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Abstract Drug targets are specific molecules inbi- comprehensive overview of various emerging drug tar-

ological tissues and body fluids that interact with
drugs. Drug target discovery is a key component of
drug discovery and is essential for the development of
new drugs in areas such as cancer therapy and precision
medicine. Traditional in vitro or in vivo target discovery
methods are time-consuming and labor-intensive, limit-
ing the pace of drug discovery. With the development of
modern discovery methods, the discovery and applica-
tion of various emerging technologies have greatly im-
proved the efficiency of drug discovery, shortened the
cycle time, and reduced the cost. This review provides a

get discovery strategies, including computer-assisted
approaches, drug affinity response target stability, mul-
tiomics analysis, gene editing, and nonsense-mediated
mRNA degradation, and discusses the effectiveness and
limitations of the various approaches, as well as their
application in real cases. Through the review of the
aforementioned contents, a general overview of the de-
velopment of novel drug targets and disease treatment
strategies will be provided, and a theoretical basis will
be provided for those who are engaged in pharmaceuti-
cal science research.

Address correspondence to: Debatosh Das, The Oak Ridge Institute for Science and Education (ORISE). E-mail: devbt15@
gmail.com; Mo-Xian Chen, State Key Laboratory of Green Pesticide, Key Laboratory of Green Pesticide and Agricultural
Bioengineering, Ministry of Education, Center for R&D of Fine Chemicals of Guizhou University, Guiyang 550025, China. E-mail:
cmx2009920734@gmail.com; or Jian Wu, State Key Laboratory of Green Pesticide, Key Laboratory of Green Pesticide and
Agricultural Bioengineering, Ministry of Education, Center for R&D of Fine Chemicals of Guizhou University, Guiyang 550025,
China. E-mail: jwu6@gzu.edu.cn

This work was supported by the National Key Research and Development Program of China (2022YFD1700200), the Science and Technology
Plan Project of Guizhou Province (Qiankehezhicheng [2024] the general 083), the Guizhou Provincial Basic Research Program (Natural Science)-
7ZK[2023]-099, the National Natural Science Foundation of China (3201452), the Program of Introducing Talent to Chinese Universities (111
Program, D20023), the Frontiers Science Center for Asymmetric Synthesis and Medicinal Molecules, Department of Education, Guizhou Province
(Qianjiache KY (2020)004), and the Guizhou Science and Technology Cooperation Foundation (ZK(2021)140), the Central Government Guides
Local Science and Technology Development Fund Projects (Qiankehezhongyindi (2023) 001).

All authors declare no conflict of interest.

17.-C.J. and X.Y. contributed equally to this work.

dx.doi.org/10.1124/pharmrev.123.001028.

This article has supplemental material available at pharmrev.aspetjournals.org.

896


https://orcid.org/0000-0003-3749-7201
https://orcid.org/0000-0002-6565-6372
https://orcid.org/0000-0001-6904-1271
https://orcid.org/0009-0000-9829-4833
https://orcid.org/0000-0003-3729-5669
https://orcid.org/0000-0003-4538-5533
https://orcid.org/0000-0002-9173-6608
https://orcid.org/0000-0003-3749-7201
https://orcid.org/0000-0002-6565-6372
https://orcid.org/0000-0001-6904-1271
https://orcid.org/0009-0000-9829-4833
https://orcid.org/0000-0003-3729-5669
https://orcid.org/0000-0003-4538-5533
https://orcid.org/0000-0002-9173-6608
mailto:devbt15@gmail.com;
mailto:devbt15@gmail.com;
mailto:cmx2009920734@gmail.com
mailto:jwu6@gzu.edu.cn
http://dx.doi.org/10.1124/pharmrev.123.001028
https://dx.doi.org/10.1124/pharmrev.123.001028

Drug Target Discovery Methods and Strategies

Significance Statement——Target-based drug discov-
ery has been the main approach to drug discovery in
the pharmaceutical industry for the past three decades.
Traditional drug target discovery methods based on

897

in vivo or in vitro validation are time-consuming and
costly, greatly limiting the development of new drugs.
Therefore, the development and selection of new meth-
ods in the drug target discovery process is crucial.

I. Introduction

Drug targets are biomolecules in the body that come
into direct contact with a drug to create an interaction.
The discovery of drug targets is crucial in the develop-
ment of new drugs for cancer therapy and precision med-
icine (An and Yu, 2021; Koivisto et al., 2022). Most drugs
exert their effects by interacting with target molecules
in vivo. The effectiveness of a drug largely depends on
its target (Hwang et al., 2021). Therefore, the search for
new drug targets has become the focus of intense compe-
tition in innovative drug research today.

A good target should be safe, effective, clinically
and commercially viable, and druggable (Gashaw et al.,
2011; Zhao et al., 2023b). The ideal drug target should
have the following characteristics: first, the drug target
should be closely related to the target disease and its
regulatory mechanism should be an important factor in
the disease; second, it should have one or more sites
where it can bind to other structural substances;
third, the drug target should be modifiable so that
the drug can modulate it when needed to achieve a
therapeutic effect; and fourth, the physiological ef-
fects arising from the structure of the substance need
to play an essential role in a complex regulatory pro-
cess. Finally, there may be endogenous small mole-
cules or exogenous ligands that bind to them and
have known pharmacological effects (Gashaw et al.,
2011).

As a critical part of drug development, the discov-
ery of the function of a potential therapeutic target
and its role in disease is the beginning of target dis-
covery and characterization (Xia et al., 2021). Target-
based drug discovery has been the primary approach
to drug discovery in the pharmaceutical industry for
the past three decades (Barnash et al., 2017; Ap and
Guo, 2019; Luo et al., 2019). Traditional drug target
discovery methods based on in vitro or in vivo valida-
tion of organisms are time-consuming and costly, sig-
nificantly limiting the development of new drugs
(Parvathaneni et al., 2019). Therefore, selecting the ap-
propriate method for drug target discovery is crucial. In
recent years, various new technologies have been applied
to drug target discovery and identification, which have
greatly facilitated the drug target discovery process.
Therefore, in this review article, we categorically discuss
the need for a variety of new and efficient target discov-
ery methods, including drug affinity response target

stability (DARTS), network and machine learning-based
approaches, gene editing, nonsense-mediated mRNA deg-
radation (NMD), and multiomics, from the perspectives
of both drug-centered target discovery and disease-centered
target discovery. In addition, we analyze the published liter-
ature on drug target discovery in the Web of Science Core
Collection database (Supplemental Fig. 1A). Through biblio-
metric analysis, we identified drug-target interactions, drug
discovery, machine learning, and deep learning as global re-
search hotspots and cutting-edge trends in recent years
(Supplemental Fig. 1, B and C).

II. Emergence of New Drug Target Discovery
Methods

Target discovery methods can be divided into two cate-
gories according to their focus: drug-centered target dis-
covery and disease-centered target discovery. Of these,
drug-centered target discovery focuses on identifying the
molecular targets of existing drugs and characterizing
the mechanisms of drug-target interactions. Disease-cen-
tered target discovery focuses on the backtranslation of
pathological phenotypes to animal and in vitro models
aiming to identify the biological molecules that are
responsible for these phenotypes by means of genetic
manipulation of these models. In the following sec-
tion, we provide a categorical overview of different
target discovery approaches, including DARTS, net-
work and machine learning-based approaches, gene
editing, NMD, and multiomics, from the perspective
of both drug-centered and disease-centered target
discovery.

