. Among other systems, ROS
are generated via the redox cycling of quinones, such as menadione®®”. We have shown
that such a redox cycle occurs in the presence of NQO2, its co-substrate and a series
of quinones®®. We have also shown that the main source of ROS-generating quinone
reductase activity in the mouse brain was the activity of the enzyme NQO2¥'.

NQO?2 is a quinone reductase (E.C. 1.10.5.1) expressed in many tissues of the body!!*!!l.
Unlike NQO1, NQO?2 does not recognize NAD(P)H as a co-substrate, making it a
unique example in the literature of quinone reductases!'>!®l. Its co-substrates are either
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the synthetic N-benzyl-dihydronicotinamide (BNAH)
or the natural ones: N-methyl-dihydronicotinamide
(NMH) and N-ribosyl-dihydronicotinamide (NRH). The
concentration of the latter remains mostly elusive in resting
tissues!'*1°l. 'This very fact has led to a key controversy on
whether NQO2 is an enzyme with catalytic activity or a
pseudo-enzyme without catalytic activity'”], although it
remains clear that the same enzyme, NQO2, is present
in the genome for several millions of years with the same
unique co-substrate recognition as it has been cloned from
Anas platyrhynchos and Alligator mississippiensis"”). The key
questions, which remain unanswered, include: (i) What is
its natural co-substrate? Is it NRH? (ii) Where does it come
from? Obviously, in tubo or in cellulo, the enzyme works
catalytically and functionally with these co-substrates!!**81],
NQO?2 reduces o- and p-quinones when the co-substrate
is provided to the pure enzyme®". NQO2 might have a
preferred specificity towards o-quinones™!. This activity
also has a “functional” by-product: because the o0-quinols are
particularly unstable, in aerobic conditions, they reversed to
their more stable quinone version, while producing ROS#2",
Therefore, quinone reductases, by producing diols, indirectly
produce ROS species™ in a futile cycle.

Dopamine is an orthoquinol (Figure 1) with a paramount
of activities mainly in brain, but also in kidneys and in
vasculature®'l. Its dysregulation is involved in degenerative
pathologies such as Alzheimer’s disease® and Parkinsor’s
disease™, and in general, in neurotoxicity®l. A link has
been suspected for decades between dopamine toxicity
and degenerative diseases™!. Neurons highly expressing
this molecule are named dopaminergic neurons, and their
death is linked to the progression of these degenerative
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diseases, at least in some occurrences?®*\. The definition of
dopaminergic neurons corresponds to neurons expressing
the tyrosine hydroxylase (TH), an enzyme responsible for
the biosynthesis of dopamine from tyrosine®. O-quinone
toxicity has been attributed to the auto-oxidation capacity ofits
oxidized form™}, although alternative or parallel hypotheses
had been explored. The link between dopaminequinone and
Parkinson’s disease has been reviewed**-32.,

Hydroxylated molecules are eliminated from the body by
enzymatic conjugations with polar moieties, such as sulfates
or glucuronic acids. These molecules can be endobiotes
(bilirubin, steroids, biliary acids, etc.) or xenobiotes
(terpenoids, pollutants, and polyaromatic compounds)©**.
If not already hydroxylated, they are substrates of the large
cytochrome P450 family of enzymes?®. These enzymes,
cytochromes P450 and UDP-glucuronosyltransferases
(UGT), are mostly expressed in key organs, that is, liver and
kidneys, but also exist in numerous other organs, such as
skin and brain®¥l. UGT, in particular, is clearly active in
the brain®*]. Incidentally, it has been demonstrated that
morphine glucuronide is more active than its aglycone-
morphine itself***). Dopamine glucuronides were identified
in mammalian organs and blood“**" and found in brain*>**,
We have also shown that dopamine-treated SH-SY5Y cells
expressing UGT1A6 led to the production of dopamine-
monoglucuronides, as detected by mass spectrometry®™,
demonstrating that dopamine is a substrate of UGT.

We recently showed that NQO?2 is co-expressed with
tyrosine hydroxylase (TH) in neurons, making this enzyme,
by definition, a preferred component of dopaminergic
neurons (Boutin and Hirsch, in preparation). We showed

NH; /
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Figure 1. Equilibrium between dopamine toxicity and detoxification. o-Quinones can be reduced by NQO2 in the presence of its co-substrate,
N-ribosyldihydronicotinamide (NRH), to give an unstable quinol (a diol). This compound, in aerobic conditions, oxidizes back to quinone, generating a
burst of toxic ROS. This leads to a futile cycle (quinol/quinone/quinol). 0-Quinones can be conjugated with glucuronic acid to give glucuronide, thanks to
the ubiquitous UDP-glucuronosyltransferase (UGT), in the presence of its co-substrate, UDP-glucuronic acid. Once glucurono-conjugated, the 0-quinone
glucuronide cannot be cycled anymore. The o-quinone represented here is dopamine. Red indicates the aspects involved in the toxifying processes, while
green the aspects involved in the detoxifying process.
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that ROS production in CHO as well as in K562 or SH-SY5Y
cells depends on the presence of NQO2. Exploring
neurons isolated from NQO2-knockout animals®®, the
ROS production was considerably decreased in similar
conditions®. We concluded that the elevated expression
of NQO2 in brain cells in the presence of catechol
quinones could lead to ROS-induced cell death via the
rapid conversion of superoxide radicals into peroxynitrite
by reaction with nitric oxide or into hydrogen peroxide,
leading to the highly reactive hydroxyl radicals”’. Among
NQO?2 substrates lay oxidized forms of catecholamines
such as adrenochrome. Catechols have been shown to
co-crystalize with NQO?2, which has also been categorized
as a catecholamine reductase®’..

In the liver, the activity of oxidoreductase is mainly
catalyzed by NQOI, because this enzyme uses NADH as a
co-substrate®®*!, which is massively present in liver tissue®.
NQO?2, although expressed in liver, is not capable to reduce
compounds due to the low availability of its co-substrate,
NRH, as well as the predominant role of NQOI.

Finally, in the last years, the literature reported a possible
relationship between NQO2 expression and memory®-63],
before going deeper in a possible relationship between the
enzyme regulation and neurogenerative diseases!¢"6+¢7]
as well as schizophrenia®!. These association(s) need
further validations, as they were dependent on the patient
population tested®). Mechanically speaking, an elegant
study” showed that if the promoter region of NQO2 gene
contains a 29-bp insertion polymorphism, the NQO2 gene
expression is decreased. Mutation in this region would lead
to an enhanced expression of NQO2. Such mutation(s)
was/were found in post-mortem brain studies of
neurodegenerative patients'®!. A physiological hypothesis
was also put forward as a possible role for NQO?2 in the
building of memory'®. Similarly, we showed that mice
devoid of NQO2 were apparently able to learn faster than
their wild-type littermates®”!), linking again memory
with NQO2 in a negative correlation way”2. Reduced
NQO?2 expression in inhibitory interneurons improves
novel object memory. On the contrary, enhanced NQO2
activity would diminish memory after stress episodes®!.
This would form another link between dopaminergic
neurons, NQO2 and memory, and following this tentative
paradigm, a higher NQO?2 expression/activity leads to a
lower memory formation®”?. On the pharmacological
side, potent and specific NQO2 inhibitors, such as $29434
and M11, have neuroprotective properties!'®74.

2. Hypothesis

A speculative but simple idea would be as follows:
dopamine is fairly unstable in aerobic conditions, and

reacting with oxygen, it is very rapidly transformed in the
quinone form. This reaction generates superoxide anions,
which decomposes into various ROS (Umek et al.”! and
references therein). The kinetic of this reaction is fairly
rapid, depending on the pH of the milieu. This reaction
occurs concomitantly with the formation of an indole-
based quinone for part of the produced oxidized species.
The quinone (dopamine quinone or dopaminechrome) is
recognized and reduced by NQO2 back into the original
quinol in the presence of its co-substrate. Then again, the
quinol (dopamine) is oxidized back almost immediately
into the quinone. As massive ROS bursts can cause cell
death, the colocalization of both dopamine and NQO2
in dopaminergic neurons could be responsible for
dopaminergic neuron death, leading to degenerative
situations. Thus, the metabolism of dopamine in those
neurons is central. Because dopamine glucuronides have
been described in brain, and at least one UGT isoform is
active in brain, it is clear that if conjugated to glucuronic
acid, dopamine cannot enter into this futile cycle of
oxidoreduction leading to ROS-mediated toxicity and
neuron death.

UGT isafamily of conjugated enzymes mainly expressed
in liver and kidneys where it detoxifies compounds from
the body. UGT is also expressed and active in the brain.
NQOs are two enzymes, expressed in many organs. In the
liver, the role of NQOL1 is clearly to detoxify quinones and to
facilitate conjugation, by UGT. Because NQOI recognizes
NADH, which is massively present in the liver, its role is
preponderant in this organ, while in the brain, the possible
role of NQO?2 is speculated in this context. NQO2 does not
recognize NAD(P)H as a co-substrate. The origin of NRH
remains poorly explored. On the neuron side, the absence
of conjugation leads to a futile cycle between quinone and
quinol that produces ROS, a toxic entity to the cells.

In summary, as shown in Figure 2, in liver, the
predominance of NQO1 and its co-substrate NADH
as well as the large amount of UGT and UDPGa, its
co-substrate, makes the metabolism of quinone quite
safe, from reduction to diol followed by conjugation. In
brain, though, the co-expression of NQO2 and tyrosine
hydroxylase (TH) might render the installment of this
tutile cycle very rapid, depending on NQO2 co-substrate
availability. The possible role of UGT in this organ is
less clear, but the conjugation of diol might stop the
quinol/quinone futile cycle. Nevertheless, the presence of
dopamine-glucuronides in cerebrospinal fluid® indicates
the presence of at least one UGT isoform in the brain.

An equilibrium between the conjugation of dopamine
and its entrance in the quinone/quinol futile cycle would
drive the overall possible toxicity of dopamine, under
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Figure 2. Quantitative comparison in the dopamine toxicity and detoxification equilibrium between liver and brain.

those particular circumstances. Furthermore, a glimpse
into the quantitative (very low) and timely (over long
period of times) activity of NQO2 would be in line with
a low accumulation of ROS in dopaminergic neurons.
Therefore, it would translate into the slow injuries and
ultimately death of those neurons corresponding to
the evolution (worsening) of the degenerative situation
over the course of Parkinson’s disease’”” as well as
of Alzheimer’s disease®”!, for example. Among the
counteracting mechanisms, UGT could stop or at least
limit the cycle, and thus lower the production of ROS. We
showed that, in the presence of UGT and UDP-glucuronic
acid, the amount of ROS generated during an incubation
of cells expressing both UGT and NQO2 in the presence
of NRH was strongly diminished®. We also showed
that in cells, and in the presence of its co-substrate, the
main source of ROS production is NQO2, because cells
derived from brain of NQO2-knockout mice studied
under identical conditions produced marginal amount of
ROSPL It should be mentioned that the dichotomic role of
dopamine in neurodegenerative diseases can be protective
and hazardous to them 280811,

Another aspect of the regulation of UGT might be taken
into account. It is known for decade that phenobarbital is an
inducer of at least some UGT isoforms. These were one of
the first pre-cloning proofs of the multi-isoform nature of
UGT™., The use of differential inductions (phenobarbital
and 3-methylcholanthrene) clearly showed the paths
towards later characterizations of the UGT isoforms, their
purifications and finally, their clonings®**¥!. Furthermore,
the use of phenobarbital to try to compensate Crigler-
Najjar syndrome or the newborn jaundice has been

reported®®], showing that the induction of UGT actually
works in human. It would be important to verify if such
induction of UGT changes (delays) the development of
degenerative diseases.

Other conjugative systems present in the brain, such
as the sulfotransferases, might also lead to a similar
situation®#”), provided that sulfo-conjugated quinols
cannot be substrate of NQO2 (in order to stop the cycle),
which probably is the case.

In brief, the amount of available UGT co-substrate,
UDP-glucuronic acid, is enough to permit the elimination
of dopamine as glucuronide, and most importantly, to
identify and quantify the amount of NQO2 co-substrate
essential to its activity. Among the possible co-substrates are
either NRH, sometimes described as resulting from NADH
catabolism, or various nicotinamide catabolites!>!*l. What
would make the most sense would be that, under lethal
stress, NADH breakdown occurs because cells are in search
of adenosine source. When adenosine monophosphate
(AMP) molecules are exhausted, NADH would be the next
reservoir of nicotinamide derivatives, because its cleavage
results in a molecule of AMP and one of nicotinamide.

The respective regulations of NQO2 and UGT
expressions are known to depend on environmental
factors, such as various pollutants®~", that would lead to
their differential expressions during life, possibly making
the changes in the expression of these enzymes, or the
availabilities of either co-substrates, a regulator of the
NQO2-dependent neuron toxicity.

As pointed out earlier, the association of some
neurodegenerative diseases and enhanced NQO2
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Box 1. State of the art and future trends

(A) What is known

(i) Dopaminequinone is spontaneously generated in brain from
dopamine.

(ii) Dopaminequinone is a substrate of NQO?2 in the brain.

(iii) NQO2 and TH are co-expressed in the dopaminergic neurons.
(iv) NQO2 catalytic activity indirectly leads to the production of ROS.
(v) UGT1A6 produces glucuronide of dopamine.

(vi) UGT is expressed in the brain and glucuronides are found in the
LCR.

(vii) UGT can be induced by phenobarbital in human.

(viii) Glucuronidation of dopamine interrupts the futile cycle catalyzed
by NQO2, resulting in the cessation of ROS production.

(B) What remains to be demonstrated or reinforced

(i) The presence of UGT in the brain, and its subcellular localization,
including at the levels of the neurons as well as its possible
co-expression with NQO2.

(ii) The nature of the UGT isoform should be clarified (UGT1A6 or
UGT1A10) in the brain.

(iii) The availability of the NQO2 co-substrate (e.g., NRH or NMH).

(iv) The constant but low activity of NQO2 in dopaminergic neurons.
(This would correspond to a continuous production of ROS at
low levels, and it could correspond to a long process of minimal
but repetitive accumulation of injuries in dopaminergic neurons).

(v) The regulations of both NQO2 and UGT expressions — at least
the particular isoform in charge of dopamine conjugation.
(Particularly regarding their modulations by pollutant factors,
in order to document the possible antagonistic effects of UGT
dopamine conjugation onto NQO2-dependent toxicity).

(vi) At the cohort levels, could phenobarbital (as inducer of UGT)
delays the onset of neurodegenerative diseases?

(vii) Alternative conjugation pathways might play a similar
limiting role, such as sulfotransferase(s). (Further studies
should complete the picture, in particular, the availability of
the co-substrate in the brain, and expression level variation
throughout life).

expression is an indication that in some of those
pathological situations, NQO2 might have a causal role.
Nevertheless, it is highly improbable that every type of
neurodegenerative situations is due to both NQO2 and
UGT dysregulations. The present commentary is based
on our thinking about the enzymes and the situations we
encountered over the last 4 decades. To further explore
this hypothesis, Box 1 lists the simple questions to be
answered in this area. Since they do not seem to be in the
mainstreams of neurodegenerative disease research, they
may be understudied. Of course, more experiments are
warranted to test this hypothesis.
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A novel signature identified by pyroptosis-related
IncRNAs clusters predicts prognosis and tumor
immune microenvironment for pediatric acute
myeloid leukemia

Jie Lu, Xinyu Chang, Guowei Zheng, Xiting Cao, Zhenwei Wang, Hao Zhu,
Shuaijie Gao, and Yuanlin Xi*

Department of Epidemiology and Biostatistics, College of Public Health, Zhengzhou University,
Zhengzhou 450001, Henan, China

Abstract

Pyroptosis is a recently discovered programmed cell death that is involved in tumor
formation, prognosis, and curative effect. Pyroptosis-related long non-coding
ribonucleic acids (PR-IncRNAs) play key roles in tumorigenesis and tumor progression.
However, the inherent relationship between PR-IncRNAs and the prognosis of
pediatric acute myeloid leukemia (AML) remains unclear. For this reason, the
association of PR-IncRNAs with the prognosis and tumor microenvironment features
was analyzed using the Therapeutically Applicable Research to Generate Effective
Treatment (TARGET) database. We classified three clusters based on PR-IncRNAs
expressions and identified 841 differentially expressed PR-IncRNAs related to overall
survival time. Seven key IncRNAs were then identified by least absolute shrinkage
and selection operator (LASSO)-Cox and multivariate Cox. A signature based on
these seven IncRNAs was also established, and the patients were separated into
two groups according to their risk score. The high-risk group was characterized by
poorer prognosis, lower expression of immune checkpoints, lower microsatellite
instability or microsatellite stability (MSI-L/MSS), and lower drug sensitivity. The
results demonstrated that PR-IncRNAs have a potential effect on the tumor immune
microenvironment, clinicopathological features, and prognosis in pediatric AML. The
nomogram and decision curve analysis suggested that the risk score is one of the
most accurate of any other and provided a basis for the exploration of the immune
microenvironment of the cell pyroptosis-associated subtypes in children with AML
and the construction of a prognostic model with seven key PR-IncRNAs, which
provides an approach to evaluate the prognosis of pediatric AML patients.

Keywords: Pediatric acute myeloid leukemia; Pyroptosis; Long non-coding RNAs;
Prognostic signature; Tumor immune microenvironment

1. Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy with morphological,
immunophenotypic, germline, and somatic cytogenetic and genetic abnormalities.
Pediatric AML is the second most common form of leukemia in children, with a mortality
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rate of 20-40% and a relapse rate of 30%!".. Although there
have been improvements in the prognosis of pediatric
AML patients as a result of the latest advances in areas
such as molecular pathological diagnostic techniques, risk
stratification, and targeted supportive care, the overall
survival (OS) in 2021 remains below 70%!-. As known
to all, its clinical outcomes and genetic backgrounds are
different in each age group™. To date, there are only a
number of well-designed and systematic studies that focus
on the molecular mechanisms of pediatric AML. More
efforts are thus needed to identify potential biomarkers
that can monitor the prognosis of pediatric AML patients,
as well as provide more efficient therapeutic strategies.

Pyroptosis is a gasdermin-mediated programmed cell
death (PCD) initiated by inflammasomes that are critical
for immunity®”. The previous research has found that
pyroptosis causes the release of inflammatory mediators
IL-1f and IL-18 and prolongs the exposure of cells to an
inflammatory environment, which may add to the risk of
tumorigenesis®. To date, many studies have reported that
pyroptosis is crucial in tumor invasion, proliferation, and
metastasis, and it can regulate AML progression!”.. Existing
studies have found that dipeptidyl peptidase (DPP)8 and
DPP9 (DPP8/9), which are tiny molecules inhibiting
serine dipeptidases, are related to pyrolysis through their
activation of pro-caspase-1 in human AML cell lines and
primary AML samples, which, in turn, trigger cell lysis
and death, known as pyroptosis, and inhibit human AML
progression. This is thought to be a promising therapeutic
strategy for AMLP. Besides, due to the physical interaction
between caspase-associated recruitment domain 8
(CARDS8) and caspase-1, the production of caspase-1-
dependent interleukin (IL)-1P is negatively regulated in
THP-1 (a human-monocyte cell line derived from an AML
patient); this is similar to TP92['*!!. Taking these results
together, the role pyroptosis plays in pediatric AML which
cannot be overlooked.

Long non-coding RNAs (IncRNAs) are expressed
transcripts that do not encode proteins that are more
than 200 nt in length. They are involved in the onset and
development of AMLI>3], Besides, it has been found that
IncRNAs play crucial roles in humorous cellular processes,
including pyroptosis. LncRNAs can regulate the expression
of proteins related to the pyroptosis signaling pathway
indirectly through miRNAs!". This kind of modulation
exists in the pathological process of tumorigenesis as
well. However, there is little research on pyroptosis-
related IncRNAs (PR-IncRNAs) in pediatric AML. In
addition, PR-IncRNASs’ role in the prognosis of pediatric
AML patients and its biological mechanism remain
unclear. Furthermore, current evidence has suggested a
link between pyroptosis and tumor microenvironment

(TME), which is a dynamic network that includes tumor
cells, immune cells, and stromal cells!*.. We hypothesize
that PR-IncRNAs may affect progression of pediatric AML
and the prognosis of these patients by interacting with the
immune microenvironment. In this study, based on the
Therapeutically Applicable Research to Generate Effective
Treatment (TARGET) database, the relationship between
PR-IncRNAs and the prognosis of pediatric AML patients
was investigated; an evaluation of the predictive ability of
the prognostic signature constructed by seven significant
PR-IncRNAs was performed; and an exploration of
whether PR-IncRNAs have an impact on the molecular
microenvironment in pediatric AML was also carried out.

2. Materials and methods
2.1. Data acquisition

The gene expression and clinical data of 1474 pediatric
AML samples were retrieved from the TARGET database
up to March 1, 2022 (https://ocg.cancer.gov/programs/
target). After excluding samples with incomplete clinical
data, replications, and normal samples, 1300 pediatric
AML samples were included for subsequent analyses.

2.2. Identification of pyroptosis-related IncRNAs and
consensus clustering analyses

The IncRNA annotation file from the GENCODE website
(GRCh38) (https://www.gencodegenes.org/human/) was
used to distinguish IncRNAs and protein-coding genes.
Meanwhile, 52 PR-IncRNAs were obtained from a website
(http://www.broad.mit.edu/gsea/msigdb/) and relevant
studies, as shown in Table S1. Pearson product-moment
correlation coefficient was employed to distinguish
PR-IncRNAswith |Pearson R| >0.4and P<0.001. Univariate
Cox regression analysis (Uni-Cox) was implemented
to screen prognosis and pyroptosis-related IncRNAs
(PPR-IncRNAs), while taking overall survival (OS) as the
endpoint. The pediatric AML samples were divided into
different clusters according to PPR-IncRNAs expressions
by R package “ConsensusClusterPlus”

2.3. Relationship and differences among different
clusters

The difference in OS among the clusters was determined
using Kaplan-Meier (K-M) curves and a log-rank test.
Kyoto Encyclopedia of Genes and Genomes (KEGG)
gene sets in Gene Set Enrichment Analysis (GSEA)
(version 4.2.3) were applied to three clusters to explore
the distinctions of enriched pathways. The Estimation
of STromal and Immune cells in MAlignant Tumor
tissues using Expression data (ESTIMATE) scoring of the
tumor microenvironment and the relative proportions
of 22 immune cell infiltrations were calculated using
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ESTIMATE and cell type identification by estimating
relative subsets of RNA transcription (CIBERSORT)
algorithms!'?), respectively. Furthermore, the correlations
among different subtypes in the expression of five immune
checkpoints, including programmed cell death protein
1 (PD-1), programmed cell death-ligand 1 (PD-L1)!"7,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)!#],
lymphocyte-activation gene 3 (LAG3)™), and hepatitis A
virus cellular receptor 2 (HAVCR2/TIM-3)?" pathways,
which are implicated in tumor immune evasion and
derived from previous studies, were analyzed.

2.4. Differentially expressed IncRNAs recognition
and prognosis and pyroptosis-related IncRNAs
signature construction

Differently expressed IncRNAs (DE-IncRNAs) within the
three clusters were identified by the “limma” package in R
according to the following criteria: log2FC > 1 and adjusted
P < 0.001. Uni-Cox was used to filter for DE-IncRNAs
according to prognosis. These IncRNAs were then used
to form PPR-IncRNAs signaling to predict the prognosis
of pediatric AML patients. First, 1300 pediatric AML
samples were randomly sorted into training and testing
sets at a ratio of 7:3. LASSO-Cox ten-fold cross-validation
and multivariate Cox regression analysis (multi-Cox)
were used to establish the PPR-IncRNAs signature in the
training set. The formula for calculating the risk score is
shown below:

n
riskscore = Zcoefi *X,
i=1

Where coef, represents the coefficients and x, represents
the count of PPR-IncRNAs expressions. Based on the
calculation of the risk score, the pediatric AML samples
in the training and testing sets were divided into high- and
low-risk groups based on the median risk score of the
training set.

2.5. Validation of the signature

K-M curves, ESTIMATE and CIBERSORT scores, and
immune checkpoint expression were used to assess the
differences between the two groups. Moreover, time-
dependent receiver operating characteristic (ROC) curves
were used to assess the predictive ability of the prognostic
signature for OS.

Subgroup analyses of the selected clinical characteristics
(age, gender, race, bone marrow leukemic blast percentage
[BM], peripheral blasts [PB], white blood cell at diagnosis
[WB], and French-American-British [FAB] category)
were performed. Chi-squared ()?) test was performed to
evaluate the distribution among subtypes, risk scores, and

clinical variables. Independent factors in the prognosis
of pediatric AML patients were identified through uni-
Cox and multi-Cox analyses. Stratification analyses were
performed to determine the stability of each clinical factor.

The semi-inhibitory concentration (IC50) values of
chemotherapeutic drugs that are generally used to treat
AML were estimated by the “prophetic” package in R®'.
Besides, the “PreMSIm” package was used to predict the
microsatellite instability (MSI) state in both high- and low-
risk groups based on the 15 genes expression.

Furthermore, Gene Ontology (GO) and KEGG
enrichment analyses were performed to determine the
function of the differentially expressed genes (DEGs)
between the two groups. The DEGs were screened with
[log2FC| = 1 and false discovery rate (FDR) < 0.05.

2.6. Establishments of a nomogram and a decision
curve

Combining the signature with clinical factors, a nomogram
was constructed, integrating the prognostic signature using
the “rms” package in R, to predict the 1-, 3-, and 5-year
survival probability of pediatric AML patients. In addition,
a decision curve analysis (DCA) was used to calculate the
net benefit of each factor on the survival of pediatric AML
patients at 1, 3, and 5 years.

2.7. Statistical analysis

In our study, statistical analyses were performed using R
software (version 4.1.2). If not specifically stated, all results
were regarded as statistically significant when P < 0.05.

3. Results

Figure 1. Flow chart of 1300 samples with complete clinical
data from the TARGET database. Following Pearson
correlation analysis and uni-Cox, 841 prognosis, and
pyroptosis-related IncRNAs were obtained. Three clusters
were classified by consensus clustering according to
pyroptosis-related IncRNAs. Based on these three clusters,
prognostic signature construction and immune difference
exploration were performed.

Table 1 shows the characteristics of 1300 pediatric
AML patients from the TARGET database. All 1300
AML patients with their OS information were used for
prognostic model construction. From the expression
matrix of 11,535 IncRNAs and 52 pyroptosis-related
genes (PRGs), we identified 1792 IncRNAs as significant
pyroptosis-associated genes by Pearson (Table S1).
Three clusters were classified by unsupervised consensus
clustering analysis and uni-Cox based on PR-IncRNAs
(Figure 2A-C). The age, gender, and race components
did not show any statistical difference (P > 0.05). Three-
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Figure 1. Flow chart of 1300 samples with complete clinical data extracted from the TARGET database.

dimensional (3D) PCA (principal component analysis)
showed that the patients can be separated into three
clusters by PPR-IncRNAs expressions (Figure 2D).

3.1. Correlations and differences among the three
clusters

Table 1 shows that the laboratory indices (WB, BM, and
PB) among the three clusters were significantly different.
The K-M curve and log-rank test result of clusters 1-3

reflected statistical differences in terms of prognosis
(Figure 2E) (P = 0.048), with cluster 3 having a better
prognosis than cluster 1 (P = 0.020). Unexpectedly, the
curves of clusters 1 and 2, and clusters 2 and 3 did not show
significant distinctiveness; hence, the difference in survival
from these two comparisons could not be identified. The
result of GSEA among the three clusters (Tables S3 and S4)
showed that genes in cluster 1 and cluster 2 were enriched
in disease and metabolic pathways, and as expected, those
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Table 1. Baseline characteristics of 1300 pediatric acute myeloid leukemia patients.

Characteristic Clusterl Cluster2 Cluster3 Total P
(n=121) (n=137) (n =1,042) (n =1,300)
Gender
Male 66 (5.08) 77 (5.92) 538 (41.38) 681 (52.38) 0.531
Female 55 (4.23) 60 (4.62) 504 (38.77) 619 (47.62)
Age
<3 21 (1.62) 39 (3.00) 253 (19.46) 462 (35.54) 0.19
3~6 14 (1.08) 12 (0.92) 124 (9.54) 150 (11.54)
6~14 50 (3.85) 47 (3.62) 322 (24.77) 419 (33.23)
>14 36 (2.77) 40 (3.08) 343 (26.38) 419 (33.23)
Race
White 84 (6.46) 102 (7.85) 752 (57.85) 938 (72.15) 0.663
Not white 25 (1.92) 28 (2.15) 184 (14.15) 237 (18.23)
Unknown 12 (0.92) 7 (0.54) 106 (8.15) 125 (9.62)
WB 81.35+93.70 76.63+86.19 62.77+£95.76 65.96+94.76 <0.01
<50 64 (4.92) 71 (5.46) 697 (53.62) 831 (63.92)
>31 58 (4.46) 66 (5.08) 344 (26.46) 468 (36.00)
Unknown 0 (0.00) 0 (0.00) 1(0.08) 1 (0.08)
BM 70.15+50.70 71.62+19.54 62.19+25.51 63.97+24.74 <0.01
<70 51 (3.92) 45 (3.46) 491 (37.77) 587 (45.15)
>87 66 (5.08) 86 (6.62) 472 (36.31) 624 (48)
Unknown 4(0.31) 6(0.46) 79 (6.08) 89 (6.85)
PB (%) 59.07+28.14 57.54+27.33 41.46+31.68 44.83+31.63 <0.01
<70 71 (5.46) 83 (6.38) 756 (58.15) 910 (70)
>10 49 (3.77) 54 (4.15) 268 (20.62) 371 (28.54)
Unknown 1(0.08) 0 (0.00) 18 (1.38) 19 (1.46)
FAB (%)
Mo 4(0.31) 4(0.31) 0 (0.00) 8 (0.62) <0.01
M1 18 (1.38) 15(1.15) 0(0.00) 33 (2.54)
M2 30 (2.31) 33 (2.54) 0 (0.00) 63 (4.85)
M3 0 (0.00) 0 (0.00) 0(0.00) 0 (0.00)
M4 24 (1.85) 36 (2.77) 0 (0.00) 60 (4.62)
M5 23 (1.77) 25(1.92) 2(0.15) 50 (3.85)
M6 1(0.08) 1 (0.08) 1(0.08) 3(0.23)
M7 2(0.15) 6 (0.46) 2(0.15) 10 (0.77)
Unknown 19 (1.46) 17 (1.31) 1,037 (79.77) 1,073 (82.54)

BM: Bone marrow leukemic blast percentage, FAB: French-American-British category, M1: Acute myeloblastic leukemia with minimal
maturation; M2: Acute myeloblastic leukemia with maturation, M3: Acute promyelocytic leukemia, M4: Acute myelomonocytic leukemia,

MS5: Acute monocytic leukemia, M6: Acute erythroid leukemia, M7: Acute megakaryoblastic leukemia, PB: Peripheral blasts, WB: White blood
cell at diagnosis

in cluster 3 were enriched in main immune-associated The interquartile range of age was 9.73 (3.29, 15.08).
pathways, such as B-cell and T-cell receptor signaling The minimum age was 0.01, and the maximum age was
pathway, Fc epsilon RI, P53, and JAK-STAT signaling 29.59.

pathway, as well as Toll-like and NOD-like receptor Seven variables were taken as covariates, and all
signaling and apoptosis (Figure S1). covariates were taken as categorical variables.
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Figure 2. Consensus clustering of 841 prognosis and pyroptosis-related IncRNAs. (A) Consensus clustering matrix for k = 3. (B) Relative change in area under
the cumulative distribution function (CDF) curve in pediatric AML. The cluster (k) selection criteria are the CDF changes steadily and its value is not very small.
(C) CDF for pediatric AML. Choose the curve with a lower CDF decline slope among the curves with horizontal coordinates ranging from 0.1 to 0.9. (D) Three-
dimensional principal component analysis of the three clusters. (E) Kaplan-Meier curves of the overall survival (OS) of pediatric AML patients in clusters 1-3.

The results of ESTIMATE were compared among the
three clusters, and the scores were all remarkably lower in
cluster 3 but higher in cluster 2 (Figure 3A-C). The tumor
purity of three clusters is shown in Figure 3D. Moreover
the proportion of each immune cell was compared among
the three clusters, as shown in Figure 4A-C. We found
that 7, 13, and 9 tumor-infiltrating immunocytes were
statistically different between clusters 1 and 2, 2 and 3, as
well as 1 and 3, respectively. Resting memory CD4 T-cells,
follicular helper T-cells, resting NK cells, activated NK cells,
resting (M0) macrophages, activated mast cells, eosinophils,
and neutrophils were all significantly higher in cluster 3
(Figure S2). We also compared five important immune
checkpoints (Figures 3E-I): PD-1, LAG-3, CTLA-4, PD-L1,
and TIM-3. Except for TIM-3, all checkpoints had lower
expressions in cluster 3.

3.2. Construction of the prognostic signature

A total of 249 DE-IncRNAs were screened out from the clusters
by the “limma” package (shown in Figure 4A) (log2|FC| > 1, P<
0.001). Through uni-Cox, 122 prognosis-related DE-IncRNAs
were selected with P < 0.05 as the threshold (Table S2), and
1300 pediatric AML samples were randomly divided into a
training set (n = 912) and a testing set (n = 388) at a ratio of
7:3. Subsequently, LASSO-Cox regression and ten-fold cross-
validation were used to reduce the complexity of the candidate

IncRNAs, and 21 target IncRNAs were obtained. Seven
IncRNAs (Table 2), related to six PRGs (Table S5), were obtained
using multi-Cox and included in the final prediction model.
Risk score = (-0.103223332 * TRAF3IP2-AS1 - 0.013058209
* AL157871.6 - 0.001632721 * SNHG29 + 0.060510168 *
ASB16-AS1 + 0.083744921 * AC007216.3 + 0.224003784 *
AP001318.1 + 0.230400789 * AC127496.5). The samples were
separated into high- and low-risk groups according to the
median risk score of the training set. The mortality rates of the
samples in the two groups were significantly different based
on a visual display of the risk score through ranked dot and
scatter plots (Figure 4D-I). The K-M curves showed that the
mortality rate of patients in the high-risk group was higher
than that in the low-risk group (Figure 5A-C). The ROC
curves were used to assess the predictive ability of the risk
score for OS. The AUC (area under the ROC curve) was 0.663,
0.659, and 0.645 at 1, 3, and 5 years, respectively, in all groups;
the AUC of the training set 1, 3, and 5 years is 0.676, 0.671, and
0.665 at 1, 3, and 5 years, respectively; the AUC of the testing
set was 0.620, 0.642, and 0.601 at 1, 3, and 5 years, respectively
(Figure 5D-F).

3.3.Validation of the prognosis and pyroptosis-
related IncRNAs signature with clinical variables

Based on the clinical variables (gender, age, race, FAB
category, WB, BM, and PB), Chi-squared (?) test was
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Figure 3. Immunological analysis. (A) Differences in ESTIMATE score among the three clusters. (B) Differences in immune score among the three
clusters. (C) Differences in stromal score among the three clusters. (D) Differences in tumor purity among the three clusters. (E-I) Expression of five
immune checkpoints in the three clusters: (E) PD-1; (F) LAG-3; (G) CTLA-4; (H) PD-L1; and (I) TIM-3.

performed to determine if there are differences in the
baseline data between the two groups. The results showed
statistical differences in age, BM, and FAB category. As
observed in the heatmap shown in Figure 6, DE-IncRNAs
were highly expressed in the high-risk group, especially in
cluster 1, and age < 3 was more common with high risk
(Figure 7A, C). As Figure 7B shown, the risk score was
different in some FAB categories. Uni-Cox and multi-Cox
were performed in combination with clinical characteristics
and risk scores for prognostic markers to further explore
independent prognostic factors (Figure 7D-E). Whether
with uni-Cox or multi-Cox, the results showed that the
prognostic signature might predict OS in pediatric AML
patients independently. In addition, the stratified analyses
performed to evaluate whether the prognostic signature
retained its predictive ability in different subgroups,
including age (< 3; 2 3 or < 6; 2 6 or < 14; and > 14 years),
race (white and others), gender (male and female), WB (<
50 and > 50), PB (< 70 and > 70), BM (70 and > 70), and FAB

(M1, M4, and M5), revealed notably lower OS in higher-
risk patients compared to lower-risk patients (Figure S3).