A. Drug-Centered Target Discovery Methods

1. Drug Affinity Responsive Target Stability. Under
physiological conditions, proteins are in dynamic equi-
librium. When a specific ligand (e.g., a drug) binds, a
thermodynamically more stable state results due to hydro-
phobic, hydrogen bonding, or electrostatic interactions
formed between the protein and the drug ligand. In this
state, the conformational changes of the target protein are
significantly reduced and the resistance to protease hydro-
lysis is significantly increased (Li et al., 2023). DARTS is
a new approach to target discovery that was discovered in
recent years. DARTS focuses on monitoring changes in
the protein stability of biologically active small molecule
receptors by observing whether ligands in mixed solutions
can protect target proteins from degradation, thereby re-

ABBREVIATIONS: DARTS, drug affinity responsive target stability; DTI, drug-target interaction; gRNA, guide RNA; NMD, nonsense-
mediated mRNA degradation; PCR, polymerase chain reaction; PTC, premature termination codon.
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vealing the interactions between ligands and proteins in
cells or tissues and identifying potential target proteins
(Hwang et al., 2020b; Huang et al., 2021).

DARTS consists of five steps (Fig. 1A): 1) Sample prep-
aration: cell lysates or purified proteins are used to pre-
pare protein libraries for subsequent assays. 2) Small
molecule or drug treatment: specific small molecules or
drug candidates treat each aliquot of protein specimen.
Small molecules or drugs are usually added at a particu-
lar concentration to assess their binding affinity to the
target protein. 3) Protease treatment: the protein sample
is divided into multiple aliquots, and each aliquot is
treated with a protease, usually a nonspecific protease
such as thermolysin or proteinase K, which degrades un-
protected proteins in the sample. 4) Protein stability
analysis: after proteolytic digestion, the treated and non-
treated groups were analyzed via techniques such as
SDS-PAGE or mass spectrometry, and the two groups
were compared. The protein hydrolysis fragments gener-
ated from the two groups were compared. 5) Target pro-
tein identification: if a small molecule or drug binds to a
protein, it stabilizes the protein and reduces protein deg-
radation (Ren et al., 2021).

DARTS has several advantages in the drug target dis-
covery process. It is a label-free small molecule target
identification technique that can be used for both com-
plex cell lysates and purified proteins (Hwang et al.,
2020a). It is a relatively simple and cost-effective method
compared with other target identification methods and
not only can be applied to most natural, unmodified
small molecules, but also does not require large quanti-
ties of pure proteins; moreover, phenotypic characteriza-
tion of model organisms is not restricted, and protein
samples can be obtained from organisms of cell lines or
tissues (Lomenick et al., 2009).

However, it must be noted that there are still some
limitations in the application of DARTS in the process
of drug discovery. On the one hand, due to the complexity
of protein libraries, there may be some misbinding be-
tween small-molecule drugs and proteins; on the other
hand, the positive results of some low-abundance pro-
teins can easily be overlooked in SDS-PAGE analysis.
Moreover, incorrect manipulation may also lead to false-
positive results. Therefore, DARTS is usually not used
alone but rather in combination with other techniques
such as liquid chromatography/tandem mass spectrome-
try (Ferraro et al., 2022; Park et al., 2024), coimmuno-
precipitation (Wang et al., 2021), and cellular thermal
transfer assay (Wu et al., 2021) to validate and identify
potential drug targets. In addition, some studies, such as
functional assays and in vivo experiments, are required
to confirm the relevance of the targets.

2. Network-Based and Machine Learning-Based Methods
for Predicting Drug Targets. Target prediction based
on network and machine learning methods has been es-
sential for drug-target interaction (DTI) prediction (Jung

Jia et al.

et al., 2022). DTI prediction problems can be divided into
four categories: 1) known drugs and known targets,
2) known drugs and new target candidates, 3) new
drugs and known targets, and 4) new drugs and new
target candidates. While the ultimate goal of network-
based and machine-learning approaches is the interac-
tive prediction of new drugs and target candidates,
most approaches in the literature are limited to the
first three categories (Bagherian et al., 2021).

Network-based approaches use relevant information
from bioinformatics networks, such as protein-protein in-
teraction networks, to predict drug targets (Zhang et al.,
2022b). These methods usually rely on the assumption
that proteins with similar interaction networks tend to
have similar functions or participate in similar biological
processes. The following are several commonly used net-
work-based target discovery methods: 1) guilt by associa-
tion: these methods assume that proteins interacting
with known drug targets are likely to be potential drug
targets themselves and identify proteins with similar
function or structure to known drug targets through bio-
informatics networks (Casas et al., 2019); 2) network-
based inference: this method of network-based inference
improves the accuracy of drug target prediction by com-
bining and analyzing multiple bioinformatics networks
and high-throughput data (Peng et al., 2021); 3) random
walks: this identifies the most relevant nodes to a known
drug target by modeling random wandering on the net-
work (Liu et al., 2022a; Xu et al., 2022).

Machine learning refers to the process by which a
machine learns from a large amount of historical data
through statistical algorithms and then guides other
tasks by building a generated empirical model. Re-
lated research on machine learning is a multidisci-
pline that specializes in studying how computers can
simulate or implement human learning behaviors to
acquire new knowledge, reorganize existing knowl-
edge structures, and continuously improve their own
performance (Narasimhan and Victor, 2023). Machine
learning-based methods employ algorithms to learn
patterns and relationships from training data to pre-
dict drug targets (Zhang et al., 2019). These methods
typically use various molecular descriptions or fea-
tures extracted from drugs’ and target proteins’ chem-
ical and biological properties. Machine learning-based
target discovery methods can be classified into three
categories: 1) supervised learning: supervised learn-
ing is the machine learning task of inferring a feature
from labeled training data. The labeled data repre-
sents the correspondence between inputs and outputs,
and the predictive model produces the corresponding
outputs for the given inputs (He et al., 2023). In su-
pervised learning, models are trained using labeled
data of known drug-target interactions. These models
can predict new drug-target interactions (Chen et al.,
2018, 2022b). Supervised learning algorithms include
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decision trees, random forests, support vector machines,
and neural networks (Zhang and Ma, 2019). 2) Semisu-
pervised learning: semisupervised learning is a key re-
search problem in the field of pattern recognition and
machine learning and is a learning method that com-
bines supervised and unsupervised learning. Semisu-
pervised learning uses a large amount of unlabelled
data, as well as labeled data at the same time, to per-
form pattern recognition work (Tanoori et al., 2021).
3) deep learning: deep learning is the process of learn-
ing the intrinsic patterns and levels of representation
of sample data, and the information gained from these
learning processes can be of great help in the interpreta-
tion of data such as text, images, and sound (Deng et al.,
2014). Deep learning models, especially deep neural net-
works, have broad application prospects in drug target
prediction. These models can automatically learn com-
plex representations from raw data to predict drug-target
interactions (Bagherian et al., 2021; Gupta et al., 2021).

It is worth noting that network-based and machine-
learning-based approaches are not mutually exclusive,
and they may overlap. For example, machine learning
models may include web-based features or use web-based
similarity data as input for prediction. The choice of the
specific approach depends on the available data, the spe-
cific problem, and the research objectives (Wu et al., 2018).

Current approaches based on overlaying network
and machine learning on top of each other to identify
unknown DTIs typically involve the following steps
(Fig. 1B): 1) data collection and preprocessing: data
on known drug-target interactions are collected from
public databases or the literature. Drug features (e.g.,
chemical structures, molecular descriptors) and target
features (e.g., protein sequences, structural informa-
tion) are collected. Preprocess and standardize the col-
lected data to ensure the drug’s and target features’
compatibility. 2) perform similarity analysis on known
drug components and similarity analysis on known pro-
teins, and perform feature compression and fusion to re-
duce feature dimensionality and information redundancy.
3) prediction of unknown DTI: unknown DTI is predicted
by trained machine learning models using unknown in-
teracting drug and target features (Chen et al., 2016; Wu
et al., 2018).

In recent years, computational methods for DTI
prediction, which avoid the problems of costly and
time-consuming large-scale in vitro and in vivo ex-
periments, have attracted increasing interest (Zhang
et al., 2023b). However, these methods also have their

Jia et al.

own limitations; e.g., the large amount of prediction
data and inaccuracy of the evaluation function usu-
ally lead to inefficient molecular docking. In addition,
despite the practical application of several traditional
machine learning models such as random forest and
support vector machines, although they greatly im-
prove the prediction efficiency, the performance and
effectiveness of these models are unsatisfactory (Azlim
Khan and Ahamed Hassain Malim, 2023). Fortunately,
the introduction of deep learning models has greatly
solved this problem, and the continuous improvement of
the three modules of target feature extraction, drug fea-
ture extraction, and prediction by integrating various
practical cases has greatly promoted the development of
drug-target interaction prediction (Li et al., 2022a).

B. Disease-Centered Target Discovery Methods

1. Gene Targeting Approaches Applied to Drug Target
Discovery. Targeted therapy refers to the targeted
intervention of key signaling molecules of a disease
through specific drugs or therapeutic methods, en-
abling doctors to precisely target specific molecular
targets of the disease, effectively improving the preci-
sion and efficacy of treatment (Bedard et al., 2020).
However, a known targeted therapeutic target is re-
quired as a prerequisite. Therefore, it is very impor-
tant to find targeted therapeutic targets.

Currently, there are a number of drug target dis-
covery technologies based on gene targeting. For ex-
ample, CRISPR-Cas9 technology selectively disrupts
or modifies specific genes to understand their roles in
disease pathways, enabling systematic studies of gene
function (Ravichandran and Maddalo, 2023); RNA inter-
ference technology can be used to transiently silence
genes, enabling researchers to study their effects on cell
function and disease pathways (Hu et al., 2020); zinc-
finger nucleases can be used to edit specific genes for
functional studies and to understand their role in disease
(Swarthout et al., 2011); and transcription activator-like
effector nucleases can be used to precisely edit genes, en-
abling researchers to create specific mutations for func-
tional studies (Cao et al., 2018). Peptide self-assembly
nanoplatforms based on “bottom-up” assembly methods
have also been widely used for precise targeting and tar-
geted therapy (Wang et al., 2023).

Among them, CRISPR-Cas-based functional screen-
ing technology is regarded as the most commonly used
gene targeting technology in drug target discovery
(Xu et al., 2021). The principle is that the guide RNA

steps can be divided into three steps: data collection and preprocessing, similarity analysis of known drug components and similarity analysis of known
proteins, and prediction of unknown DTIs. Disease-centered drug target screening: (C) gene editing methods applied to drug target discovery
(CRISPR~-Cas9 library screening). The process can be divided into four steps: selection of CRISPR libraries and design and construction of gRNA
libraries, delivery of CRISPR libraries and selection and drug treatment, creation of polymerase chain reaction libraries, and single-cell sequencing and analy-
sis. (D) Posttranscriptional regulation (NMD)-based screening of cancer drug targets. Cellular NMD activity target identification methods: endogenous assays,
such as plasmid reporter gene assays, determine intracellular NMD activity by transcriptional analysis of reporter genes. Exogenous assays, based on real-time
fluorescent quantitative PCR, determine intracellular NMD activity by comparing the individual abundance of NMD-sensitive isoforms and their non-NMD

counterparts. (E) Multiomics approach for drug target discovery.
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(gRNA) generated by CRISPR transcription mediates Cas
nuclease to target the target sequence and cleave the se-
quence (Manghwar et al., 2019). In the following, we take
CRISPR library screening as an example to introduce its
application in the process of drug target discovery.

CRISPRko, CRISPRi, and CRISPRa are the three
most commonly used libraries in the drug target dis-
covery process (Chan et al., 2022). Among others, the
basic idea of CRISPR-KO library screening is based
on single-guide RNA-guided Cas9 cutting of the DNA
double strand to the target site, triggering the nonho-
mologous repair mechanism to achieve gene knock-
down. CRISPRko is commonly used to detect the loss
of fitness in the population, such as reduced viability,
drug sensitivity, cell proliferation, and incapacity to
migrate (Shalem et al., 2014). The CRISPRi system
has the property of reversibly knocking down target genes
without disrupting the genomic sequence and is primarily
used in loss-of-function screens (Wang et al., 2022b).
CRISPRa activates gene expression by targeting the pro-
moter region of the corresponding locus, and positive
selection is performed for analysis (Ding et al., 2022).

The current application of CRISPR/Cas9 library
screening for drug target discovery generally involves
the following steps (Fig. 1C): 1) select CRISPR librar-
ies and design and construct a gRNA library: CRISPR
libraries targeting the full range of genes involved in
a disease or related biological process. Design gRNAs
and generation of gRNA libraries by evaluating efficiency,
specificity, and coverage. 2) Delivery of CRISPR libraries,
selection, and drug treatment: Select the appropriate de-
livery method for different cell types, such as lentiviral
transfection or electroporation, to introduce the gRNA
into the target cells. Note: Each cell receives only one
gRNA to avoid potential intracellular interference or com-
petition. The cells are then treated with the drug of
choice. Selective pressure or specific screening conditions
sensitize or tolerate disturbed cells to drug treatment. Po-
tential drug target genes are identified by monitoring cell
viability, proliferation, other phenotypic changes, and the
cellular response to the drug. 3) Polymerase chain reac-
tion (PCR) library creation, single-cell sequencing, and
analysis: construct PCR libraries and extract genomic
DNA from each single cell via single-cell lysis. Perform
single-cell sequencing, such as single-cell whole genome
sequencing or single-cell RNA sequencing, to obtain each
cell’s gRNA sequences and genomic or transcriptomic in-
formation. Data are analyzed to determine gRNA-cell as-
sociations and assess interfering genes’ functional impact
on the screening phenotype. Downstream bioinformatics
analyses such as cluster analysis, differential gene ex-
pression analysis, or pathway analysis were performed to
identify potential drug targets or pathways involved in
screening phenotypes (Bailey et al., 2009; Kurata et al.,
2018; Chan et al., 2022).
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CRISPR/Cas9 library screening accomplishes the
identification and validation of potential drug targets
by directly interfering with the expression of a normal
gene to assess the effect of that gene on disease-
related phenotypes or drug responses. This approach
contributes to understanding the molecular basis of
disease and provides opportunities for developing new
therapies (Chan et al., 2022).