3.4. Immune-related analysis

As shown in Figure 8A, the proportions of memory B-cells,
plasma cells, naive CD4 T-cells, resting memory CD4 T-cells,
resting mast cells, activated mast cells, and eosinophils
were significantly lower in high-risk patients. Contrariwise,
the proportions of naive B-cells and monocytes were
significantly higher in high-risk patients. To identify the
differences in tumor-infiltrating immune cells between the
two groups, the stromal score, immune score, ESTIMATE
score, and tumor purity were compared. As shown in the box
chart (Figure 8B), the immune and ESTIMATE scores were
significantly lower in the low-risk group; although tumor
purity showed a different result, the tumor purity for both the
groups was higher than 60. The expression of five important
immune checkpoints was compared between the high- and
low-risk groups. In the high-risk group, the expression of the
checkpoints was higher except for TIM-3 (Figure 8C-G).
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Figure 4. Construction of the prognostic signature of differentially expressed PR-IncRNAs in the training set. (A) Differentially expressed PR-IncRNAs
among the three clusters. (B) Result of least absolute shrinkage and selection operator (LASSO) regression. (C) Multivariate Cox regression was performed.
(D-I) Ranked dot and scatter plots showing the signature distribution and patient survival status: (D, G) in all sets; (E, H) in the training set; and (E I) in

the testing set.

Table 2. Seven IncRNAs obtained by multi-Cox regression.

LncRNA Coef HR HR.95L HR.95H I4

AP001318.1 0.224 1.251 1.068 1.465 0.0054
SNHG29 -0.002  0.998 0.997 1.000 0.0131
ACI127496.5 0.230 1.259 1.135 1.397 0.0000
ASBI16-AS1 0.061 1.062 1.002 1.126 0.0417
AC007216.3 0.084 1.087 1.031 1.147 0.0021
AL157871.6 -0.013  0.987 0.975 0.999 0.0373
TRAF3IP2-AS1 ~ -0.103  0.902 0.822 0.989 0.0288

Coef: Coefhicient, HR: Hazard ratio, HR.95L: Lower limit of the 95%
confidence interval, HR.95H: Higher limit of the 95% confidence

interval

3.5. Drug susceptibility analysis

Eight chemotherapy drugs that are commonly used to
treat AML were selected to evaluate the sensitivities of the
pediatric AML samples in both the groups to these drugs
(Figure 9A-H). The results showed that the half maximal
inhibitory concentration (IC50) values of the majority of
these drugs, including axitinib, bleomycin, lenalidomide,

midostaurin, nilotinib, and thapsigargin, were significantly
lower in low-risk patients. However, we were unable to
demonstrate a similar difference with cytarabine.

3.6. Relationship between risk score and
microsatellite instability

MSI is strongly associated with the risk score. As shown in
Figure 91-], the low-risk group had a high proportion of
MSI-H (high microsatellite instability) at 44%, and the average
risk score of the patients in the MSI-H group was significantly
higher than that in the MSI-L/MSS (low microsatellite
instability or microsatellite stability) group (P < 0.001).

3.7. Discovery of molecular functions and pathways

To explore the biological functions and signaling pathways
of the DEGs between the two groups, GO and KEGG were
used. The DEGs between the two groups were identified
according to the following criteria: log2| FC| > 1 and
FDR < 0.05. The GO analysis that was performed included
biological process (BP), molecular function (MF), and
cell component (CC). The results of these three parts are
presented in Figure 104, indicating that tumor immunity
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human T-cell leukemia virus 1 infection, hematopoietic
cell lineage, AML, and chronic myeloid leukemia
(Figure 10B).

3.8. Establishments of a nomogram and a decision
curve

To further enhance the clinical application value and
provide a reliable predictive model for pediatric AML
patients, the clinical parameters and risk scores were
combined to build a nomogram (Figure 11A). The
probability of survival in 1, 3, and 5 years can be calculated
by a nomogram incorporating the score of seven PPR-
IncRNAs and the clinicopathological parameters; its
calibration curve is shown in Figure 11B. In addition,
according to the 1-, 3-, and 5-year DCA curves shown in
Figure 11C-E, the risk score was the optimal predictor of
survival for pediatric AML patients.

4, Discussion

With the rapid advancements in bioinformatics, predicting
the prognosis of pediatric AML patients by assessing the
risk level of pediatric AML at the molecular level has
become a reality. The regulatory mechanisms involved
in the IncRNA-mediated regulation of AML suggest that

IncRNAs can be used as potential molecular markers to
predict the course and survival status of AML patients®.
Pyroptosis plays a key role in tumorigenesis and
tumor progression. At present, studies have found that
PR-IncRNAs act as immunotherapy targets or diagnostic
and predictive biomarkers for various cancer types, such
as uterine corpus endometrial carcinoma, bladder cancer,
colorectal cancer, and so on®?!, However, there is still a
lack of systematic and in-depth studies on the relationship
between IncRNAs and the prognosis of AML patients,
especially pediatric AML patients.

In our study, we retrieved 1300 transcriptome data and
the corresponding clinical data from the TARGET database
and identified 841 PR-IncRNAs. We, then, classified three
clusters according to the count of PR-IncRNAs expression.
WB, BM, and PB were all remarkably lower in cluster 3.
Pathways that genes enriched in better prognostic clusters
(cluster 3) were mainly important immune-related
signaling pathways, including B-cell and T-cell receptor
signaling pathways, NOD-like and Toll-like receptor
signaling pathways, and Fc epsilon RI signaling pathway,
which were derived from GSEA. Comparing the better and
the poorer prognostic clusters (cluster 3 and cluster 1), there
were significantly different proportions in nine out of 22
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Figure 8. Immunological analysis between high- and low-risk groups. (A) Difference in the proportions of 22 immune cell types between the high- and
low-risk groups. (B) Differences in ESTIMATE, stromal, and immune scores, and tumor purity between the two groups. (C-G) Expressions of five immune
checkpoints between the two groups: (C) PD-1; (D) PD-L1; (E) CTLA-4; (F) LAG-3; and (G) TIM-3.

immune cell types. Although most of them were at a higher
level in better prognosis patients, follicular helper T-cell,
eosinophils, and activated NK cells showed the opposite.
We classified cluster 3 as an immunoinflammatory
subtype characterized by higher immune cell infiltration
and better survival level. There were large proportions of
monocytes in all populations, which may be related to the

molecular types of acute monocytic leukemia (M4) and
acute monocytic leukemia (M5). Interestingly, we found
that there was no statistical difference between the three
clusters based on the result of ESTIMATE. However, tumor
purity was >60 for all, which is sufficient to ensure that the
number of mutations read does not affect the biological
interpretation of genome analysis®®”.
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Figure 10. Representative results of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. (A) GO and (B) KEGG.

Immune checkpoints are molecules that are expressed
on immune cells and can regulate the immune process,
thus playing an important role in immune effects®®. The
outcomes showed that there were significant differences in
the expression of CTLA-4, PD-1, and PD-L1, which have
been proven as essential immune checkpoints in pediatric
AML, between clusters 1 and 3, with higher expressions in
the poorer prognostic cluster (cluster 1); the results were
similar to Jiangs study™=".. Interestingly, we also found
that LAG3 had the same expression difference in these
clusters.

Using LASSO-Cox and multi-Cox, we confirmed
that seven out of 841 DE-IncRNAs are deserving of
inclusion in the construction of a prognostic signature
for predicting OS in pediatric AML, in which the
7 PPR-IncRNAs are TRAF3IP2-AS1, AL157871.6,
SNHG29, ASBI16-AS1, AC007216.3, AP001318.1, and
AC127496.5. TRAF3IP2-AS1, which was lowly expressed
in the high-risk group, has been found to play a key role
in the etiopathogenesis of various autoimmune diseases
by negatively regulating human IL-17 signaling through
the downregulation of activator 1 (Actl) expression®!l.
IL-17 is a pro-inflammatory cytokine that is secreted by
activated CD4 T-cells, involved in inducing and mediating
proinflammatory responses, and increasingly recognized

as arisk factor of AML with poorer prognosis®**!. In other
studies, TRAF3IP2-AS]I has also been found to be related
to N°-methyladenosine and ferroptosis, affecting the
prognosis and treatment of patients®***). SNHG29, which
was identified as a protective factor in our study, has been
found in previous studies that it inhibits the ubiquitination
degradation of yes-associated protein (YAP) by binding
to it, thus promoting the expression of downstream target
gene PD-L1 and subsequently anti-AML immunity®**7.,
Besides, in Han’s study, they found that SNHG29 has a
role in carcinogenesis through the miR-223-3p/CTNND1
axis®*l. Besides, Li has found that SNHG29 can indirectly
affect the expression of BAALC, a gene upregulated in
AML, by sponging miR-380-3p and negatively modulating
miR-380-3p expression as a competing endogenous RNA
(ceRNA)™L The expression of ASB16-AS1 was positively
associated with risk score in our study. In another study,
ASB16-AS1 affected more than ten immune-related signal
pathways in multiple cancer types and played a key role
in the recruitment and functional regulation of tumor-
infiltrating immune cells?. In AML therapeutic area,
NEF-kappa B (NF-kB) pathway has been regarded as a target.
In a study conducted by Bosman et al., they discovered
that the performance of transforming growth factor-f3
activated kinase 1 (TAK1) is related to the overexpression
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and inhibition of NF-kB in AML CD34+cells"*". In a study
on gastric cancer, researchers have found that NF-xB can
be stimulated by strengthening the expression of TRIM37
through ASB16-AS1". AC127496.5, on the other hand,
has been found to be one of the predictors of response
to anti-PD-1 therapy for patients with cancer other than
AML™I, Unfortunately, we have not found the mechanism
of the other three IncRNAs; thus, more research is needed
to ascertain their potential roles.

Seven PR-IncRNAs were used to construct the
pediatric AML prognostic signature, and the expression
levels of those genes were calculated using risk scores.
The AUC of the training set was 0.671, 0.676, and 0.665
at 1, 3, and 5 years, respectively. Similar results were
obtained for the testing set in validating the model. The
prediction model has a considerable effect on the survival
prediction of pediatric AML patients, and the prognostic
signature has a great predictive ability for these patients.

The low- and high-risk groups were separated according
to the median risk score of the training set. Patients
in the two groups showed noticeably distinct clinical
characteristics, prognosis, TME, immune checkpoint
expressions, MSI level, and drug susceptibility. The high-
risk group was characterized by poorer prognosis, lower
immune checkpoint expressions, MSI-L/MSS, and lower
drug susceptibility. Interestingly, we found that one of the
immune checkpoints, TIM-3, played a different role from
others both in the risk groups and the three clusters. In
the previous studies, researchers have found that TIM-3
may be different in AML and other leukemias; also, its
representations may not be the same in different FAB
categories. Studies have also found that TIM-3 played
a different role in acute promyelocytic leukemia (M3)
compared with other cases**!. However, we were
unable to find any association with M3 in our study. The
molecular mechanisms involved in the different outcomes
need to be further explored. As expected, the TME differed
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in the presence of different PR-IncRNAs expressions.
Recent studies have revealed that pyroptosis is a double-
edged sword. On the one hand, pyroptosis-induced
inflammation facilitates the generation and maintenance
of an inflammatory microenvironment surrounding
cancer cells, thus facilitating tumor development™. On
the other hand, the acute activation of pyroptosis leads to
the infiltration of various immune cells, thus repressing
tumor development. Other studies have shown that many
IncRNAs display a strong cell type-specific expression
pattern in TME, especially in a variety of immune cell
types*’l. Hence, PR-IncRNAs, combining the dual effects
of pyroptosis and IncRNAs, may result in a different
TME. Regrettably, with our study and previous research
evidence, it is still impossible to conclude whether this
effect is positive or negative. At the end of this study, we
established a decision curve, inclusive of the risk score and
clinical parameters. It showed that the risk score was the
best predictor among various factors.

In this study, we built a prognostic signature and a
nomogram based on seven PR-IncRNAs to predict the
prognosis of pediatric AML patients and preliminarily
explored the relationship between PR-IncRNAs and immune
status, which have not been involved in the previous studies
before. Nevertheless, there are still some gaps in our research.
First, the data we used in our analysis were obtained from a
public database; hence, the accuracy of the data cannot be
verified. Second, our study did not include an external testing
set; the prognostic signature was constructed and validated
through the TARGET cohort. Last but not least, the potential
relationship between the risk score and anticancer immunity
needs to be further explored. Given the limitations above,
the conclusions drawn from our study still require a higher
degree of detailed experimental verification.

5. Conclusion

Pyroptosis and IncRNAs play a critical role in the
progression of pediatric AML, the prognosis of these
patients, and the alteration of TME. Our research validated
an original PR-IncRNAs signature that is independently
associated with OS. In addition, we identified the relevance
of the immune microenvironment in influencing pediatric
AML outcomes by analyzing the prognostic signature and
immune profiles. The predictive value of the model needs
to be examined by accurate clinical data. Moreover, the
inherent mechanism by which PR-IncRNAs contribute
to antitumor immunity remains to be revealed in future
studies.
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Alkylation repair homolog 3-regulated
esophageal squamous cell carcinoma
associated long non-coding RNA 1 is
required for maintaining the stemness of
esophageal cancer
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"Translational Medicine Center, Zhengzhou Central Hospital Affiliated to Zhengzhou University,
Zhengzhou 450007, China

2Department of Breast Surgery, Zhengzhou Central Hospital Affiliated to Zhengzhou University,
Zhengzhou, 450007, China

Abstract

N'-methyladenosine (m'A) RNA modification represents one of the essential post-
transcriptional modifications in gene expression regulation. Long non-coding
RNAs (IncRNAs) are involved in the development of malignant tumors, including
esophageal cancer (ESCA). However, whether m'A can regulate that IncRNA in
cancer cells remains unclear. ESCA cell lines TET and KYSE70 were used for functional
experiments. The mRNA and protein levels were detected by quantitative reverse
transcription polymerase chain reaction and Western blot, respectively. Colony
formation and tumor sphere formation assays were used for evaluating ESCA
stemness. The m'A modification on esophageal squamous cell carcinoma associated
long non-coding RNA 1 (ESCCAL-1) transcript was examined by methylated RNA
immunoprecipitation. In this study, we report that RNA m'A demethylase alkylation
repair homolog 3 (ALKBH3)-mediated ESCCAL-1 is implicated in maintaining stem
cell-like properties of ESCA. Clinically, ESCCAL-1 was up-regulated in ESCA and
positively correlated with tumor stage. In addition, patients with higher ESCCAL-1
expression in tumors had shorter median survival. Functionally, the knockdown of
ESCCAL-1 attenuated the stemness of ESCA cells as indicated by decreased sphere
formation and colony formation capacities, while overexpression of ESCCAL-1
elicits the opposite biological effects. Moreover, ESCCAL-1 manipulation positively
regulated both mRNA and protein levels of KLF4 and CD44, two stemness-
related markers. Mechanistically, ALKBH3 upregulated ESCCAL-1 expression
in an m'A demethylation-dependent manner. Notably, the downregulation of
ALKBH3 mimicked the effects of ESCCAL-1 deficiency on ESCA stemness, and this
phenomenon is significantly reversed by the enforced expression of ESCCAL-1. Our
results revealed the role of m'A-mediated ESCCAL-1 in ESCA self-renewal, which
expands the understanding of IncRNA post-transcriptional modification in cancer
development.

Keywords: ALKBH3; N'-methyladenosine; ESCCAL-1; Stemness; Esophageal cancer
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1. Introduction

Esophageal cancer (ESCA), a common digestive system
malignancy, is the sixth leading cause of cancer-related
death worldwide"!. Esophageal squamous cell carcinoma
(ESCC) is the primary pathological type of ESCA in
Asia, while esophageal adenocarcinoma (EAC) is more
common in Western countries>’. Although researchers
have discovered in recent years that genetic mutations
alter susceptibility to ESCA and that epigenetic changes
contribute to the development of ESCA™?, the detailed
mechanisms that drive the tumorigenesis of ESCA are
still not well understood. Therefore, uncovering the
molecular mechanism of ESCA is expected to contribute
to the development of new diagnostic and therapeutic
strategies.

Long non-coding RNAs (IncRNAs), non-coding
transcripts longer than 200 nucleotides, widely mediate
tumor development and influence disease prognosis!”.. We
previously used transcriptome sequencing technology to
detect differentially expressed IncRNAs in ten pairs of ESCA
and adjacent normal tissues and identified esophageal
squamous cell carcinoma associated long non-coding
RNA 1 (ESCCAL-1) as an upregulated molecule closely
related to ESCA. It was further found that ESCCAL-1 can
promote the proliferation, metastasis, cycle progression,
and apoptosis resistance of ESCA cells®!”), suggesting that
ESCCAL-1 may be a critical oncogenic IncRNA in ESCA
occurrence. However, the molecules responsible for the
uncontrolled expression of ESCCAL-1 in ESCA and their
biological roles still need to be fully understood.

N'-methyladenosine (m'A) methylation is one of
the eukaryotic cell's most common RNA modifications.
Deregulated methylase regulates RNA stability, splicing,
translation, and other processes by affecting the m'A
modification of transcripts!!"'?. RNA m'!A modification
controls intracellular gene expression profile at the post-
transcriptional level and participates in the regulation
of tumor initiation and development!"*'*.. However, the
function of m'A modification in ESCA and its regulation
of IncRNA expression remains unclear.