However, the actual application of these methods is
not as good as imagined. Targets can be identified by
means of technological analysis, but it is difficult to
develop drugs that are tailored to the way they are
structurally and functionally regulated. For example,
the Ras gene is mutated in up to a quarter of all can-
cers. However, to date, no highly effective inhibitors
have been identified that directly target Ras signaling
(Lu et al., 2023). In addition, although targeted therapies
are far less toxic than conventional drugs, they still have
significant side effects because cancer cells are more de-
pendent on the target than are normal cells. Among the
most common side effects are diarrhea and liver prob-
lems such as hepatitis and elevated liver enzymes (Dy
et al., 2023). Of course, not all side effects represent bad
signs, and the occurrence of side effects with certain tar-
geted therapies portends a better prognosis. Moreover,
similar to conventional drug therapy, targeted therapies
are prone to resistance (Gao et al., 2023; Jin et al., 2023).
Therefore, finding combination strategies for targeted
therapies for longer-lasting efficacy has become a priority
in the field of biomedical research.

2. Posttranscriptional Regulation-Based Discovery of
Drug Targets. NMD is an important pathway for
posttranscriptional gene regulation that recognizes
and degrades mRNA molecules containing premature
termination codons (PTCs), prevents the production
and accumulation of harmful proteins in the cell, and
plays a crucial role in maintaining quality control of gene
expression (Maquat, 2004; Karousis and Miihlemann,
2019; Supek et al., 2021). Although NMD is primarily in-
volved in mRNA quality control, studies have shown that
it can also be used as a strategy for disease therapeutic
target discovery (Pastor et al., 2010; Tan et al., 2022).

There are currently two main methods for detecting
the activity of intracellular NMD targets (Fig. 1D):
one is endogenous, in which a pair of plasmid reporter
genes, one containing PTC and the other lacking
PTC, are delivered to cultured cells, and transcrip-
tional analysis of the reporter genes is used to deter-
mine intracellular NMD activity. If the transcript
level of the PTC-containing plasmid reporter gene is
reduced compared with that of the PTC-deficient plas-
mid reporter gene, then the cells have strong NMD
activity; if the transcript level is similar to that of the
PTC-containing plasmid reporter gene, then the cells
have poor NMD activity (Zheng et al., 2013; Ghiasi
et al.,, 2024). The second method is exogenous and
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measures the individual abundance of NMD-sensitive
isoforms and their non-NMD counterparts by quanti-
tative real-time PCR. NMD isoforms are first exam-
ined for differential expression between treatment
and control conditions. If there is an increase in NMD
isoforms, changes in NMD repression, transcriptional
activation, or alternative splicing in favor of NMD iso-
forms could be responsible for the increase in their
isoforms. These three conditions can be distinguished
by examining the expression of non-NMD counterparts,
where NMD regulation, transcriptional activation, and
selective splicing regulation result in no change, upregu-
lation, and downregulation of NMD-insensitive isoforms,
respectively. If there is no change in non-NMD subtypes,
enhanced cellular NMD activity decreases NMD sub-
types (Li et al., 2017).

NMD selectively degrades PTC-containing transcripts
through cellular quality control mechanisms, providing a
new strategy for drug target discovery. By inducing the
occurrence of transcription-specific NMD and monitoring
the resulting phenotypic changes, researchers can deter-
mine the efficacy of a drug to be tested or identify genes
that are altered in disease due to mRNA degradation (Li
et al., 2019; Nogueira et al., 2021). This approach pro-
vides a potential avenue for the discovery and develop-
ment of new drug targets.

Although NMD plays an important role in maintain-
ing cellular homeostasis, there are limitations to using
NMD-based approaches for disease drug target discov-
ery. For example, while inhibition of NMD may stabilize
mRNAs with premature termination codons, it may also
lead to the translation of truncated proteins, which may
have deleterious effects (Campbell et al., 2023; Kolakada
et al., 2023; Li et al., 2023). Second, NMD sensitivity
may vary between cell types and tissues. Targets identi-
fied in one cell type may not be effective in another,
making it difficult to find broad-spectrum therapeutic
targets. For example, NMD control of variants is promi-
nent in human embryonic kidney 293 cells but not in
human vascular smooth muscle cells (Dedman et al.,
2011). Notably, the inhibitory process of NMD may pro-
duce off-target effects, leading to the production of non-
target transcripts that can lead to adverse consequences
(Frischmeyer and Dietz, 1999). Therefore, finding drugs
that specifically modulate NMD without affecting nor-
mal cells is currently a major challenge. In addition,
NMD interacts with multiple cellular pathways, includ-
ing mRNA surveillance, translation, and RNA process-
ing (Embree et al., 2022). The complex interactions with
these pathways make it challenging to dissect the spe-
cific contribution of NMD to the disease process. Fur-
thermore, despite the progress in NMD-related research
in recent years, the number of NMD-related drug tar-
gets in actual clinical applications has not increased sig-
nificantly. These indicate that there are still challenges
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in translating NMD-related basic experimental research
results into clinical applications.

Currently, although NMD is a potentially significant
mechanism in the drug target discovery process, using
NMD for drug target discovery still faces various chal-
lenges. Addressing these limitations is critical to success-
fully exploit NMD-based target discovery mechanisms.

3. Multiomics Approach for Drug Target Discovery
Multiomics research explores the interactions between
genes, proteins, metabolites, and other substances in an
organism. This approach has now become one of the
most important strategies in the drug target discovery
process. The development of many multiomics technolo-
gies [e.g., proteomics, genomics, metabolomics, transcrip-
tomics, and phenomics (Fig. 1E)] has opened up more
possibilities to search for biomarkers that are highly rele-
vant to diseases to aid in the early diagnosis, treatment,
and prognosis of diseases, as well as for discovering po-
tential drug targets (Li et al., 2021; Zhang et al., 2021a).

This section describes the multiomics techniques in-
volved in the drug target discovery process. One is
proteomics. Proteins are the primary target type of
most drugs, with 50% of pharmaceuticals targeting
proteins. Therefore, proteomics is vital in drug target
discovery. As early as 1998, Miillner et al. suggested
that proteomics is one of the most potent techniques
for drug target discovery (Miillner et al., 1998). Proteo-
mics involves studying three aspects of proteins, namely,
their expression levels, modifications, and interactions.

Analysis of protein expression patterns, posttransla-
tional modifications, and interactions between proteins
can help identify disease-specific biomarkers, reveal un-
derlying disease mechanisms, and identify essential pro-
teins targeted for therapeutic intervention (Meissner
et al., 2022). Genomics studies the complete set of genes
and their functions in an organism. Correlation analysis
of genomic data allows the identification of abnormalities
in the expression of relevant genes that contribute to dis-
ease development. Genomic studies help to identify tar-
get genes associated with specific diseases and guide the
development of targeted therapies. In addition, genomics
correlation analysis provides insights into the genetic ba-
sis of drug response and resistance, enabling personal-
ized medical approaches (Haley and Roudnicky, 2020).
Transcriptomics involves studying all RNA transcripts
within a cell or tissue, and the analysis of transcriptome
data can be reactive to information about the expression
levels of relevant genes and alternative splicing events
(Liu et al., 2024). In addition, transcriptome data obtained
and analyzed by techniques such as RNA sequencing can
identify differentially expressed genes associated with dis-
eases, which will help to discover disease-specific pathways
and potential drug targets for a more comprehensive
understanding of disease mechanisms (Spaethling and
Eberwine, 2013; Wu et al., 2022¢). Metabolomics focuses
on the study of small molecule metabolites involved in
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cellular metabolism. The application of metabolomics
analyses in drug target discovery has helped to provide
insight into metabolic changes associated with disease
and drug response and has helped to identify disease-
specific metabolic pathways and potential drug targets.
In addition, monitoring changes in metabolite levels
can help to assess drug efficacy and toxicity (Rabino-
witz et al., 2011; Cuperlovic-Culf and Culf, 2016; Ga-
rana and Graham, 2022). Phenomics comprehensively
analyzes an organism’s phenotypic characteristics, in-
cluding physiological, morphological, and behavioral fea-
tures. Phenotyping can be performed using techniques
such as high-throughput screening and fluorescence im-
aging. Studying phenotypic changes caused by genetic or
environmental disturbances helps to explain the func-
tional consequences of pharmacological interventions. In
addition, joint applications with other histologies provide
a holistic view of disease mechanisms (Wang et al.,
2020b). By integrating these multiomics techniques, re-
searchers can discover molecular changes at different
levels (genes, transcripts, proteins, metabolites) and their
relationships with disease (Paananen and Fortino, 2020),
contributing to discovering disease-specific biomarkers
and validating potential drug targets for personalized
therapeutic strategies.

The application of multiomics approaches provides
valuable insights into disease mechanisms and potential
drug targets, but multiple challenges are also present in
the actual drug target discovery process: the interpreta-
tion of large-scale multiomics data is one of the major
challenges to overcome. This process requires the use of
sophisticated bioinformatics tools to extract meaningful
biological information from large data sets (Jeong and
Yoon, 2023). Second, the disease process changes over
time. Multiomic data at a single time point may not fully
capture dynamic changes at the molecular level, leading
researchers to have an incomplete understanding of dis-
ease progression and potential targets (Huang et al.,
2011). Furthermore, although multiomic data can reveal
disease-associated molecular changes, the corresponding
functional annotation of these molecular changes is chal-
lenging (Rauthan et al., 2023). Despite these limitations,
multiomics methods are still a powerful tool in the drug
target discovery process. The combination of multiomics
result prediction and later experimental verification can
significantly improve the stability of drug target discov-
ery, which is important in drug target discovery.

II1. Applications in the Discovery of Drug
Targets for the Treatment of Human Diseases

A. Practical Application of Drug-Centered Target
Discovery Methods

The design and screening of novel drugs require
the premise of known targets, which makes target
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screening a critical part of the drug development
process.

DARTS was first proposed by Lomenick et al. in
2009, and the method is now widely used for drug tar-
get discovery (Lomenick et al., 2009). In mammals,
based on the application of DARTS, Shi et al. showed
that 5-aza-2'-deoxycytidine could enhance antitumor
immunity in colorectal peritoneal metastases by tar-
geting ABC A9-mediated cholesterol accumulation in
macrophages (Shi et al., 2022). Yu et al. found that
dictamnine could target and inhibit c-Met activity
and downregulate the phosphatidylinositol-3-kinase/
AKT/mammalian target of rapamycin and mitogen-
activated protein kinase signaling pathways to inhibit
lung cancer cell proliferation (Yu et al., 2022). In addi-
tion, DARTS has been used to identify therapeutic
target proteins for colorectal cancer (Derry et al.,
2014), hepatocellular carcinoma (An et al., 2022), and
osteosarcoma cell proliferation (Zhu et al., 2021). Fur-
thermore, DARTSs are also applied in diseases other
than cancer, such as ischemia/reperfusion injury (Wang
et al., 2021) and osteoarthritis target discovery (He et al.,
2023).

Network-based and machine-learning approaches
were among the first methods for drug target discov-
ery. Its application provides a powerful means to iden-
tify biomarkers (Gong et al., 2019; Li et al., 2020b;
Wu et al., 2022b). Network-based machine learning
approaches take advantage of the observation that
genes with similar phenotypic roles tend to colocate
in specific regions of protein-protein interaction net-
works (Rawls et al., 2020). This trend has been used
for target and biomarker discovery and characteriza-
tion. For example, many potential drug targets and
pathways have been identified in COVID-19-related
studies based on bioinformatics, network pharmacol-
ogy, and machine-learning approaches (Auwul et al.,
2021; Zhang et al., 2022a). Breast cancer has become
the most common tumor in women, accounting for
16.72% of all new cancer cases (Liu et al., 2023). Luca
Cattelani et al. improved two NSGA2 algorithms to
make biomarker discovery in breast cancer disease
more accurate (Cattelani and Fortino, 2022). A com-
prehensive bioinformatics study revealed that the
poor prognostic therapeutic targets for gastric cancer
are COL1A1, COL1A2, COL3A1, COL5A1, FN1, and
SPARC (Ucaryilmaz Metin and Ozcan, 2022). In addi-
tion, ulcerative colitis targets are identified by a novel
network biology approach through the modular triad
(Voitalov et al., 2022).

B. Practical Application of Disease-Centered Target
Discovery Methods

Gene editing technology is also one of the most essen-
tial tools for drug target discovery, the most important
of which is the application of CRISPR/Cas9 library
screening. There are three scenarios depending on the
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type of library chosen. 1) CRISPR KO libraries have
been found in studies related to drug target discovery in
many cancers, such as colorectal cancer (Ringel et al.,
2020), pancreatic ductal adenocarcinoma (Steinhart et al.,
2017; Ubhi et al., 2024), esophageal squamous cell carci-
noma (Xu et al.,, 2023), hepatocellular carcinoma (Bao
et al., 2021), B-cell acute lymphoblastic leukemia (Han
et al.,, 2017; Ramos et al., 2023), and breast cancer
(Guarducci et al., 2024). 2) The discovery of drug targets
is also extensive based on the CRISPRI library. An effi-
cient C-G to G-C base editor was developed using
CRISPRI screening, improving target accuracy (Koblan
et al., 2021). One study identified NSD2 as a target for
treating lung adenocarcinoma through CRISPR interfer-
ence in mouse models (Sengupta et al., 2021). Vest et al.
identified potential targets for treating neurodegenera-
tive diseases, such as lysosomes, by screening for
genome-wide CRISPRI targets (Vest et al., 2022). In
addition, Wang et al. identified potential targets for tar-
geting adenocarcinoma through a genome-wide CRISPRi
screen (Wang et al., 2022b). 3) CRISPRa activates gene
expression by targeting the promoter region of the corre-
sponding locus. Only the single-guide RNA library is
needed based on the target, and gene transcription is ac-
tivated endogenously at the proximal promoter (Chan
et al., 2022). Jost et al. showed by a combined CRISPRY/
a-based chemical genetic screen that rigosertib, a test
drug at high risk of myelodysplastic syndrome, is a micro-
tubule destabilizer (Jost et al., 2017). In addition to dis-
covering drug targets using a single library, combinations
of different libraries are also commonly used for drug tar-
get identification. For example, a combinatorial screen of
CRISPRi and CRISPRa revealed a strong correlation be-
tween p97 and CB-5083, confirming that p97 is a target
of CB-5083 (Anderson et al., 2015).