In this study, we found that high expression of
ESCCAL-1 was closely related to the progression and
prognosis of ESCA. The absence of ESCCAL-1 inhibits
the stem-like properties of ESCA cells, and the forced
expression of ESCCAL-1 promotes the self-renewal
ability of ESCA. Alkylation repair homolog 3 (ALKBH3),
an RNA demethylase, erases the m'A modification of
ESCCAL-1 and causes the upregulation of the latter
expression in ESCA. ALKBH3/ESCCAL-1 axis is involved
in the stemness maintenance of ESCA, providing a new
therapeutic target for this disease.

2. Materials and methods
2.1. Cancer databases

UALCAN is a comprehensive cancer database containing
multiple omics data (http://ualcan.path.uab.edu/index.
html). We used this database to verify the expression of
ESCCAL-1 in ESCA and its relationship with various
clinical indicators of patients. Kaplan-Meier Plotter (KMP,
http://kmplot.com/analysis/index.php), an online server
designed to provide users with clinical data on pan-cancer,
was used to analyze the relationship of patient survival
between ESCCAL-1 and ESCA. GEPIA (http://gepia.
cancer-pku.cn/about.html) is an online interactive website
based on RNA-seq data, which is used to analyze the
expression of ESCCAL-1 and ALKBH3 as well as their
correlation in ESCA.

2.2. Cell culture and transfection

Three ESCA cell lines, including TE1, KYSE70, EC1, and
one immortalized esophageal epithelial cell line Het-1A,
were cultured in an incubator containing 5% carbon
dioxide at 37°C. All cells were maintained in RPMI 1640
medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin  solution. The lentivirus-based
recombinant vectors were purchased from Shanghai
GeneChem Company (China) for knockdown (sh-AL1#1,
sh-AL1#2) or overexpression (OE-AL1) of ESCCAL-1.
The vectors were transfected into ESCA cells with the
transfection reagent HitransGA (GeneChem, China).
ALKBHS3 silencing siRNA was purchased from Shanghai
GenePharma Company (China) and transfected into
ESCA cells with the transfection agent INTERFERin
(Polyplus, France).

2.3. Real-time quantitative reverse transcription
polymerase chain reaction

Total RNAs were extracted from the cells using Trizol
reagent (Invitrogen, USA). After concentration and
purity measurements, 1 ug of RNAs in a 20-uL reaction
system were reverse-transcribed into ¢cDNA using a
reverse transcription kit (Novoprotein, China). Finally,
real-time quantitative reverse transcription polymerase
chain reaction (qRT-PCR) was performed using the
SYBRGREEN kit (Novoprotein, China) and amplification
system (Applied Biosystems, USA). The housekeeping
gene GAPDH was used as the internal reference, and the
relative expression level of the target gene was calculated
by method 242!, The primers used are shown in Table S1.

2.4. Tumor sphere formation assay

The transfected cells were uniformly inoculated in
low-adhesion six-well plates (CORNING, USA), each
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containing 4 mL of sphere-forming medium and
10,000 cells. Dulbecco’s modified eagle medium (DMEM)/
F12 medium contained 20 ng/mL epidermal growth factor
(EGF), 10 ng/mL basic fibroblast growth factor (bFGF), 5
ug/mL insulin, 0.4% bovine serum albumin (BSA), and
1x B27. The plates were placed in an incubator containing
5% carbon dioxide at 37°C for 7 — 12 days. Finally, the
spheres were photographed and the number of spheres
were analyzed.

2.5. Colony formation assay

The transfected cells were uniformly inoculated in 12-well
plates with 1000 cells per well, and placed in an incubator
containing 5% carbon dioxide at 37°C for 7 — 10 days. The
cell clones were immobilized with paraformaldehyde and
stained with crystal violet solution. Finally, cell colonies
were photographed and the area of colonies in each well
was analyzed.

2.6. Western blot analysis

Total proteins were extracted by RIPA lysis buffer (EpiZyme,
China) containing protease inhibitors. After concentration
and purity determination, the total proteins were denatured
with loading buffer at 100°C for 10 min. Then, 10%
polyacrylamide gel was prepared, and an equal amount
of protein was added to each lane and electrophoresis was
performed. Subsequently, the proteins on the gel were
transferred to the polyvinylidene fluoride membrane.
After blocking with skimmed milk and incubation with
the primary antibody and secondary antibody, the ECL kit
and the luminescence imaging analysis system were used
to detect the target protein attached to the membrane.
Primary antibodies include anti-GAPDH (1:5000,
Bioworld, China), anti-CD44 (1:2000, Bioss, China), and
anti-KLF4 (1:2000, Bioss, China).

2.7. Methylated RNA immunoprecipitation (MeRIP)

N'-methyladenosine (m'A) modification on the ESCCAL-1
transcript was detected by the m'A MeRIP Kit (GenSeq,
China). The experimental procedures were performed
according to the user manual. In brief, the Trizol reagent
was used to extract total RNAs from cells and the RNA
concentration was adjusted to 1 ug/uL with enzyme-
free water. The fragment buffer was used to process
RNA transcripts. Subsequently, m'A antibody or control
antibody IgG, fragmented RNAs and immunoprecipitation
(IP) buffer were added to the prepared immunomagnetic
beads and incubated at 4°C for 1 h. Then, m'A-labeled RNA
samples obtained by immunoprecipitation were dissolved
in enzyme-free water and detected by polymerase chain
reaction (PCR). Specific primers of ESCCAL-1 transcript
used for MeRIP-PCR are shown in Table S2.

2.8. Statistical analysis

Statistical analysis and illustration of experimental
data were completed by SPSS 19.0 and GraphPad 9.0.
Comparison of experimental data between the two groups
was conducted by t-test, and P < 0.05 was considered
statistically significant.

3. Results

3.1. ESCCAL-1 is upregulated in ESCA and correlates
with patient outcome

We previously identified the dysregulation of IncRNA
ESCCAL-1 in ESCA using RNA-seq from ten pairs of
tumor samples and adjacent normal samples®® and verified
its elevation in multiple ESCA cohorts!"’. In this study, we
analyzed the expression of ESCCAL-1in 11 normal samples,
80 EAC samples, and 81 ESCC samples by interrogating the
cancer database UALCAN. ESCCAL-1 was significantly
overexpressed in ESCA (Figure 1A). Moreover, the
expression of ESCCAL-1 in ESCC was higher than in EAC
(Figure 1A). Then, using this study cohort, we analyzed the
relationship between ESCCAL-1 expression and race, sex,
and tumor stage in ESCA patients. ESCCAL-1 was found
to be more highly expressed in African Americans and
Asians than that in Caucasians (Figure 1B). In addition, the
expression of ESCCAL-1 in male ESCA was higher than in
female ESCA (Figure 1C). To a certain extent, ESCCAL-1
expression increased with the progression of the ESCA
tumor stage (Figure 1D). ESCCAL-1 was reported to be
closely related to the outcome of ESCA patients in our
previous study™®. Here, we further analyzed the relationship
between ESCCAL-1 expression and ESCA prognosis
using the survival database KMP. It was found that the
median survival time of patients with high ESCCAL-1
expression was significantly shorter than that of patients
with low ESCCAL-1 expression in both EAC (16.5 months
vs. 46.7 months, Figure 1E) and ESCC (25.4 months vs.
42.1 months, Figure 1F). These findings, in combination
with our previous results, suggest that ESCCAL-1 is a bona
fide risk factor for ESCA progression and survival.

3.2. ESCCAL-1 is essential for maintaining the
stemness of ESCA cells

We have previously shown that knockdown of ESCCAL-1
inhibits ESCA cell growth and metastasis, while
overexpression of ESCCAL-1 promotes these malignant
phenotypes of ESCA®19. As stem cell-like property is an
intrinsic characteristic of tumors and closely related to
malignant proliferation and metastasis'®'”), we speculate
that ESCCAL-1 might be involved in the stemness
maintenance of ESCA. First, we detected the expression of
ESCCAL-1 at the ESCA cell level by qRT-PCR and found
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Figure 1. Expression of ESCCAL-1 in ESCA and its relationship with clinical parameters of patients. (A) UALCAN database was used to investigate the
transcription levels of ESCCAL-1 in 11 esophageal epithelial samples, 80 EAC samples, and 81 ESCC samples. **P < 0.01, ****P < 0.0001. (B) UALCAN
was employed to analyze the relationship between ESCCAL-1 expression and patients’ race with ESCA. **P < 0.01, ****P < 0.0001. (C and D) UALCAN
was applied to observe the relationship between ESCCAL-1 expression and gender (C) or tumor stage (D) in ESCA. *P < 0.05, **P < 0.01, ***P < 0.001,
**P < 0.0001. (E and F) Kaplan-Meier Plotter database was utilized to analyze the relationship between the expression of ESCCAL-1 and the survival of

EAC (E) or ESCC (F) patients.

ESCCAL-1: Esophageal squamous cell carcinoma associated long non-coding RNA 1; ESCA: Esophageal cancer; EAC: Esophageal adenocarcinoma.

that the expression of ESCCAL-1 in the three ESCA cell
lines (TE1, KYSE70, EC1) was significantly higher than
that of the normal esophageal epithelial cell line Het-1A
(Figure 2A). We then used recombinant lentiviral vectors
to knockdown (sh-AL1#1, sh-AL1#2; Figure 2B) and
overexpress (OE-ALl; Figure 2C) ESCCAL-1 in ESCA
cells to perform loss-of-function and gain-of-function
experiments. Subsequently, both tumor sphere formation
and colony formation assays were used to evaluate the
stemness of ESCA cells. Results from tumor sphere
formation experiments showed that the knockdown of
ESCCAL-1 reduced the sphere-forming ability of TE1 cells
by about 60% (Figure 2D and E). In comparison, the
overexpression of ESCCAL-1 promoted the sphere-forming
capacity of KYSE70 cells by about 40% (Figure 2D and F).
Moreover, colony formation experiments confirmed that
silencing ESCCAL-1 significantly limited the cloning
ability of TE1 cells in vitro by more than 60%, while
upregulation of ESCCAL-1 enhanced the colony formation
of KYSE70 cells by more than two folds (Figure 2G-I).
These data indicate that ESCCAL-1 participates in
maintaining ESCA stemness.

3.3. ESCCAL-1 regulates stemness-related markers
expression

Considering that ESCCAL-1 plays a key role in ESCA
stemness, we wondered whether ESCCAL-1 might
regulate the expression of stemness-related genes. We used
qRT-PCR to detect the changes in mRNA levels of a set
of markers associated with stemness!"” (including SOX2,
CD44, ALDHI1A1, Nanog, ZEB1, KLF4, Myc) in ESCA
cells after ESCCAL-1 overexpression or knockdown. We
found that overexpression of ESCCAL-1 led to significant
upregulation of the transcription levels of these stemness-
related genes (Figure 3A), among which CD44 and
ALDHI1A1 showed the greatest changes. In contrast, the
knockdown of ESCCAL-1 resulted in decreased mRNA
levels of some stemness markers (Figure 3B). We then
cross-compared the results of Figure 3A and B, and
found that two stemness markers, CD44 and KLF4, were
uniformly positively regulated by ESCCAL-1 (Figure 3C).
Subsequent Western blot analysis further confirmed that
upregulation of ESCCAL-1 increased the protein levels
of CD44 and KLF4 in ESCA cells, while downregulation
of ESCCAL-1 decreased the levels of both proteins
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Figure 2. ESCCAL-1 is essential for maintaining ESCA stemness. (A) The transcription levels of ESCCAL-1 in Het-1A, TE1, KYSE70, and EC1 cells were
detected by qRT-PCR, n = 4. (B and C) The knockdown (B) and overexpression (C) effects of ESCCAL-1 were tested by qRT-PCR, n = 3. **P < 0.01,
%P <0.001. (D and F) The effects of deletion or overexpression of ESCCAL-1 on the stemness of ESCA cells were evaluated by tumor sphere formation
assay, n = 3. *P < 0.05, **P < 0.01. Scale bar = 100 um. In panel (D), TE1 cells were transfected with sh-ALI, and KYSE70 were transfected with OE-AL1.
(G-I) A colony formation assay was used to observe the effects of knockdown (n = 2) or upregulation (n = 3) of ESCCAL-1 on ESCA growth. *P < 0.05. In
panel (G), TEI cells were transfected with sh-AL1, and KYSE70 were transfected with OE-AL1.

ESCCAL-1: Esophageal squamous cell carcinoma associated long non-coding RNA 1; ESCA: Esophageal cancer; qRT-PCR: quantitative reverse
transcription polymerase chain reaction.

(Figure 3D). These results suggest that ESCCAL-1 may tumor types, such as liver cancer and cervical cancer!"**?],

be involved in the stemness maintenance of ESCA by
regulating the expression of CD44 and KLF4.

3.4.RNA m'A demethylase ALKBH3 mediates
ESCCAL-1 expression in ESCA

Given that ESCCAL-1 is upregulated in ESCA, we
intended to investigate the upstream mechanism that
causes its dysregulation. As a novel RNA modification
mode, ALKBH3-mediated m'A modification has been
reported recently to play a vital regulatory role in some

To explore whether m'A may regulate ESCCAL-1, we first
used the GEPIA database to analyze the expression of m'A
demethylase ALKBH3 in ESCA and its correlation with
ESCCAL-1. Surprisingly, we found that ALKBH3 and
ESCCAL-1 showed increased expression and significant
positive correlation in 182 ESCA samples (Figure 4A and B),
implying that ALKBH3 may be involved in the regulation
of ESCCAL-1 and may play a role in ESCA.

Data from qRT-PCR showed that the expression level
of ALKBH3 in three ESCA cell lines (TE1, KYSE70,
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Figure 3. Effects of ESCCAL-1 manipulation on stemness-related gene expression in ESCA cells. (A and B) The effects of ESCCAL-1 overexpression
(A, n = 4) or knockdown (B, n = 3) on mRNA levels of various stemness-associated markers, including SOX2, CD44, ALDH1A1, Nanog, ZEB1, KLF4,
and Myc. *P < 0.05, **P < 0.01, ***P < 0.001 as compared to OE-NC or sh-NC. (C) The intersection of results from panels (A) and (B) revealed that the
expression of CD44 and KLF4 was consistent with that as a result of ESCCAL-1 manipulation. (D) The protein levels of CD44 and KLF4 in ESCA cells after

ESCCAL-1 knockdown were detected by Western blot, n = 3.

ESCCAL-1: Esophageal squamous cell carcinoma associated long non-coding RNA 1; ESCA: Esophageal cancer.

EC1) was significantly higher than that of normal
esophageal epithelial cell line Het-1A (Figure 4C).
Moreover, silencing ALKBH3 expression with siRNA
can significantly downregulate the level of ESCCAL-1
in ESCA cells (Figure 4D and E). This suggests that
ESCCAL-1 is regulated by RNA m'A demethylase
ALKBH3. Next, to determine whether ESCCAL-1 harbors
m'A modification, we divided the transcript into six
regions (R1 to R6), designed six pairs of specific primers
(Figure 4F), then conducted an m'A MeRIP assay. We
found significant m'A enrichment in the R4 region of
ESCCAL-1 transcripts (Figure 4G). Then, ALKBH3 in
ESCA cells was knocked down, and the MeRIP experiment
was performed. The results showed that downregulating
ALKBHS3 significantly increased the m'A modification
level of ESCCAL-1 transcripts (Figure 4H). These results
suggest that ESCCAL-1 is regulated by ALKBH3 in an
m'A-dependent manner.

3.5. ALKBH3/ESCCAL-1 axis maintains ESCA
stemness

ALKBH3 regulates biological phenotypes of cancer
cells by affecting gene expression!*'*. Since ALKBH3
regulates the expression level of ESCCAL-1 in ESCA,

and ESCCAL-1 is vital for the stemness maintenance of
ESCA, we speculated that the ALKBH3/ESCCAL-1 axis
might participate in ESCA self-renewal. To this end, we
performed functional rescue assays. The results showed
that silencing ALKBH3 reduced the protein levels of CD44
and KLF4 (Figure 5A) and significantly hindered the
clonogenesis and tumor sphere formation ability of ESCA
cells (Figure 5B and C), mimicking the biological effects
of ESCCAL-1 deletion on ESCA. Notably, overexpression
of ESCCAL-1 significantly rescued, at least in part, the
effects of ALKBH3 knockdown on the stemness of ESCA
cells (Figure 5A-C). These data suggest that the ALKBH3/
ESCCAL-1 axis contributes to the stemness maintenance
of ESCA (Figure 5D).

4. Discussion

LncRNA is involved in the progression of ESCA and
other malignant tumors and can be modified after
transcription®”. RNA m'A modification is essential
in regulating gene expression in eukaryotic cells®*?!.
However, whether m'A can deregulate IncRNAs in tumor
cells remains unclear. Here, we report that RNA m'A
demethylase ALKBH3-mediated ESCCAL-1 is required
for the stemness maintenance of ESCA.
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Figure 4. ESCCAL-1 is regulated by ALKBH3 in an m'A-dependent manner. (A) The expression levels of ALKBH3 and ESCCAL-1 in 13 normal tissues
and 182 ESCA tissues were analyzed by the GEPIA database. *P < 0.05. (B) The GEPIA database was used to investigate the expression correlation between
ALKBH3 and ESCCAL-1 in 182 ESCA samples. (C) The mRNA levels of ALKBH3 in Het-1A, TE1, KYSE70, and EC1 cells were tested by QRT-PCR, n = 4.
P < 0.001. (D and E) The effect of ALKBH3 silencing on the expression of ALKBH3 and ESCCAL-1 in ESCA cells was evaluated by qRT-PCR, n = 3.
*P <0.05,**P < 0.01, ***P < 0.001. (F) The putative presence of m'A-modified regions on ESCCAL-1 transcripts. (G) MeRIP-PCR assay was used to detect
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ESCCAL-1: Esophageal squamous cell carcinoma associated long non-coding RNA 1; ESCA: Esophageal cancer; m'A: N'-methyladenosine.