NMD is an mRNA quality surveillance pathway pre-
sent in all eukaryotes and was first discovered in human
cells and yeast in 1979 (Karousis and Miihlemann,
2019). Not only can it limit the translation of abnormal
proteins, but it can also sometimes have deleterious ef-
fects on specific genetic mutations. NMD is currently
known to be mainly involved in mRNA quality control,
but a large number of recent studies have found that it
can be used as a strategy for drug target discovery screen-
ing (Tan et al., 2022; Nagar et al., 2023). The most typical
case is a 2007 study that found that PTC124 (Ataluren)
can target genetic diseases caused by nonsense muta-
tions (Welch et al., 2007); subsequently, Ataluren was de-
veloped and approved for the treatment of Duchenne
muscular dystrophy (Namgoong and Bertoni, 2016).

Furthermore it has been found that PTC124 can in-
hibit head and neck squamous cell carcinoma cell prolif-
eration by affecting nonsense mutations in two tumor
suppressor genes, NOTCH1 and FAT1 (Wu et al., 2022a).
Mutant UPF1 was found in pancreatic ductal adenocarci-
noma, resulting in overactivated NMD, closely associated
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with elevated asparagine synthetase expression levels.
Knockdown of asparagine synthetase targeting may im-
prove the antitumor efficacy of pancreatic ductal adeno-
carcinoma (Hu et al., 2022). In addition, a study by Shi
et al. found that PIWIL1 interacts with the UPF1, UPF2,
and SMG1 complexes and that PIWIL1 acts in a piRNA-
independent manner through the NMD mechanism to
promote gastric carcinogenesis (Shi et al., 2020). One
study found potential targets by targeting the key NMD
factor UPF1 to bind the fragile X syndrome protein
FMRP (Kurosaki et al., 2021). The NMD regulator SMG1
has been shown to be a candidate therapeutic target for
multiple myeloma (Leeksma et al., 2023). Moreover, rele-
vant studies have shown that the NMD factor UPF2 is a
key target for the treatment of early embryonic lethality
(Chousal et al., 2022). Research related to neurodegenera-
tive diseases has also confirmed that nonsense-mediated
mRNA degradation defects are its therapeutic targets
(Zuniga et al., 2023). The mechanisms by which NMD
promotes or inhibits the onset of disease are shown in
Fig. 2.

Finally, there is a summary of the application of
multiomics techniques in drug target discovery. Second-
generation sequencing technologies and mass spectrome-
try multiomics assays have significantly advanced clin-
ical oncology, with potential therapeutic targets and
biomarkers, helping to individualize tumor treatment
and significantly improving outcomes in a wide range
of common and rare solid tumors (Blay et al., 2020;
Fedorov et al., 2022). Seamlessly integrating multio-
mics data with precision therapy is a challenge for
clinical practice (Vidova and Spacil, 2017; Ball et al.,
2020; Fedorov et al., 2022; Holbrook-Smith et al., 2022;
Mitchell et al., 2023). Current multiomics technologies
are widely used in human disease target discovery. For
example, one study used shotgun proteomic label-free
quantification and parallel reaction monitoring mass
spectrometry to discover changes in pancreatic cancer
cell proteins and potential drug targets (Li et al.,
2022b). Proteomic studies of triple-negative breast can-
cer identified NAE1 and AKT1/FASN as potential drug
targets for the iP-1 and iP-2 subtypes (Gong et al.,
2022). Raffel et al. identified chemoresistant leukemia
stem cells target proteins by combining proteomics and
transcriptomics analysis (Raffel et al., 2020). Using
high-throughput metabolomics Duncan et al. predicted
drug-target relationships for 86 eukaryotic proteins.
The associated validation results demonstrated the
feasibility of using high-throughput metabolomics to
predict drug-target relationships for eukaryotic pro-
teins (Holbrook-Smith et al., 2022).

In summary, there is a need for different approaches to
the discovery of drug targets for the treatment of human
diseases. By applying these different approaches, re-
searchers can identify and validate potential drug targets
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Fig. 2. Mechanisms by which NMD promotes or inhibits the onset of disease. (A) Mechanisms by which inhibition of NMD can inhibit the progression
of the disease, Downregulation of drug or UPF1 splicing factor expression inhibits the NMD pathway, affecting downstream genes or signaling path-
ways and thus suppressing disease. (B) Mechanisms by which NMD promotes disease progression. The PIWIL1 gene can interact with splicing factors

to promote NMD in disease-suppressor genes leading to their degradation and thus promoting disease.

for different diseases, leading to the development of novel
therapies and improved treatment options.

Table 1 summarizes the applications of DARTS, net-
work-based and machine learning methods, CRISPR 1li-
brary screening, NMD, and multiomics in the human
drug target discovery process.

C. Multimethod Combinations in the Search for
Therapeutic Drug Targets for Human Diseases

Drug target discovery is a critical step in the drug
discovery process. In actual cases of target discovery,
the combined application of multiple methods is more
common. Compared with the use of a single method,
the combined application of multiple target discovery
methods has more obvious advantages. First, through
the combined use of multiple methods, researchers
can gain a more comprehensive understanding of the
disease occurrence process, influencing mechanisms,
and expression patterns of related genes. This will fa-
cilitate subsequent in-depth research and analysis of
drug targets (Yang et al., 2023). Second, different
methods are used to identify the same target, and mu-
tual verification between methods can help improve the
reliability of the results. This is also very important for
subsequent in-depth research (Pun et al., 2023).

Currently, multimethod combinations are widely used
in research related to human drug target discovery—for

example, the use of multiomics technology in combina-
tion with CRISPR/Cas9 screening. Ruan et al. redefined
the regulatory network of pluripotency in embryonic
stem cells based on CRISPR screening as well as inte-
grated analyses of multiomics data (Ruan et al., 2023);
Vuyjovic et al. demonstrated the universal dependence of
RNA-binding proteins as leukemia stem cell regulators
by integrating multiomics with in vivo CRISPR-Cas9
screening and highlighted their potential as therapeutic
targets for acute myeloid leukemia. (Vujovic et al., 2023).
In addition, regarding the combined application of mul-
tiomics technologies and network and machine learning
approaches, Fang et al. identified candidate targets for
drug repurposing in Alzheimer’s disease using a network-
based artificial intelligence framework that combines
multiomics data with the human protein-protein interac-
tome network (Fang et al., 2022). Voitalov et al. present a
multiomics network biology approach for prioritizing pro-
tein targets for ulcerative colitis treatment (Voitalov
et al., 2022). Allesge et al., developed multiomics varia-
tional autoencoders based on deep learning for the discov-
ery of pharmacogenomic associations in type 2 diabetes
(Allesge et al., 2023). Moreover, a combination of multio-
mics techniques and DARTS was applied. For example,
Hwang et al. used analysis of proteomics data dependency
to identify target proteins via DARTS. When combined
with liquid chromatography/tandem mass spectrometry,
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TABLE 1

Summary of important drug targets relevant to human diseases identified in recent years and their corresponding discovery methods
Dashes indicate that no drug (and structure) corresponding to this predicted target currently exists.

Compounds Structure Target Methods Description Ref.

Discovering new targets for old drugs

ISP I Selenoprotein H DARTS ISP I inhibits cancer cell growth Cui et al.,

and tumor metastasis by targeting 2022
SELH.

Iminostilbene = PKM2 DARTS ISB targets PKM2 and reduces Lu et al.,
macrophage inflammation, thereby 2021
significantly reducing MI/R injury.

TA Src homology 2 DARTS TA promotes the antitumor Zhu et al.,

phosphatase 2 efficacy of TA by targeting the 2021

activation of SHP-2 phosphatase

activity and inhibiting the JAK/

STAT3 pathway.

CE LTCC-BAG3 DARTS CE reduces MI/R-induced calcium  Wang
overload and attenuates myocardial et al.,
ischemia/reperfusion injury by 2021

targeting and enhancing LTCC-

BAGS3 interactions.

Artemetin Filamins DARTS 8-prenyl-artemetin interacts with  Ferraro
(flavonoid filamins A and B. Alters filamin et al.,
natural conformation in live HeLa cells, 2022
products, affecting cytoskeletal disassembly
mainly found in and disorganization of F-actin
some plants) filaments.

IPRN (flavonoid — MIF DARTS IPRN improves the inflammatory Han
natural O phenotype of rheumatoid arthritis et al.,
products, O 0 FLS by inhibiting its cytokine 2021
mainly found in production, migration, invasion,
some plants) - and proangiogenic capacity.

Matrine (natural Sre DARTS Matrine targets Src and regulates  Zhang
plant alkaloid phosphorylation signaling et al.,
found mainly in pathways to inhibit cancer cell 2021b

plants such as
Sophora
flavescens)

proliferation.

(continued)
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TABLE 1—Continued

Compounds Structure Target Methods Description Ref.
DARTS Dictamnine targets and inhibits Yu et al.,
c-Met, downregulates PISK/AKT/ 2022
mTOR and MAPK signaling

Dictamnine N O Receptor tyrosine
(natural = kinase c-Met
alkaloids, found /
in some plants) P

O\

Sertraline Cl Mitochondrial
(developed in VDACI1 protein
the 1970)

Cl ‘
N/
H

Narciclasine OH STAT3
(isolated from P

: OH
the genus
Narcissus in the
early 1970s) 0

OH 0]

Lonidamine (first ASC
synthesized in N
1974) |

=N cl Cl
0O
OH

Vibsane-type — EGFR
diterpenes
(isolated by K.

Kawazu in 1980
from Early
Harvest Tree in
the genus
Podocarpus)

Wortmannin Pl o MYC, HDACY,
(wortmannin is 0 NCOA3, CEBPB,
a natural | )_K VEGFA, BCL3,
product that SMADS3,
was first SMURF1,
isolated from a KLHL12, CBL,
soil fungus in ERBB4, CRKL
1987)

Amlexanox (first IKK-¢, TBK1,
marketed in GRK1, GRKS5,
Japan in 1987) PDE4B, 5- and

12-lipoxygenases,
FGF-1, HSP90,
S100A4, S100A12,
S100A13

Gefitinib (first /0 N. EGFR
synthesized in
1997)

/\/\ —
(\N 0
T e
F

pathways, and thereby inhibits the
proliferation of lung cancer cells.

DARTS Sertraline binds to and antagonizes Hwang
mitochondrial VDAC]I, resulting et al.,
in reduced cellular ATP levels, 2021
AMP-activated protein kinase,
and inhibition of its downstream
MTOR-RPS6KBI1 signaling
pathway, which promotes
autophagic degradation of the
microtubule-associated protein tau
to inhibit tauopathy.
DARTS Narciclasine binds to the STAT3 Lv et al.,
SHS3 structural domain to inhibit 2022
STAT?2 phosphorylation, activation,
dimerization, and nuclear
translocation, significantly reducing
tumor STATS protein levels.

DARTS Lonidamine alleviates Chen
inflammatory vesicle-driven et al.,
associated diseases by targeting 2022a

ASC.

Network-based  Vibsanol C targeting of EGFR Zhang

and machine  affects the PI3K/Akt pathway to et al.,

learning-based enhance lung cancer resistance. 2021c¢
methods

Network-based Wortmannin controls SARS-CoV-2  Selvaraj
and machine  pathogenesis by inhibiting receptor et al.,
learning-based tyrosine kinase-dependent 2021
methods megaloblast action, MAPK signaling,
and the NF-xb single-issue pathway
that regulates host immune system
entry, replication, and regulation.

NMD Amlexanox blocks nonsense- Bailly,
mediated mRNA decay and binds to 2022
targets such as IKK-¢, TBK1, GRKS5,

GRK4, PDE5B, 12- and 1-
lipoxygenase, FGF-90, HSP100,
S4A100, S12A100, and S13A1 and
has significant anticancer effects in a
variety of models including breast,
colon, lung, and gastric cancers.

Multiomics Transcriptomic and proteomic Wang
analysis identifies the et al.,
phosphorylation of EGFR and SYK  2022a
as potential therapeutic targets in
silicosis.

(continued)
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TABLE 1—Continued

Compounds Structure Target Methods Description Ref.

Pioglitazone F 0] GSK3p, CDK5 Network-based Pioglitazone down-regulates GSK3/ Fang
(approved in ‘ and machine and CDK5 in human microglia and et al.,
1999) learning-based plays an active role in treating 2022

= methods Alzheimer’s disease.

Fostamatinib H SYK Multiomics Transcriptomic and proteomic Wang
(discovered in H;C N )\] NH, analysis identifies the et al.,
the early 2000) \ll/ phosphorylation of EGFR and SYK  2022a

N as potential therapeutic targets in
CH ™ silicosis.
3
CH;
New drug targets for diseases
— — CDK12 CRISPR/Cas9 CRISPR screen identifies CDK12 Lei et al.,
library as a conserved kinase target in 2021
screening prostate cancer.
— — DHX37 CRISPR/Cas9 Dhx37 interacts with NF-xB p65 and  Dong
library PDCD11 and regulates NF-«xB et al.,
screening pathway activity in CD8 T cells in 2019
response to antigenic stimulation.

— — ASF1A CRISPR/Cas9 In vivo CRISPR screening and Li et al.,

library mechanistic studies have shown 2020a
screening that intracellular Asfla deficiency
in tumor cells induces
immunogenic macrophage
differentiation in the tumor
microenvironment through
upregulation of GM-CSF expression
and enhanced T-cell activation in
combination with anti-PD-1 and is
a promising target for
immunotherapy of KRAS-mutated
lung adenocarcinoma.
— — GPR84 Network-based The immune-related gene GPR84 Ye et al.,
and machine mediates inflammation and the 2022
learning-based innate immune response.
methods
— — ETFA, ETFB Multiomics  Silencing of ETFA and ETFB leads Caplan
to increased mitochondrial activity, et al.,
mitochondrial stress, and apoptosis 2022
in acute myeloid leukemia cells.