Stem cell-like property refers to the self-renewing
ability of malignant tumor cells to maintain continuous
proliferation and metastasis®®?!. The stemness nature of
tumors allows them to adapt to extreme growth conditions
and to combat multiple risk factors?*?\. Therefore, reducing
tumor stemness is critical in eliminating tumor therapeutic
resistance®?]. In the previous studies, ESCCAL-1 has the
carcinogenic effect of promoting ESCA proliferation and
metastasis®!”, two basic intrinsic properties of malignant
tumors, and depend on a high degree of self-renewal
ability. Therefore, ESCCAL-1 might be associated with
the stemness of ESCA. Through a series of functional and
molecular expression experiments, we demonstrated that
the knockdown of ESCCAL-1 significantly weakened the
stemness of ESCA cells and reduced the mRNA and protein
levels of two stemness-related genes, CD44 and KLF4. In

contrast, overexpression of ESCCAL-1 caused the opposite
biological effects. Although we have not clarified the
exact mechanisms by which ESCCAL-1 is involved in the
maintenance of ESCA stemness, our results preliminarily
suggest that ESCCAL-1 may exert its function by regulating
the expression of CD44, KLF4, and other stemness
markers. This study provides new insights into targeting the
ESCCAL-1/stemness axis for ESCA treatment.

In addition to the high expression of ESCCAL-1 in
ESCA, we also found that ESCCAL-1 is closely related to
tumor stage and patient survival, further supporting the
view that ESCCAL-1 is a potential biomarker of ESCA.
In addition, we noted that this IncRNA had a special
relationship with the gender and race of ESCA patients. Its
expression level in male tumor samples was higher than
that in female tumor samples, and its expression level in
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Figure 5. The role of ALKBH3/ESCCAL-1 axis in regulating ESCA stemness. (A) Western blot was applied to examine the protein levels of CD44 and KLF4
in ESCA cells following ALKBH3 silence alone or combined with ESCCAL-1 overexpression, n = 3. (B) A colony formation experiment was carried out to
observe the role of the ALKBH3/ESCCAL-1 axis in ESCA growth, n = 3.**P < 0.01. TE1 cells were transfected with si-ALKBH3 or si-ALKBH3 + OE-ALL.
(C) Tumor sphere formation assay depicted that overexpression of ESCCAL-1 rescued the effects of ALKBH3 silence on ESCA stemness. *P < 0.05. Scale
bar = 100 um. TE1 cells were transfected with si-ALKBH3 or si-ALKBH3 + OE-ALIL. (D) A mechanistic model of ALKBH3-mediated ESCCAL-1 in ESCA

stemness, n = 3.

ESCCAL-1: Esophageal squamous cell carcinoma associated long non-coding RNA 1; ESCA: Esophageal cancer.

Asian tumor samples was significantly higher than that in
Caucasian patients. According to Global Cancer Statistics,
the incidence of male ESCA patients is two to three folds
higher than that of female patients, and the Asian region
shows a higher incidence of ESCA compared with Western
countries and regions!'l. Therefore, we speculate that
ESCCAL-1 might be one of the key factors leading to the
male ESCA and Asian ESCA. Androgen receptor signaling
is widely considered a risk factor for male genitourinary

tumors, such as prostate cancer®?), Moreover, the
activation of this signal can be regulated by upstream
IncRNAs?*?7l. A recent study has found that the androgen
receptor functions as an oncogenic promoter in ESCAP*.
Therefore, ESCCAL-1 might contribute to the difference in
ESCA incidence between males and females by regulating
the androgen receptor signaling. However, the relationship
between ESCCAL-1 and the gender or ethnicity of ESCA
patients needs to be further confirmed.
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Recent studies have reported that the demethylase
ALKBH3 can alter the post-transcriptional level of
oncogenic mRNAs and tRNAs by erasing m' A modification
and thus participate in tumor progression!*!>2*3],
However, whether IncRNAs can also be regulated by m'A
modification is unknown. This study revealed that ALKBH3
caused ESCCAL-1 overexpression in ESCA through m'A
demethylation modification. Significantly, ALKBH3 is
involved in the stemness maintenance of ESCA in an
ESCCAL-1-dependent manner. This is the first report on
the biological role of IncRNA m'A modification in ESCA,
expanding our understanding on the role of IncRNA post-
transcriptional modification in the development of ESCA.

5. Conclusions

This study further explored the expression of ESCCAL-1
in ESCA and its relationship with the clinical parameters
of patients. High expression of ESCCAL-1 is necessary to
maintain the stemness status of ESCA. ALKBH3 promoted
the overexpression of ESCCAL-1 in an m'A-dependent
manner. These findings provide a new strategy for clinically
targeting the ALKBH3/ESCCAL-1 axis against ESCA.
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Abstract

Understanding the specific and co-driving mechanisms of carcinogenesis in human
tumors is indispensable for cancer research and can guide the development of effective
treatment methods for tumors. High mobility group box 1 (HMGB1) participates in a
variety of physiological processes of the body and has an inseparable relationship with
tumors. In this study, The Cancer Genome Atlas, Gene Expression Omnibus database,
Human Protein Atlas, and bioinformatic tools were used to conduct pan-canceranalysis of
HMGB1 in various cancers so as to elucidate its role in human tumorigenesis. We analyzed
and evaluated the expression of HMGBT in tumors, and discovered that overexpression
of HMGBT usually indicated poor overall survival of adrenocortical carcinoma (P < 0.01)
and lung adenocarcinoma (LUAD) (P < 0.05). High HMGBT expression is also associated
with unfavorable disease-free survival for patients with adrenocortical carcinoma (P <
0.001), cervical squamous cell carcinoma and endocervical adenocarcinoma (P < 0.01),
head and neck squamous cell carcinoma (P < 0.05), LUAD (P < 0.05), and sarcoma (P <
0.05). The potential mechanism of HMGB1-mediated tumorigenesis is also discussed.
In conclusion, our pan-cancer analysis offers a comprehensive description of the
carcinogenic roles of HMGB1 in a variety of human cancers.

Keywords: High mobility group box 1; Cancer; Survival; Prognosis

1. Introduction

In view of the complexity of tumorigenesis, it is vital to conduct a pan-cancer analysis
of the significant genes to evaluate their relevance to possible molecular mechanisms
and clinical prognosis. Cancer genome repositories and databases, such as The
Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO), offer access to
many tumor-associated functional genomic datasets that can be used for pan-cancer
analysis!~l.

Situated on chromosome 13q12, the high mobility group box 1 (HMGBI) gene
encodes and produces the HMGBI1 protein!¥, which is a highly conserved nuclear
protein belonging to the group of nonhistone chromatin-related protein. It was first
extracted from the bovine thymus in 1973 HMGBI consists of two DNA-binding
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HMG-box domains (N-terminal A and center B),
which constitute the non-specific DNA binding region
of HMGBI and an acidic C-terminal tail’®. In general,
HMGBI exists in the nucleus and helps maintain the
stability of the nucleus as a DNA chaperone. It plays a
key role in DNA replication, V(D)] recombination,
transcription and chromatin remodeling. However,
the expression of HMGB1 has also been found in
mitochondria, cytosol, and cell surface membranes, and
the protein can be released into the extracellular spacel”.
Cytoplasmic HMGBI participates in immune responses
by regulating mitochondrial function, inhibiting
apoptosis, and increasing autophagy'®. On the membrane,
HMGBI can activate platelets, promote neurite growth
and axonal sprouting, and induce cell migration. HMGB1
can be secreted into the extracellular environment as a
cytokine, and participates in many immune reactions
by promoting the maturation and activation of immune
cells and the production of cytokine®. In addition,
extracellular HMGBI is able to interact with chemokines
to advance immune responses!'”. In a word, HMGBI, as
a multifunctional protein, plays different biological roles
under different circumstances, and more investigations
are required to illustrate the potential effects. In pan-
cancer analysis, to probe the expression profile of
HMGBI1 in different tumor types, databases (TGCA
and GEO) were used. Except for comparing HMGBI1
expression profiles in different tumor types, a number of
factors such as survival status, genetic alteration, protein
phosphorylation, and related cellular pathways were
also taken into account. This comprehensive analysis
uncovers potential molecular mechanism of HMGB1 in
the pathogenesis and clinical prognosis of a variety of
human cancers.

2, Materials and methods
2.1. Gene expression analysis

To observe HMGBI expression differences between tumor
and adjacent normal tissues, we put HMGBI into the
“Gene_DE” section of tumor immune estimation resource,
version2 (TIMER2) web (http://timer.cistrome.org/). With
regard to some tumors without corresponding adjacent
normal tissues as a control (e.g., TCGA-Mesothelioma
[MESO], TCGA-Sarcoma [SARC]), the “Expression
analysis-Box plot” plate of the Gene Expression Profiling
Interactive Analysis, version 2 (GEPIA2) web server
(http://gepia2.cancer-pku.cn/#analysis)!"!!  was used to
obtain box plots of the Genotype-Tissue Expression
(GTEx) database, with log2FC (fold change) cutoff = I,
P-value cutoff =0.01, and “Match TCGA normal and GTEx
data” HEPIA2 was applied to analyze HMGBI expression
in different pathological stages of all TCGA cancers. The

expression data transformed by log2 (TPM [Transcripts
per million] + 1) were used for violin or box plots.

The UALCAN (http://ualcan.path.uab.edu/analysis-
prothtml) was used to analyze cancer omics data,
allowing us to analyze the protein expression of the
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
dataset!?. We investigated the expression level of HMGBI,
either total protein or phosphoprotein, between primary
tumor or normal tissues.

2.2. Survival analysis

To gain significant map data for overall survival (OS)
and disease-free survival (DFS) of HMGBI in overall
TCGA tumors, GEPIA2 was used in the analysis. Cutoft-
low (50%) and cutoff-high (50%) values were used as
expression thresholds to separate low and high expression
cohorts!'l. The log-rank test was used in the hypothesis
testing. Through the “Survival Analysis” plate of GEPIA2,
survival plots were obtained.

2.3. Genetic variation analysis

Using the cBioPortal (https://www.cbioportal.org/) web!"> %),
we collected the protein structure data, including
variation frequency, mutated site information, mutation
type, three-dimensional (3D) structure, and copy
number alteration (CNA) in overall TCGA tumors.
We also obtained survival data, including progression-
free survival, OS, disease-specific survival, and DFS
differences for the overall TCGA cancer types, regardless
of whether there is HMGBI genetic variation.

2.4. Immune infiltration analysis

TIMER2 was used to observe the relationship between
HMGBIexpression and immune infiltrates among TCGA
tumors. Cancer-associated fibroblast was selected for
detailed analysis. The EPIC, MCPCOUNTER, XCELL, and
TIDE algorithms were used for estimations. The data was
visualized as heatmaps and scatter plots.

2.5. HMGB1 enrichment analysis

STRING (https://string-db.org/) web was used for protein-
protein interaction network analysis. We set the following
main parameters: minimum required interaction score
(“low confidence [0.150]”), meaning of network edges
(“evidence”), maximum number of interactors to be
displayed (“no more than 50 interactors” in first shell), and
active interaction sources (“experiments”).

On the basis of the datasets of all TCGA tumors and
normal tissues, GEPIA2 was used to obtain the top 100
HMGBI-related genes. We performed a pairwise Pearson’s
correlation analysis between HMGBI and selected
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genes. The P-values and correlation coefficient (R) were
calculated and displayed in figures. In addition, TIMER2
was applied to obtain heatmap data of selected genes,
including P-values and partial correlation (cor) in the
purity-adjusted Spearman’s rank correlation test.

Jvenn!" was used for cross-analysis to compare the
HMGBI1-binding and interacted genes. We integrated
these two sets of data for Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis. The “tidyr”
and “ggplot2” R packages were applied to show the
enrichment pathway. Besides, the “clusterProfiler” R
packages were applied to conduct Gene Ontology (GO)
enrichment analysis. The R language software (R-4.1.0,
64-bit; https://www.r-project.org/) was applied to this
analysis. Two-tailed P < 0.05 was considered statistically
significant””). A simple list of methods and corresponding
tools is shown in Table 1.

3. Results
3.1. Gene expression analysis

TIMER2 was used to study HMGBI expression among
different TCGA tumor types. The results demonstrated
that HMGBI expression was significantly higher in
cholangiocarcinoma (CHOL), colon adenocarcinoma
(COAD), esophageal carcinoma (ESCA), head and
neck squamous cell carcinoma (HNSC), lung squamous
cell carcinoma (LUSC), stomach adenocarcinoma
(STAD), liver hepatocellular carcinoma (LIHC), rectum
adenocarcinoma (READ) (P < 0.001), bladder urothelial
carcinoma (BLCA), and glioblastoma multiforme (GBM)
(P < 0.01) than in the control group. Obviously, there
were also some tumor types showing undifferentiated
expression (e.g., kidney renal clear cell carcinoma [KIRC],
cervical squamous cell carcinoma and endocervical
adenocarcinoma [CESC], thyroid carcinoma [THCA],
and pheochromocytoma and paraganglioma [PCPG]).

Table 1. Methods and corresponding tools

Methods Tools
Gene expression analysis TIMER2, GEPIA2, UALCAN, TCGA,
GTEx, CPTAC

Survival analysis GEPIA2, TCGA, GEO

cBioPortal, TCGA

TIMER2, TCGA

STRING, TCGA, GEPIA2, TIMER?2,
Jvenn, R language

TCGA: The Cancer Genome Atlas; TIMER2: Tumor immune
estimation resource, version 2; GTEx: Genotype-tissue expression;
CPTAC: Clinical Proteomic Tumor Analysis Consortium;

GEPIA2: Gene Expression Proﬁling Interactive Analysis, version 2;
GEO: Gene Expression Omnibus; Jvenn: An interactive Venn diagram viewer.

Genetic variation analysis
Immune infiltration analysis

Gene enrichment analysis

However, compared with the control group, HMGBI
expression in kidney chromophobe (KICH), lung
adenocarcinoma (LUAD) (P < 0.001), and prostate
adenocarcinoma (PRAD) (P < 0.05) were relatively low
(Figure 1A).

We used the GTEx dataset to obtain normal tissue data
as a control, and further evaluated the HMGBI expression
differences between the tumor and normal tissues. The
results showed that HMGBI was highly expressed in CHOL,
COAD, lymphoid neoplasm diffuse large B-cell lymphoma
(DLBC), GBM, brain lower grade glioma (LGG), READ,
pancreatic adenocarcinoma (PAAD), STAD, and thymoma
(THYM) (Figure 1B, P < 0.05).

In addition to transcription, CPTAC was used to
evaluate HMGBI1 at the protein level. As displayed in
Figure 1C, we found that the total protein expression of
HMGBI1 in COAD, GBM, LIHC, ovarian cancer (OV)
was significantly higher than that in normal tissues
(all P < 0.001). However, the HMGBI1 protein expression
in the breast cancer (BRCA) (P < 0.01), uterine corpus
endometrial carcinoma (UCEC), LUAD, and PAAD
(P <0.001) was decreased.

By using GEPIA2 tool, we probed the relationship
between HMGBI expression and tumor pathological stage,
including adrenocortical carcinoma (ACC), LIHC, skin
cutaneous melanoma (SKCM), and THCA (Figure 1D, all
P <0.05).

3.2. Survival analysis

On the basis of the expression level of HMGBI, cancer
cases were divided into low expression group and high
expression group. Then, we used TCGA and GEO datasets
to explore the correlation between HMGBI expression
and prognosis of patients with different tumor types. As
displayed in Figure 2A, the high expression of HM GBI was
related to poor OS in ACC (P < 0.01) and LUAD (P < 0.05)
cancers. On the contrary, the low expression of HMGBI
was related to poor OS in KIRC (P < 0.05) and THYM
(P < 0.05). DFS analysis displayed that the high expression
of HMGBI was associated with the poor prognosis in ACC
(P < 0.001), CESC (P < 0.01), HNSC (P < 0.05), LUAD
(P <0.05), and SARC (P < 0.05) (Figure 2B).

3.3. Genetic variation analysis

Cancer in humans occurs as a result of an accumulation
of genetic changes. We researched the HMGBI genetic
variations among different tumor samples in the TCGA
list. From our analysis, we found that the frequency
of HMGBI variation (>4%) was the highest in DLBC
tumors, mainly including “mutation” and “deep deletion”
types. Colorectal cases have the highest frequency in the
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Figure 1. Expression and protein level of HMGBI1 in human tumors. (A) Expression level of HMGBI in TCGA tumors versus adjacent tissues (if available)
as visualized by TIMER2. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Box plot representation of HMGBI expression level comparison in CHOL, COAD, DLBC,
GBM, LGG, PAAD, READ, STAD, and THYM (TCGA project) relative to the corresponding normal tissues (GTEx database). *P < 0.05. (C) Total protein
level of HMGBI in normal tissue and primary COAD, GBM, LIHC, OV, BRCA, UCEC, LUAD, and PAAD. Protein data was extracted and analyzed using
CPTAC. **P < 0.01; ***P < 0.001. (D) Stage-dependent expression level of HMGBI1. Major pathological stages (stage I, stage II, stagelll , and stage IV) of
ACC, LIHC, SKCM, and THCA were assessed and compared using TCGA data. Expression levels are expressed in Log 2 (TPM + 1).

HMGB1:High mobility groupbox 1; TCGA: The Cancer Genome Atlas; TIMER2: Tumorimmuneestimation resource, version 2; CHOL: Cholangiocarcinoma;
COAD: Colon adenocarcinoma; DLBC: Diffuse large B-cell lymphoma; GBM: Glioblastoma multiforme; LGG: Lower grade glioma; PAAD: Pancreatic
adenocarcinoma; READ: Rectum adenocarcinoma; STAD: Stomach adenocarcinoma; THYM: Thymoma; GTEx: Genotype-tissue expression; LIHC: Liver
hepatocellular carcinoma; SKCM: Skin cutaneous melanoma; THCA: Thyroid carcinoma; BRCA: Breast cancer; UCEC: Uterine corpus endometrial
carcinoma; LUAD: Lung adenocarcinoma; CPTAC: Clinical Proteomic Tumor Analysis Consortium.

“amplification” type of CNA, with a frequency of about
~4% (Figure 3A). It is worthwhile noting that all ACC
cases with genetic variation (about ~1% frequency) had
HMGBI copy number deletion (Figure 3A). Figure 3B
shows the types, sites and number of cases of HMGBI
gene variation. We have not distinguished the main
types of genetic changes, and their locations appear to be
sporadic, with some belonging to the HMG-box domain.
For example, a truncating mutation, R163*/Q alteration,
in the HMG-box domain, was only detected in 2 cases
of UCEC and 1 case of GBM. The R163*/Q site is in the

3D structure of HMGBI protein (Figure 3C). Besides,
we searched the underlying association between certain
genetic variations of HMGBI and the clinical survival
prognosis of patients with different cancer types. We
studied and collected information of various tumor types,
and the data in Figure 3D showed that UCEC patients
with HMGBI variation had better prognosis in terms
of progression-free survival (PFS) (P < 0.05) than those
without HMGBI variations. However, no significant
differences were observed in OS (P = 0.0505), disease-
specific survival (DSS) (P > 0.05), and DFS (P > 0.05).
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Figure 2. Correlation between the expression level of HMGBI and patient survival in TCGA tumors. GEPIA2 was used to evaluate the relationship

between HMGBI gene expression and overall survival (A) and disease-
Kaplan-Meier curves are presented.
HMGBI: High mobility group box 1; TCGA: The Cancer Genome Atlas;

3.4. Protein phosphorylation analysis

Phosphorylation is one of the key processes for protein
to exert biological effects, and phosphorylation state
(e.g., phosphorylation and dephosphorylation) is known
to be critical in the occurrence of tumor. Therefore, the
differences of HMGBI1 phosphorylation levels between
normal tissues and primary tumor tissues were compared.

free survival (B) in all TCGA tumors. Positive results of survival diagram and

GEPIA2: Gene Expression Profiling Interactive Analysis, version 2.

CPTAC dataset was used to analyze three kinds of tumors
(BRCA, lung cancer and UCEC) in details. As shown in
Figure 4A, we observed that S35 phosphorylation level of
HMGBI in primary tumor tissues of BRCA, lung cancer
and UCEC was significantly reduced. At the same time, we
found that the S100 phosphorylation level of BRCA and
lung cancer was low (Figure 4B-D).
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Figure 3. Mutation status of HMGBI in TCGA tumors. Mutation status of HMGBI in TCGA tumors was analyzed using the cBioPortal tool. The alteration
frequency with mutation type (A) and mutation site (B) is displayed. (C) Mutation site (R163*/Q) within the HMG-box domain is shown in the 3D
structure of HMGBI. (D) Analysis of the correlation between mutation status and PFS, OS, DSS, and DFS of UCEC using the cBioPortal tool.

HMGBI: High mobility group box 1; TCGA: The Cancer Genome Atlas; PFS: Progression-free survival, OS: Overall survival, DSS: Disease-specific
survival; DFS: Disease-free survival; UCEC: Uterine corpus endometrial carcinoma.

3.5. Immune infiltration analysis

As a significant part of tumor microenvironment,
tumor-infiltrating immune cells are closely related
to the development, occurrence and metastasis of
tumors!"*2".  Cancer-associated fibroblasts in tumor
microenvironment matrix can take part in regulating the
function of various tumor infiltrating immune cells®?'%],
In this study, EPIC, MCPCOUNTER, XCELL, and TIDE
algorithms were used to seek the potential relationship

between different infiltration levels of immune cells and
HMGBI gene expression across different TCGA tumor
types. After analysis, we found that HMGBI expression
was positively related to the estimated infiltration value
of cancer-associated fibroblasts of BRCA-LumA, HNSC-
HPV,, MESO, and testicular germ cell tumors (TGCT),
but THYM was negatively correlated (Figure 5). The
scatterplots of the above-mentioned tumors are shown in
Figure 5.
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Figure 4. Tumor-associated protein phosphorylation of HMGB1. Comparison of HMGBI1 phosphorylated protein levels (S35 and S100 sites) in normal
and selected primary tumor tissues. (A) Phosphorylated protein sites detected in HMGB1 based on the CPTAC dataset are shown in the figure. (B-D) Box
plots representation of HMGB1 phosphorylated protein levels in BRCA, UCEC and lung cancer.

HMGBI: High mobility group box 1; UCEC: Uterine corpus endometrial carcinoma; CPTAC: Clinical Proteomic Tumor Analysis Consortium;

BRCA: Breast cancer.

3.6. HMGB1 enrichment analysis

To further research the molecular mechanism of HMGBI
gene in the occurrence and development of tumor, the
HMGBI-interacting proteins and HMGBI expression-
related genes were screened by enrichment analyses. STRING
was used to get a total of 50 HMGBI interacting proteins
which were verified in the experiments. The relationships
of these proteins are displayed in Figure 6A. GEPIA2 was
applied to combine all tumor expression data of TCGA
to obtain the top 100 genes that are related to HMGBI
expression. The expression level of HMGBI was positively
related to that of heterogeneous nuclear ribonucleoproteins
A2/B1 (HNRNPA2BI) (R = 0.68), heterogeneous nuclear

ribonucleoprotein DO (HNRNPD) (R=0.61), heterogeneous
nuclear ribonucleoprotein R (HNRNPR) (R = 0.63), KH
domain-containing, RNA-binding, signal transduction-
associated protein 1 (KHDRBSI) (R = 0.61), replication
factor C subunit 3 (RFC3) (R = 0.63), and structure-
specific recognition protein 1 (SSRPI) (R = 0.55) genes
(all P < 0.001, Figure 6B). The corresponding heatmap
indicated that HMGBI was positively correlated with the
above six genes in most cancer types (Figure 6C). The
interaction analysis of the above groups displayed that
there were four common members, namely, SSRP1, SRSF1,
SUPT16H, and high mobility group box 2 (HMGB2)
(Figure 6D).
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Figure 5. Correlation between HMGBI expression level and infiltration of cancer-associated fibroblasts. (A) EPIC, MCPCOUNTER, XCELL, and TIDE
algorithms were applied to analyze the correlation between the level of cancer-associated infiltration of fibroblasts and the level of HMGBI gene expression
in all TCGA tumors. Red color indicates a positive correlation (0-1), and blue color represents a negative correlation (-1-0). P < 0.05 is considered
statistically significant. Values with no statistically significant correlation are marked with crosses. (B) The associated results of scatter plots of BRCA-LumA,

HNSC-HPV-, MESO, TGCT, and THYM are listed.

HMGBI: High mobility group box 1; TCGA: The Cancer Genome Atlas; BRCA: Breast cancer; HNSC: Head and neck squamous cell carcinoma;
MESO: Mesothelioma; TGCT: Testicular germ cell tumors; THYM: Thymoma.

KEGG and GO enrichment analyses were used to
analyze the above two datasets which we combined. In
Figure 6E, KEGG data revealed that “spliceosome” and
viral carcinogenesis maybe involved in the influence of
HMGBI on the pathogenesis of tumors. GO enrichment
analysis data showed that most of these genes are related
to DNA state, such as catalytic activity acting on DNA,
chromatin DNA binding, single-stranded DNA binding,

telomeric DNA binding, and helicase activity (Figure 6F).
A simple list of expression/mutation of HMGBI1 among
different tumor types and its function is shown in Table 2.

4, Discussion

Many studies have shown that HMGB1 has many
biological functions across different cell types and
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Figure 6. HMGBI1 enrichment and pathway analysis. (A) STRING protein network diagram of experimentally determined HMGB1-binding proteins.
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HMGBL1: High mobility group box 1; TCGA: The Cancer Genome Atlas; GEPIA2: Gene Expression Profiling Interactive Analysis, version 2; KEGG: Kyoto
Encyclopedia of Genes and Genomes; GO: Gene Ontology; HNRNPA2BI: Heterogeneous nuclear ribonucleoproteins A2/B1; HNRNPD: Heterogeneous
nuclear ribonucleoprotein D0; HNRNPR: Heterogeneous nuclear ribonucleoprotein R; KHDRBSI: KH domain-containing, RNA-binding, signal

transduction-associated protein 1; RFC3: Replication factor C subunit 3; SSRP1I: Structure-specific recognition protein 1.

plays a critical role in many diseases such as cancer and
inflammatory diseases!**?”.. Studies have shown that
HMGBI is a highly conservative protein in different
species, and its functions in the nucleus are very
complex, including stabilizing nucleosome formation,
promoting the DNA bending, and increasing DNA
transcription, repair, replication, etc?**. Although
studies have reported the functions of HMGBI in many
physiological processes, whether HMGBI is involved
in the pathogenesis of different tumor types remains
unclear. Therefore, we conducted a pan-cancer analysis
of HMGBI. The methods include exploring HMGBI

gene expression in 33 different tumors based on TCGA
data, collecting and integrating protein and phosphor-
protein data, as well as gene mutations, and other
molecular characteristics by making use of GEO and
CPTAC databases.

From our results, the expression level of HMGBI
in CHOL, ESCA, HNSC, LIHC, STAD, LUSC, COAD,
READ, BLCA, and GBM tumor tissues is higher than
that of control tissues, but low expression was observed
in KICH, LUAD, and PRAD. These results are similar to
those found in other studies on STAD, COAD, LIHC,
and LUADP®3] The differential expression of HMGBI
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Table 2. Expression/mutation of HMGB1 among different tumor types and its function

Cancer Gene expression Survival Genetic variation Protein phosphorylation Immune infiltration
types
CHOL
COAD
ESCA
HNSC
LIHC
LUSC
READ
STAD
BLCA
GBM
KIRC - !
THCA -

PCPG --

CESC -- T
KICH
LUAD
PRAD
DLBC
LGG
PAAD
THYM
ov
BRCA
UCEC
ACC T

SARC 1

MESO 1
TGCT 1

B T e e I e T S

— = o o o 5

1: Tumor-promoting effect; -- : Insignificant correlation; |: Tumor-suppressing effect.

CHOL: Cholangiocarcinoma; COAD: Colon adenocarcinoma; ESCA: Esophageal carcinoma; HNSC: Head and neck squamous cell carcinoma;
LUSC: Lung squamous cell carcinoma; STAD: Stomach adenocarcinoma; LIHC: Liver hepatocellular carcinoma; READ: Rectum adenocarcinoma;
BLCA: Bladder urothelial carcinoma; GBM: Glioblastoma multiforme; KIRC: Kidney renal clear cell carcinoma; CESC: Cervical squamous

cell carcinoma and endocervical adenocarcinoma; THCA: Thyroid carcinoma; PCPG: Pheochromocytoma and paraganglioma; KICH: Kidney
chromophobe; LUAD: Lung adenocarcinoma PRAD: Prostate adenocarcinoma; DLBC: Diffuse large B-cell lymphoma; LGG: Lower grade glioma
PAAD: Pancreatic adenocarcinoma; THYM: Thymoma; OV: Ovarian cancer; BRCA: Breast cancer; ACC: Adrenocortical carcinoma; UCEC: Uterine
corpus endometrial carcinoma; MESO: Mesothelioma; SARC: Sarcoma; TGCT: Testicular germ cell tumors

in different tumors may suggest different potential and THYM. This is similar to what other studies have
mechanisms and functions. We also found that high found®!. However, Huang et al. revealed that HMGBI
HMGBI expression may predict the poor OS for patients overexpression was significantly correlated with poor

with ACC and LUAD. These results indicate that HMGB1 prognosis of patients with BLCA®\. These findings may

can be used as a biomarker to predict the prognosis of suggest that HMGBI expression is not the same across
tumor patients. various kinds of tumors. Based on the characteristics

of each tumor, high or low expression of HMGB1 may
We discovered that the low expression of HMGBI was provide a useful reference for the clinical treatment of
related to poor OS in some TCGA tumors, such as KIRC tumor patients.
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As for lung cancer, our research found that high expression
of HMGBI1 was correlated with poor OS (P < 0.05), and poor
DEFS (P < 0.05) in LUAD, but not in LUSC. In fact, many
studies have shown that HMGB1 can promote the occurrence,
proliferation, and metastasis of lung cancer®], but the
molecular mechanism and signaling pathway involving
HMGBI still need to be further clarified.

Compared with the corresponding control tissues,
the total protein expression level of HMGB1 in BRCA
tumor tissues was relatively lower. Studies have shown
that HMGBI1 has a close relationship with BRCA. The
majority of the BRCA studies have reported that HMGBI
can promote the migration and invasion of BRCAP*l,
MiR-142-3p can enhance the chemosensitivity of BRCA
and inhibit autophagy by targeting HMGB1™". Our findings
are contradictory to the literature reports. We consider that
these may be linked to the dual role of HMGBI in tumors.
These results also indicate that HMGB1 may play a crucial
role in the treatment of BRCA.

In addition to ACC and LUAD, our survival analysis
data also indicated that the high expression of HMGBI in
CESC, HNSC, and SARC was associated with poor DFS.
Li et al. and Xu et al. suggested that HMGBI expression
was a predictor of shorter OS and DFS in patients with
cervical cancer2. Liu et al. also indicated that HMGB1
was upregulated in human HNSC and overexpression
of HMGBI1 was significantly related to the malignant
progression and poor survival rate of HNSC patients,
suggesting that HMGB1 might be a potential therapeutic
target of HNSC*.,

In this study, our results showed that HMGBI
expression was positively correlated with the level of
cancer-associated fibroblast immune infiltration in certain
tumors, including BRCA-LumA, TGCT, HNSC-HPV', and
MESO. Nevertheless, the relationship between HMGBI
expression and THYM was reversed.

5. Conclusions

Our pan-cancer analysis of HMGBI demonstrates that the
expression of HMGBI is associated with clinical prognosis,
protein phosphorylation and immune cell infiltration in
various human tumors. These findings are very helpful
to decipher the role of HMGBI in tumorigenesis and to
further uncover the functions of HMGBI in tumors.
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Underexpression of SCN7A is associated with
poor prognosis in lung adenocarcinoma
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Yulian Chen™?*

"First Hospital of Yichang, Hubei, China
2People’s Hospital of China Three Gorges University, Hubei, China

Abstract

Lung cancer is one of the most common malignancies and the leading cause
of cancer-related deaths worldwide. Elucidating the mechanism behind the
development of lung cancer at a molecular level could reveal new biomarkers and
clinical therapeutic targets. A growing body of evidence has shown an association
between ion channel-related genes and the progression of various diseases,
including cancer. However, the association is not well-understood. In this study,
we identified ion channel-related genes differentially expressed between cancer
and normal lung tissue cells. Data were extracted from GSE31552, GSE33532, and
GSE103512 lung adenocarcinoma (LUAD) datasets, and the prognostic value of the
differentially expressed genes between LUAD and normal lung tissue was evaluated
using data in The Cancer Genome Atlas. Only sodium voltage-gated channel
alpha subunit 7 (SCN7A) was found to be significantly correlated to prognosis. The
expression of SCN7A in LUAD was assessed further by immunological analysis. We
also constructed a competing endogenous RNA network of SCN7A. Further analyses
revealed that the underexpression of SCN7A predicted a poor prognosis in LUAD,
with a strong correlation between SCN7A expression and immune cell infiltration as
well asimmune checkpoint expression. We found that SCN7A is potentially regulated
via the OTUD6B-AS1-miR-21-5p-SCN7A axis in LUAD cells and proved that SCN7A
inhibits the proliferation and migration of lung cancer cells in vitro. Taken together,
SCN7A, as an independent prognostic factor, is a promising diagnostic biomarker for
LUAD, and the OTUD6B-AS1-miR-21-5p-SCN7A axis is a potential regulatory network
of SCN7A expression.

Keywords: Lung adenocarcinoma; Gene Expression Omnibus; The Cancer Genome Atlas;
Immune infiltration; Competing endogenous RNA; Prognosis

1. Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, accounting for
nearly 2 million reported cases and 1.76 million deaths in 2020\ Non-small cell lung
cancer accounts for 80% of all lung malignancies, and the overall 5-year survival rate of
lung adenocarcinoma (LUAD) is 5%*\. Despite the numerous treatments available, the
prognosis of LUAD remains unsatisfactory. Due to the fact that early-stage lung cancer is
usually asymptomatic, the majority of patients with lung cancer are diagnosed at a more
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SCNT7Ais a protective factor in LUAD

advanced stage!". Therefore, we need to understand the
molecular mechanism of how lung cancer develops and
progresses to identify accurate markers for early diagnosis
and novel markers for treating the disease.

Ton channels are involved in many important biological
processes (BPs). The association between ion channels and
cancer development has been reported in many studies®®..
LUAD cells display specific changes in the expression of
ion channel-related genes. Since novel diagnostic markers
are urgently needed, these genes are promising clinical
biomarkers for LUAD diagnosis and prognosis prediction.
In addition, the therapeutic potential of ion channel-
related genes for solid epithelial tumors and breast cancer
have been reported”. However, we have not identified
any ion channel-related gene that could be targeted for
LUAD treatment.

In this study, differentially expressed genes (DEGs)
related to ion channel between LUAD and normal
tissues were identified from LUAD datasets (GSE31552,
GSE33532, and GSE103512) in the Gene Expression
Omnibus (GEO) databasel'*!'?), SCN7A was identified to
be significantly correlated to prognosis. The expression
profile, mutational landscape, immunological role, and
prognostic value of SCN7A for LUAD were all analyzed.
A competing endogenous RNA (ceRNA) network for
SCN7A was also constructed. We found that SCN7A
influences the survival of LUAD patients, suggesting that
SCN7A may be a protective factor in LUAD and can be
utilized to develop new therapeutic approaches.

2, Materials and methods
2.1.Data source and analysis

The GEO database (https://www.ncbinlm.nih.gov/
geo/) was used to download GSE31552, GSE33532, and
GSE103512 datasets for the expression of LUAD genes!"*,
which were then normalized using the quantiles function.
DEGs were identified by “limma” R package based on
P < 0.05 and [logFC| > 1. The “ggplot2” R package was
used to construct a volcano plot and heatmap. The genes
related to ion channels were identified from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(hsa04040), and The Cancer Genome Atlas (TCGA)
database (https://tcga-data.nci.nih.gov/tcga/) was used for
downloading the TCGA pan-cancer RNA-seq data.

2.2, Gene ontology and Kyoto Encyclopedia of
Genes and Genomes enrichment analyses

The Metascape platform integrates gene annotation,
enrichment analysis, and interactome analysis by
leveraging 40 independent gene expression databases!'.
The BP, cellular component (CC), molecular function

(MF), and DEGs-regulated pathways were identified from
the Metascape database.

2.3. Expression and prognostic analysis

Wilcox test was performed to analyze the prognostic
value of SCN7A for LUAD. Based on the plotted Kaplan-
Meier (KM) survival curves, “survival” and “survminer”
packages in the R software were used to conduct the
survival analysis. The evaluation of the relationship
between SCN7A expression and LUAD prognosis was by
univariate Cox regression besides utilizing a forest plot to
display it graphically.

2.4. Genes related to overall survival in lung
adenocarcinoma

The genes significantly related to overall survival (OS)
in LUAD were identified by univariate and multivariate
analyses. Apartfrom SCN7A, the other parameters analyzed
for inclusion in a predictive nomogram included calcium
voltage-gated channel auxiliary subunit alpha2delta 2
(CACNA2D?2) and glutamate ionotropic receptor AMPA
type subunit 1 (GRIA1), age, gender, and pathological
tumor-node-metastasis (pPTNM) stage. A forest plot was
used to display the effect estimates of the aforementioned
parameters on LUAD prognosis.

2.5. Messenger RNA transcription and protein level
expression analysis

A Sankey diagram was constructed to visually demonstrate
the influence of age, gender, pTNM stage, and SCN7A
mRNA expression on LUAD prognosis. A map of protein
expression in 32 human tissues was taken from the Human
Protein Atlas (HPA) database (http://www.proteinatlas.
org/)¥l. SCN7A protein expression levels between lung
cancer and normal tissues were analyzed in the HPA
database. SCN7A expression in lung cancer tissues
(167201_B_1_1, 167201_B_1 2, and 167201_B_1_3)
and normal tissues (167203_A_1_4, 167203_A_2_4, and

167203_A_3_4) was analyzed.

2.6. Mutations in lung adenocarcinoma tissue cells

cBioPortal (https://www.cbioportal.org/) contains five
published datasets and 15 provisional TCGA datasets and
provides data for mutational analysis!'®”.

2.7. Immunological analysis

The correlation between immune score and LUAD
prognosis was analyzed. TIMER2.0 (http://timer.cistrome.
org/) contains data on immune cell infiltration to cancer
tissues!!®l. The impact of somatic copy number alteration
(sCNA) of SCN7A on immune infiltration was analyzed
using TIMER?2.0 data.
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2.8. Upstream non-coding RNA analysis

miRGator v3.0 (http://mirgator.kobic.re.kr/
miRTargetNExpression.html) was used to predict
microRNAs (miRNAs) targeting and binding SCN7AM.
starBase (http://starBase.sysu.edu.cn/), a widely used
database for ncRNA-related analysis®", was used to predict
long non-coding RNAs (IncRNAs) binding SCN7A and
related LUAD prognosis.

2.9. Pathway correlation analysis

The “GSVA” R package was used for pathway correlation
assessment, and ssgsea was selected as a parameter in gene
set variation analysis (GSVA). Spearman’s correlation was
performed to evaluate the association between the selected
gene expression and LUAD prognosis.

2.10. Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted using Trizol. SynScript®lll RT
SuperMix for qPCR (Tsingke, TSK314S) was used for reverse
transcription. 2 x TSINGKE® Master SYBR GreenqPCR Mix-
UDG (Tsingke, TSE204) was used for qPCR. The primers used
were as follows: GAPDHE, CTGGGCTACACTGAGCACC;

GAPDHR, AAGTGGTCGTTGAGGGCAATG;
SCN7AE,  GCTTCGTAGCAAGTCCTCCA; SCN7AR,
GGGTCCACATCTTCCAAGGG.

2.11. Cell counting Kit 8 (CCK8) assay and wound
healing assay

After the cell confluency reached 90% in a 6-well plate, it
was changed to 2 mL serum-free medium for overnight
culture to deplete the residual serum, and scratches were
made the following morning. A549 cell was scrapped in a
straightline at 0 h, and images at 0 h, and 48 h were acquired
for analysis. CCK8 assay was performed using CCK8 (YZ-
CKO04) at day 1, day 2, day 3, and day 4, measuring the
absorbance value at 450 nm.

2.12, Statistical analysis

Rstudio software (R 4.0.3) was used for data analysis.
P < 0.05 or log-rank P < 0.05 was considered statistically
significant.

3. Results

3.1. Differentially expressed genes between lung
adenocarcinoma and normal tissues

GSE31552, GSE33532, and GSE103512 contained data
for 35, 40, and 27 LUAD tissues and 39, 10, and 7 normal
tissues, respectively. We identified 267 DEGs between
LUAD and normal tissues across the three datasets, of
which there were 67 overexpressed and 200 suppressed
genes (Figure 1A and B). Relying on Metascape data,

GO and KEGG enrichment analyses of the DEGs were
performed. In GO enrichment analysis, the main processes
were the extracellular matrix, circulatory system process,
and response to glucocorticoid (Figure 1C), whereas
the main pathways in KEGG enrichment analysis were
complement and coagulation cascades and extracellular
matrix (ECM)-receptor interaction (Figure 1D).

3.2. Prognostic value of key differentially expressed
genes

Ion channel-related DEGs, including GRIAI, chloride
intracellular channel 5 (CLIC5), potassium sodium-
activated channel subfamily T member 2 (KCNT2),
SCN7A, and CACNA2D2, were identified (Figure 2A).
The expression of these five candidate genes in LUAD was
validated using the datain TCGA. The findings revealed that
CLIC5 was overexpressed in tumors but underexpressed in
adjacent normal tissues, whereas GRIA1, KCNT2, SCN7A,
and CACNA2D2 were underexpressed in tumor tissues
but overexpressed in normal tissues (Figure 2B). Further
analyses revealed that the overexpression of GRIAI,
SCN7A, and CACNA2D2 was associated with favorable
prognosis (Figure 2C-E), whereas the expression of CLIC5
and KCNT2 had no significant effect on LUAD prognosis.

3.3.SCN7A as an independent factor for LUAD
prognosis

Univariate Cox regression analysis confirmed that
CACNA2D2 (HR = 0.86896, P = 0.00028), GRIAI
(HR = 0.6111, P = 0.00063), and SCN7A (HR = 0.83379,
P =0.00409) had significant associations with the OS of
LUAD patients (Figure 3A). Further multivariate regression
analysis revealed SCN7A (HR = 0.82429, P = 0.03508) to
be the only independent predictor of LUAD prognosis
(Figure 3B). At the same time, we extracted variables with
significant differences to construct a nomogram prognostic
model to predict the 1-year, 3-year, and 5-year overall
survival of LUAD patients (Figure 3C,D). Sankey diagram
also showed that the overexpression of SCN7A in LUAD
was associated with better LUAD prognosis (Figure 4A).
These results showed that SCN7A is a protective factor for
LUAD prognosis.

3.4. Messenger RNA transcription and expression of
SCN7A protein in lung adenocarcinoma tissues

TCGA data analysis indicated that SCN7A mRNA
transcription and the expression of corresponding proteins
differed between gender and among different age groups.
Interestingly, there was a smaller proportion of patients
with high SCN7A expression in stages III and IV than
in Stages I and II. Furthermore, compared with the low-
expression group, the high-expression group had a lower
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Figure 1. Identification of differentially expressed genes (DEGs) between lung adenocarcinoma and normal tissues from GEO datasets. (A-B) Volcano plot
and heatmap of 267 DEGs. (C) Gene ontology enrichment analysis results inclusive of ME, BP, and CC. (D) Kyoto Encyclopedia of Genes and Genomes

pathway enrichment analysis results.
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Figure 2. Expression and prognostic analysis of candidate genes. (A) Venn diagram showing five differentially expressed gene (DEGs) overlapping with ion
channel-related genes (B) Expression analysis of five candidate genes using the lung adenocarcinoma (LUAD) data in The Cancer Genome Atlas (TCGA):
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GRIA1, SCN7A, and CACNA2D2 for LUAD using the LUAD data in TCGA.

Volume 2 Issue 1 (2023)

4

https://doi.org/10.36922/gpd.363


https://doi.org/10.36922/gpd.363

Gene & Proteinin Disease

SCNT7Ais a protective factor in LUAD

Uni_cox Pvalue Hazard Ratio(95% CI) Mult_cox p.value Hazard Ratio(95% Cl)
CACNA2D2 0.00028 0.86896(0.80554,0 93738) L] CACNA2D2 0.25545 0.9404(0.8459,1.04546) (]
GRIAL 0.00063 0.6111(016071,0.81056)  Ho~4 1 GRIA1L 0.89598 1.02753(0.68383,1.54399) ——
|
SCNTA 0.00409 0.83379(0.73649.0.94395) L SCN7A 0.03508 0.824929(0.6887,0.98657) ]
Age 0.2786 1.00844(0.99323,1.02388) L3 Age 0.15295 1.0129(0.99525.1.03086) L 3
Gender 0.64769 LO7O1R(D.80006,1.43149) —— Gender 0.99746 1.00056(0.7109,1.40823) ——
pT-stage <0.0001 1.55525(1.29333,1.87023) —e— pT-stage 0.00206 1.4164(1.13511,1.76739) —
|
pN-stage <0.0001 1.71434(1.44575,2.03283) | o PN siage 0.00019 1.51203(1.21685,1 8788 1) —
|
|
PM stage 0.0051 2.14329(1.25116,3 67155) | ——— PM stage 0.05886 1.75019(0.97864,3.23824) —
T T T T T T T T T T T T T
05 1 15 2 25 3 35 0.68383 1.5 2 25 3
C Havard Ratio Havard Ratio
n " n 30 10 s0 on ) 0 %0 100 D = NN TR VR LI TR O I'"'|'l‘|]ll|'|"f‘|'1T'|‘ITI"H""|""I'Ia|| Il
Points 4 + ' t+ + =7 - l—ycar i
3 year g%
SCNTA - S—year % 2%
6543210 C—index : 0.69%(0.648-1) = » {Q X
. L p-value = p < 0,001 “ o
pT_stage o e L
g —_ T
Tl T é @ | o
NO N2 <
PN_stage 4 T -8 o
N3 NI ; o R X
2 o
“lotal Points T T T T o g 1 /
0 20 10 @ 20 100 120 110 160 o) ¥ {
/
Linear Predictor T — - >.< & =346 d=139 p=7. 34.6 subjects per group
-15 -13 2.5 -5 =05 0 05 1 15 2 25 = 4 Gray: idcal
o~ X = resampling aptimism added, B=200
L year survival Pro X/ Based on ohserved=predicted
095 09 08 0706003 -~
<
=
3 year survival Pro T I I I T T
095 09 08 070.60.0.03.20.1 0.0 02 04 0.6 0.8 10

5 year survival Pro

095 09 08 0.70.60.90.0.2020.1

Nomogram—prediced(%)

Figure 3. Predictive nomogram showing the prognosis prediction potential of GRIAI, SCN7A, and CACNA2D2 for lung adenocarcinoma (LUAD).
(A and B) Univariate and multivariate regression analyses of the relationship between GRIAI, SCN7A, and CACNA2D2 expression and LUAD
prognosis. (C and D) Nomogram of risk score and other clinical characteristics to predict the 1-year, 3-year, and 5-year overall survival (OS) of LUAD

patients.

proportion of stage II-IV cancers and a higher proportion
of survival (Figure 4A). These results link high SCN7A
expression with better survival outcomes.

Immunohistochemistry (IHC) analysis confirmed
that SCN7A was moderately expressed in normal
tissues but was entirely absent in lung cancer tissues
(Figure 4B). These results showed that mRNA and
protein levels of SCN7A are lower in LUAD tissues than
in normal tissues.

3.5. Mutation studies of SCN7A in lung
adenocarcinoma

Since ion channels are involved in many cellular processes,
mutations in related genes could cause a variety of
diseases?!!. We screened for SCN7A mutations in LUAD
genes based on the data in cBioPortal database. SCN7A
mutations were detected in 6% of LUAD tissues, most of
which were missense mutations. A total of 28 mutation
sites and seven truncation mutations were identified in the
genome of LUAD cells (Figure 5).

3.6. Immunological analysis of SCN7A in lung
adenocarcinoma

The prognostic value of SCN7A for LUAD was evaluated. We
first analyzed how SCN7A expression correlates to immune
cell infiltration to the tumor site based on the TIMER score.
The results revealed a strong positive association between
SCN7A expression and the infiltration of six immune
cell subtypes: B cells (r = 0.33, P = 8.1e-15) (Figure 6A),
CD4* T cells (r = 0.34, P = 1.98e-15) (Figure 6B), CD8*
T cells (r = 0.33, P = 2.05e-14) (Figure 6C), neutrophils
(r = 021, P = 2.04e-06) (Figure 6D), macrophages
(r=0.42, P = 2.36e-23) (Figure 6E), and myeloid dendritic
cell (r =0.35, P = 2.99¢-16) (Figure 6F). In addition, the
infiltration of the aforementioned immune cells was
associated with favorable LUAD prognosis.

We then analyzed the sSCNA of SCN7A in pan-cancer
using data in TIMER2.0 database (Figure 7A). We found
that the sSCNA of SCN7A affects the infiltration of various
immune cells, including CD4* T cells, macrophages,
neutrophils, and dendritic cells, in LUAD (Figure 7B).
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Figure 4. Messenger RNA (mRNA) transcription and expression of SCN7A protein in lung adenocarcinoma (LUAD). (A) Trend in the expression of
SNC7A mRNA in LUAD among different stages, people of different age, and between gender; and the relationship between SNC7A expression and the
overall survival (OS) of LUAD patients. (B) SCN7A protein level in lung cancer tissues and normal tissues from the Human Protein Atlas database.
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Figure 5. Somatic mutation landscape of SCN7A in lung adenocarcinoma (LUAD) cells.

To explore the correlation between SCN7A and immune
checkpoint therapy in LUAD, we assessed the correlation
between SCN7A expression and immune checkpoints.
Cytotoxic T-lymphocyte associated protein 4 (CTLA4),
hepatitis A virus cellular receptor 2 (HAVCR2), programmed
cell death 1 ligand 2 (PD-L2), and T cell immunoreceptor
with Ig and ITIM domains (TIGIT) expressions were
positively correlated to SCN7A expression, whereas LAG3
expression showed a negative correlation (Figure 7C).

These results suggest a strong correlation between
SCN7A expression and immune cell infiltration to LUAD

tissues, consistent with the prognostic results. Thus, SCN7A
is a potential biomarker for LUAD prognosis prediction.

3.7. Upstream non-coding RNAs of SCN7A

We searched through miRGator v3.0 database containing
data for 25 miRNAs to identify the upstream regulatory
mechanism of SCN7A in LUAD. Given how miRNAs
regulate gene expression, miRNAs should be negatively
correlated with SCN7A. Thus, we selected 15 miRNAs
that were negatively correlated with SCN7A for further
investigation. The expression of these miRNAs in LUAD
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Figure 7. Inmunological analysis of SCN7A in cancer. (A) Distribution of the somatic copy number alteration (sCNA) of SCN7A in pan-cancer. (B) Effect
of SCN7A sCNA on the infiltration of immune cells to tumor site in lung adenocarcinoma (LUAD). (C) Correlation between the expression of SCN7A

and immune checkpoints in LUAD.

was analyzed; 14 miRNAs were found to be overexpressed
in LUAD (Figure 8A and Table 1). Further prognostic
assessment indicated that high miR-21-5p levels in LUAD
were associated with poorer prognosis (Figure 8B) but

the other miRNAs had no significant impact on LUAD
prognosis.

Through further searches in the starBase database, we
identified 14 IncRNAs that bind to miR-21-5p. LncRNAs
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Figure 8. Expression and prognostic value analysis of selected microRNAs (miRNAs) in lung adenocarcinoma (LUAD).
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Figure 9. Expression analysis and prognostic potential of selected long non-coding RNAs (IncRNAs) for lung adenocarcinoma (LUAD). (A) Expression
analysis of selected IncRNAs in LUAD. (B) Prognostic potential of OTUD6B-AS1 for LUAD.

also compete with miRNAs for binding mRNAs. We
found that AC108449.2, AC112512.1, FTX, LINC01184,
OTUDG6B-ASI, and SGMS1-AS1 regulate the expression
of SCN7A by binding to miRNA-21-5p. Further analyses
showed that AC108449.2, OTUDG6B-AS1, and SGMS1-AS1
were underexpressed in LUAD (Figure 9A). Prognostic
analysis revealed an association between OTUD6B-AS1
overexpression and better LUAD prognosis (Figure 9B).
Overall, SCN7A expression may be potentially regulated
through the OTUD6B-AS1-miR-21-5p-SCN7A axis.

3.8. Pathways regulated by SCN7A in lung
adenocarcinoma

We found that SCN7A closely participated in several
cellular processes, including hypoxia (r -0.4,
P = 1.06e-21) (Figure 10B), proliferation of tumor cells
(r = —0.66, P = 3.56e-66) (Figure 10C), expression of
ECM (r = 0.61, P = 1.63e-54) (Figure 10E), angiogenesis
(r =0.29, P = 1.06e-11) (Figure 10F), apoptosis (r = 0.25,
P 1.24e-08) (Figure 10G), DNA repair (r = -0.65,
P 1.41e-62) (Figure 10H), and expression of G2M
(r = -0.61, P = 4.25¢-54) (Figure 10I). but not in tumor
inflammation signature (r=-0.02, p=0.675) (Figure 10A)
and EMT markers (r=-0.03, p=0.497) (Figure 10D).

3.9. SCN7A inhibits the proliferation and migration
of lung cancer cells in vitro

To verify the role of SCN7A in lung cancer cells, SCN7A
was overexpressed in A549 cells. We found that the
expression of SCN7A increased by nearly 5 times compared
with the control group (Figure 11A). We then evaluated
the effect of SCN7A on the proliferation ability by CCK8
experiment and found that the overexpression of SCN7A
significantly reduced the proliferation ability of A549 cells
(Figure 11B). Through wound healing assay, we also found
that the overexpression of SCN7A significantly reduced

the migration ability of A549 cells (Figure 11C and D).
Consistent with our analysis, these results strongly support
the potential of SCN7A as a prognostic marker.

3.10. SCN7A expression in other cancer tissues

To investigate the role of SCN7A in other tumors, SCN7A
gene expression in other cancer tissues was analyzed.
Dysregulation of SCN7A was observed in 17 tumor
tissues, including bladder cancer (BLCA), breast cancer
(BRCA), cervical cancer (CESC), colon cancer (COAD),
esophageal cancer (ESCA), head and neck cancer (HNSC),
kidney chromophore (KICH), kidney clear cell carcinoma
(KIRC), kidney papillary cell carcinoma (KIRP), liver
cancer (LIHC), lung squamous cell carcinoma (LUSC),
prostate cancer (PRAD), rectal cancer (READ), stomach
cancer (STAD), thyroid cancer (THCA), and endometrioid
cancer (UCEC) (Figure 12). Further analyses revealed that
SCN7A could predict the prognosis of BLCA, LUSC, and
ovarian cancer (OV), apart from LUAD (Figure 13). In
addition, relying on the TIMER score, SCN7A expression
was found to be positively correlated to immune cell
infiltration in most cancers, including LUAD (Figure 14).
These findings suggest the importance of SCN7A in cancer
development and progression.

4, Discussion

At present, lung cancer is one of the most fatal
malignancies in the world. Identifying prognostic
markers and therapeutic targets for lung cancer are
crucial to treating this cancer. Studies have shown that ion
channels participate in the development and progression
of tumors®?!, underscoring the need to be aware of the
molecular mechanisms behind these events.

The function of SCN7A differs from that of other
related genes. Precisely, SCN7A does not act as a switch
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Figure 10. Pathways regulated by SCN7A in lung adenocarcinoma (LUAD) include (A) tumor inflammation, (B) cellular response to hypoxia, (C) tumor
proliferation, (D) epithelial-mesenchymal transition (EMT) markers, (E) ECM-related genes, (F) angiogenesis, (G) apoptosis, (H) DNA repair, and

(I) expression of G2M checkpoint.

for ion channels but regulates extracellular sodium ion
concentration®!. Current studies on SCN7A in tumors
remain scanty. Consistent with the results of a previous
study®!, we observed the downregulation of SCN7A
protein in LUAD tissues, and this was associated with
poor prognosis, implying that SCN7A could participate in
LUAD development. Our results also showed that SCN7A
has an inhibitory effect on the proliferation and migration
of lung cancer cells.

Ion channels participate in inflammatory and immune
responses in cancer cells®?. Our results showed that

SCN7A was strongly associated with immune cell
infiltration. Rabbit models have revealed that SCN7A
knockdown reduced the infiltration of macrophages and
neutrophils®?Y, consistent with our results. These results
indicate that SCN7A may affect the tumor immune
microenvironment.

ceRNA mechanism has proven to be involved in
regulating gene expression through ncRNAsP4. We
identified that SCN7A expression is regulated via the
OTUDG6B-AS1-miR-21-5p-SCN7A  axis. Interestingly,
OTUDG6B-AS1 has been reported to suppress cancer
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Table 1. MicroRNA (miRNA) expression between lung
adenocarcinoma and normal tissues

miRNA Fold change  P-value  False discovery rate
hsa-miR-21-5p 9.2 6.10e-101 1.60e-97
hsa-miR-93-5p 2.73 2.00e-11 3.60e-10
hsa-miR-570-3p 3.84 3.30e-06 3.10e-05
hsa-miR-590-3p 3.08 1.10e-23 6.10e-22
hsa-miR-182-3p 15.57 7.00e-05 0.00054
hsa-miR-17-3p 2 2.30e-09 3.30e-08
hsa-miR-576-5p 2.14 8.80e-07 9.00e-06
hsa-miR-577 124.3 1.30e-20 5.70e-19
hsa-miR-20a-5p 4.76 1.20e-26 7.20e-25
hsa-miR-155-5p 2.07 0.00048 0.0031
hsa-miR-556-5p 13.6 5.10e-06 4.60e-05
hsa-miR-331-5p 1.34 1.20e-06 1.20e-05
hsa-miR-106b-5p 1.38 1.20e-13 2.60e-12
hsa-miR-96-3p 15.09 0.00044 0.0029
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Figure 11. SCN7A as a protective factor in lung cancer cells. (A) SCN7A
mRNA expression between the control group and SCN7A overexpression
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overexpression group. (C and D) Migration ability between the control
group and SCN7A overexpression group (scale bar: 200um). **P < 0.01,
P < 0.001, ¥*P < 0.0001.

progression in colorectal and thyroid cancers™"). miR-
21-5p contributes to lung cancer progression by inhibiting
SMAD family member 7 (SMAD7) expression®, while
miR-21-5p inhibitors can effectively suppress lung cancer
progression®. These studies suggest that the OTUD6B-
ASI-hsa-mir-21-5p-SCN7A axis may have an important
role in LUAD.

We also identified mutations and the role of SCN7A
in pan-cancer prognosis. We found that SCN7A could
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Figure 12. Expression of SCN7A in pan-cancer tissues.

predict the prognoses of LUSC and OV besides LUAD.
Notably, SCN7A has been reported to be associated with
poor prognosis in LUSCHL Our correlation analysis
revealed a positive association between SCN7A expression
and immune cell infiltration to most tumor tissues. These
results suggest that SCN7A has significant research value
in pan-cancer.

In conclusion, our work demonstrated that the
underexpression of SCN7A predicts a poor prognosis in
LUAD, thus indicating that SCN7A is a potential target in
the treatment of LUAD. Notably, OTUD6B-ASI and miR-
21-5p are the ncRNAs that regulate SCN7A expression. The
role of SCN7A in LUAD prognosis needs to be validated by
in vivo studies.
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Figure 13. Prognostic value of SCN7A for pan-cancer.
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Abstract

While the previous studies have discussed the association of narcolepsy with
autoimmune diseases, autoimmune thyroid disease (IATD) has rarely been described
in patients with narcolepsy. The association of narcolepsy with thyroid disease is
intriguing for speculating the causal or coexisting autoimmune disorder. We report
a case of narcolepsy Type 1 with IATD, presenting with excessive daytime sleepiness
(EDS), cataplexy attacks, and unexplainable weight gain. Oral modafinil and sodium
oxybate were used for treatment and prevention. During the 1-year follow-up, the
patient’s EDS and cataplexy attacks improved. However, the patient developed
hypothyroidism and was subsequently prescribed with thyroid replacement therapy.

Keywords: Autoimmune thyroid disease; Narcolepsy; Mechanism; Autoimmunity; Case
report

1. Background

Narcolepsy is a chronic sleep disorder, primarily associated with excessive daytime
sleepiness (EDS), cataplexy attacks, sleep paralysis, and hypnagogic hallucinations?,
which affects one in every 2,000 individuals®. Autoimmune-mediated destruction
of hypocretin neurons is thought to be the main pathophysiological mechanism of
narcolepsy™°l. More than 98% of narcolepsy patients with cataplexy are HLA-DQB1*06:02
positivel®l. Although the previous studies have reported the association of narcolepsy
with autoimmune diseases®), no reports of autoimmune thyroid disease (AITD) have
ever been described in patients with narcolepsy. Furthermore, the pathogenesis of
narcolepsy-associated autoimmune disorders has yet to be established. In this report, we
present a case of narcolepsy with AITD as comorbidity.

2. Case presentation

A 14-year-old female patient presented to the hospital with a 5-year history of EDS,
inexplicable weight gain, and cataplexy attacks. The patient reported that she often
falls asleep during class, while doing her homework, or using her cellphone without
any obvious cause, and then wakes up after 3 — 5 min; she also reported that whenever
she was emotionally agitated, she would experience a transient weakness in both lower
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limbs, causing her to fall down, but would be relieved after
a few seconds; she also experienced sleep fragmentation
at night with excessive dreams. At the same time, she was
surprised to find that her body weight had increased by
approximately 25 kg within a year. A standard neurological
examination and a neuropsychological assessment of
the patient were performed by a neurologist. She scored
18 points on the epworth sleepiness scale, which was
used to assess the degree of subjective sleepiness), and
12 points on the Pittsburgh Sleep Quality Index, suggesting
average sleep quality. The magnetic resonance imaging and
magnetic resonance angiography of her brain were normal.
She was otherwise well with no significant comorbidity or
family history of neurological illness. Given these clues,
polysomnography (PSG) and multiple sleep latency test
(MSLT) were performed on the patient to further clarify
the diagnosis. PSG study showed a total sleep time of
579.5 min, sleep efficiency of 76.5%, and apnea-hypopnea
index of 1.7/h, which can exclude obstructive sleep apnea
(Table 1). Her MSLT showed a mean sleep latency of
0.7 min and four sleep-onset rapid eye movement periods
(SOREMPs) in five naps without notable sleep paralysis.
Her cerebrospinal fluid hypocretin-1, measured by
enzyme-linked immunosorbent assay, was 71.54 pg/mL.
In addition, she was found to be HLA-DQB*06:02 positive.
According to the International Classification of Sleep
Disorders, 3 edition (ICSD-3), we diagnosed the case as
narcolepsy Type 1 (NT1).

Laboratory tests for the patient, including complete
blood count, renal function, electrolytes, cardiac enzymes,
liver enzymes, sex hormones, fasting growth hormone,
autoimmune encephalitis antibody, immunoglobulin, and
complement tests, were all normal. However, her serum
25-hydroxyvitamin D (25(OH)D) level was 12.45 ng/mL
(normal range >20 ng/mL), and her thyroid function test
showed abnormally high levels of thyroglobulin antibody
(TgAb) and thyroid peroxidase antibody (TPOAD)
(Table 2). Her thyroid gland was normal in texture and
size. Following-up with the patient’s past medical history,
the patient had not consumed any antithyroid drugs.
There was also no antecedent history of thyroidectomy,
neck radiotherapy, and radioactive iodine (**'I) therapy
for hyperthyroidism. Based on her medical history and
laboratory tests, she was diagnosed with AITD. Given

Table 1. Result of PSG

the patient’s normal thyroid function, no treatment was
administered. Only modafinil was prescribed to improve
the patient’s sleep symptoms. After a year of follow-up,
the patient’s sleep symptoms and thyroid function were
re-evaluated. We found a significant improvement in the
patient’s EDS; however, she developed hypothyroidism.
Otherwise, there was also significant improvement in her
cataplexy attacks. Following a discussion with the patient
and her family members, the patient was started on thyroid
replacement therapy so as to achieve a euthyroid state,
while still receiving modafinil.

The research protocol of this study was approved by the
Research Ethics Committee of Henan Provincial People’s
Hospital, and the participant signed the written informed
consent forms.

3. Discussion

The previous studies have found that the prevalence rate
of immunopathological diseases is higher in patients
with narcolepsy®!®!!. Cataplexy, in particular, is often
associated with comorbid immunopathological diseases
associated with narcolepsy®. However, to the best of our
knowledge, this is the first case of narcolepsy with AITD.
According to the ICSD-3 diagnostic criteria for narcolepsy,
this case was not difficult to diagnose. In addition, the
previous studies have also demonstrated that weight
gain, in particular, is often related to narcolepsy with
cataplexy!*!'¥l. Impaired feeding behavior, including binge
eating, nocturnal eating, and increased food cravings, may
contribute to this phenomenon™®. In addition, abnormal
energy metabolism and reduced spontaneous activity are
also important factors that contribute to the altered body
mass index!¢l.

AITD is characterized by the dysfunction of thyroid
tissue by antibody-mediated immune inflammation!'”).
TPOAb and TgAb are the main thyroid autoantibodies
that cause thyroid destruction and suppression of
function. They are sensitive indicators for the diagnosis
and prognosis of autoimmune thyroid disease!". Elevated
levels of TPOAb and TgAb are early manifestations in
patients with Hashimoto’s thyroiditis (HT) and may have
initiated certain pathophysiological changes in the thyroid
gland, albeit the normal thyroid function occasionally.

TST AWN/h WASO SE N1 N3 REM Al PLMI AHI
(min) (%) (%) (%) (%) (%) (event/h) (event/h) (event/h)
Value 579.5 4.0 13.4 76.5 29.2 11.9 15.5 6.1 0.4 1.7

PSG: Polysomnography; AHI: Apnea-hypopnea index; AI: Arousal index; AWN/h: Awakenings per hour; N1, N2, N3: Standard non-rapid eye
movement sleep stages; PLMI: Periodic limb movement index; REM: Rapid eye movement sleep; REML: Rapid eye movement sleep latency; SE: Sleep

efficiency; TST: Total sleep time; WASO: Wakefulness after sleep onset
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Table 2. Laboratory studies

Variables Baseline value Normal range
T, 1.36 ng/mL 0.91-2.18 ng/mL
T, 7.02 pg/dL 5.91-13.2 pg/dL
FT, 6.11 pmol/L 3.93-7.7 pmol/L
FT, 14.24 pmol/L 12.6-21 pmol/L
TSH 2.38 ulU/mL 0.51-4.3 ulU/mL
TgAb 12.1 IU/mL 0-4 IU/mL
TPOAD 243.53 IU/mL 0-9 IU/mL

T,: Triiodothyronine; T,: Thyroxine; FT,: Free triiodothyronine;
FT,: Free thyroxine; TGAb: Thyroglobulin antibody; TPOAb: Thyroid
peroxidase antibody; TSH: Thyroid stimulating hormone

In this case, the patient’s thyroid function was normal on
admission but she tested positive for thyroid antibodies.
The previous studies have suggested that abnormal
thyroid function may be preceded by prolonged thyroid
autoimmune abnormalities and that most thyroid function
abnormalities are predominantly hypothyroid™. In this
case, despite the short follow-up period, abnormal thyroid
function was observed after a year, thus suggesting that
annual screening of thyroid function is necessary for
narcolepsy patients with positive thyroid antibodies.

It is noteworthy that although the exact mechanisms
leading to neuronal destruction in narcolepsy remain
unclear™), environmental trigger, genetic factors, viral
infections, and autoimmunity have been found to be
associated with the pathogenesis of narcolepsy?2.
Epidemiological studies have reported a significant six to
nine times increase in incidence of narcolepsy in 2010%%,
and analyses have suggested that the cause of the increased
incidence in 2010 may be closely related to HIN1 influenza
infection in the winter of 2009 and the AS03-adjuvanted
influenza A vaccine™?. Studies have also found an
association between upper respiratory tract Streptococcus
pyogenes infection and narcolepsy™. In addition, the
association of narcolepsy with human leukocyte antigen
(HLA) has been extensively investigated, in which the
frequency of HLA-DQBI1*06:02 and HLA-DQAI*01:02
motifs has been found to be associated with the onset
of the disease®. However, there is a growing body of
evidence supporting the hypothesis that narcoleopsy isa T
cell-mediated autoimmune disease that attacks hypocretin
neurons?-#,

There are different mechanisms to explain the causal
relationship between narcolepsy and autoimmune diseases.
One explanation for the observed association between
narcolepsy and AITD is the common immunological
pathogenetic pathway. The previous studies have shown
that patients with one autoimmune disease are usually

at an increased risk of developing another autoimmune
diseasel®. HLA-DRBI1*0803 and DQBI*0601 haplotypes
have been found to be strongly linked with AITD®!. We
suspect that HLA-related homologous genes could make
it easier for specific autoantigens to be presented to self-
reactive T cells, leading to defects in peripheral autoimmune
responses and resulting in autoimmune diseases. All in all,
narcolepsy and AITD may share common susceptibility
genes, thus supporting the hypothesis that common genetic
variants lead to immune dysregulation and autoimmune
susceptibility. However, the specific susceptibility loci and
genes shared by narcolepsy and AITD remain unknown,
thereby requiring further research in this area.

Vitamin D has been shown to be an immunomodulatory
hormone®. Although the patient was measured for
Vitamin D deficiency in our case, we were unable to infer
with certainty the cause of the deficiency. At present,
the relationship between Vitamin D and narcolepsy is
understudied, and the findings are inconsistent®.
Interestingly, the previous studies have found that
Vitamin D deficiency contributes to the development of
AITD® T cells have immunomodulatory properties®.

Maintaining the T helper 17 cell/regulatory T cell
(Th17/Treg) balance that occurs during chronicinflammation
is an important key point in the treatment of autoimmune
diseases™. A growing body of evidence has demonstrated
that Vitamin D is associated with the inhibition of Th17 cell
differentiation and the upregulation of Tregs®.

In addition, the previous studies have demonstrated
that pro-inflammatory cytokines interleukin 6 (IL-6) is
upregulated in narcolepsy patients®’l. This finding supports
the hypothesis that inflammation is associated with the
pathophysiology of narcolepsy®®®. Cytokines are involved
in the pathogenesis of thyroid disease; they play a role in
the immune system and directly target thyroid follicular
cells®). Cytokines also have certain roles in promoting and
suppressing the development of autoimmune diseases“.
We hypothesize that appetitive-regulating cell-associated
antigens may be expressed in thyroid tissue; thus,
when Th17/Treg ratio imbalance and immune balance
disruption occur, the corresponding antibodies produced
against hypocretin neuron-associated antigens will act on
the thyroid tissue and promote the development of AITD.

4, Conclusion

Given that both narcolepsy and AITD have a basic
defect in immune regulation as a shared, similar
disease mechanism, thyroid autoantibodies and thyroid
function should be checked regularly to facilitate early
detection and treatment of abnormal thyroid function
and to prevent complications. Nevertheless, we lack
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sufficient data to demonstrate whether AITD is more
likely to occur in narcolepsy patients. Therefore, the
future studies should focus on autoimmune disorders
in larger sample sizes of narcolepsy patients to explore
the pathophysiological mechanisms of narcolepsy with
immunopathological diseases. This would allow us to
better understand the significance of immune-related
processes in the pathophysiology of these disorders.
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