— — ANXA1, CLEC3B  Multiomics Comprehensive analysis of Li et al.,

multiomics data reveals potential 2021
targets for COVID-19 disease
treatment.
— — Brain CD38, Multiomics Identifying candidate targets for Ge et al.,
DGKQ, GPNMB, Parkinson’s disease by integrating 2023
SEC23IP genetic and proteomic data from
the brain and blood.
— — TGase 2 Multiomics TGase 2 is negatively regulated by Kim and
von Hippel-Lindau tumor suppressor Keillor,
protein and positively regulated by 2020
renal cell carcinoma hypoxia-
inducible factor 1-alpha.
— — GABARAPL1 NMD NMD targeting of GABARAPL1 Baudu
mRNA mRNA through the association of et al.,
UPF1 and elF4A3 at the 2021
GABARAPL1 3 UTR. NMD
inhibition leads to elevated
GABARAPLI1 levels and plays a role
in the regulation of autophagy.

— — RBM17 NMD Repression of RBM17 leads to the Liu et al.,
inclusion of poison exons and the 2022b
production of transcripts sensitive
to NMD for the proleukemia factor

and translation initiation factor
EIF4A2.
— — Dbp5 / DDX19 NMD Mutations in DBP5 leave the Beiflel
interaction between eRF1 and et al.,
eRF3 uncontrolled leading to 2020

premature termination of
translation.

(continued)
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TABLE 1—Continued

Compounds Structure Target Methods Description Ref.

— — ASNS NMD Mutant UPF1 was found in Hu et al.,
pancreatic ductal adenocarcinoma 2022
resulting in over-activated NMD,
which was closely associated with
elevated ASNS expression levels.

Knockdown of ASNS targeting may
improve the antitumor efficacy of
PDAC.
P53 — ZMATS3 CRISPR/Cas9 ZMATS is an important tumor Bieging-
library suppressor downstream of p53 in Rolett
screening mouse Kras. et al.,
2020
PIWIL1 — piRNA NMD PIWILI1 coordinates with the NMD Shi et al.,

core factor UPF1 to regulate these 2020
cotargeting mRNAs that may play
a negative role in the migration of

gastric cancer cells.

ASC, apoptosis-associated speck-like protein containing a CARD; ASNS, asparagine synthetase; CE, calenduloside E; CDKS5, cell cycle protein-dependent kinase;
EFGR, epidermal growth factor receptor; FLS, fibroblast-like synoviocytes; GM-CSF, granulocyte macrophage colony-stimulating factor; GSK3p, glycogen synthase kinase
3p; IPRN, isopsoralen; ISB, iminostilbene; ISP I, isovalerylspiramycin I; JAK/STAT 3, Janus kinase-signal transducer and activator of transcription; KRAS, Kirsten rat
sarcoma viral oncogene homolog; MAPK, mitogen-activated protein kinase; MI/R, myocardial ischemia and reperfusion; mTOR, mammalian target of rapamycin and mi-
togen-activated protein; NF-«B, nuclear factor kappa B; PDAC, pancreatic ductal adenocarcinoma; PI3K, phosphatidylinositol-3-kinase; PKM2, pyruvate kinase isozyme
type M2; SELH, Selenoprotein H; SHP-2, Src homology 2 phosphatase 2; SYK, spleen tyrosine kinase; TA, tubocapsenolide A; TGase 2, transglutaminase 2.

DARTS can identify proteins that bind to drug mole-
cules, leading to conformational changes in the target
protein (Hwang et al., 2020b). A combination of meth-
ods is indispensable. These synergistic approaches har-
moniously combine different scientific approaches to
address the inherent complexity of biological systems
and improve our understanding of disease mechanisms.

The combined use of multiple methods has obvious
advantages in the drug target discovery process, but
it also faces some challenges. The first is the problem
that may be faced during data processing. The use of
multiple methods means that we need to analyze mul-
tiple sets of data. During the cross-validation process
of the results, we need to standardize and unify each
set of data. In this process, we may face potential er-
rors. Other issues are in terms of experimental design
and sample selection. Different methods may have
different requirements for sample type, quantity, sta-
tus, etc. How to standardize the experimental design
and sample selection of each method is crucial to re-
ducing errors and ensuring the reliability of results
(Ji et al., 2023; Mousavian et al., 2023).

IV. Conclusion and Discussion

Target discovery for therapeutic drugs is the key to
new drug development and a prerequisite for precision
medicine. By advancing target discovery techniques, re-
searchers can accelerate drug discovery, improve thera-
peutic outcomes, and move closer to the goal of precision
medicine (Koivisto et al., 2022).

At present, most experimental research related to
target discovery uses a combination of multiple meth-
ods to discover and determine targets. Joint analysis
of multiple methods and multiple data provides the
possibility for a more comprehensive understanding

of disease mechanisms (Rodrigues and Bernardes, 2020;
Li et al., 2022c; Wang et al., 2022a). For example, the
continuous advancement and development of related
technologies such as high-throughput sequencing, omics
technology, and CRISPR-based library screening have
greatly changed the form of drug target discovery (Liu
et al., 2020; Kumar et al., 2024). In addition, the emer-
gence of emerging drug target discovery strategies such
as DARTS and NMD has injected new impetus into drug
target discovery.

In addition to the combinatorial application of meth-
ods, drug target discovery also relies on some large da-
tabases. These databases typically contain information
such as compounds, biological targets, structural infor-
mation, and toxicological data (Ala et al., 2024). For
example, the creation of large public databases such as
PubChem, ChEMBL, and PDB has provided research-
ers in pharmaceutical-related fields with a wealth of
valuable information on drug development (Konc and
Janezic, 2022; Ala et al., 2024). Moreover, the interop-
erability of bioinformatics and computational methods
has become indispensable in analyzing large-scale data,
compound design, target identification, and toxicity pre-
diction. Their shared use will further accelerate pharma-
ceutical discovery (Avilés-Alia et al., 2024). Furthermore,
“new use of old drugs” based on computer-assisted and
experimental methods can reduce costs, save time, and
increase the success rate of R&D, which will be an im-
portant development direction in the future (Pushpakom
et al., 2019; Cartas-Cejudo et al., 2024).

It is also important to note that understanding the
context of relevant disease pathways is necessary to
study therapeutic targets for the disease. Disease
pathways are often composed of multiple key regulatory
elements. The study of disease regulatory pathways en-
ables researchers to comprehensively understand the
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mechanisms of diseases, identify interrelated molecular
events, feedback loops, and crosstalk between path-
ways, providing a clear framework for understanding
how different molecules (e.g., genes, proteins, and me-
tabolites) interact to regulate biological disease pro-
cesses (Ogishima et al., 2013). By studying targets in
these pathways, researchers can identify major regulatory
factors that play a key role in the disease process, provid-
ing more possibilities for subsequent disease treatment
(Zheng et al., 2021). In addition, by studying disease path-
ways, researchers can identify upstream regulators that
control target activity, providing insights into how the
target is regulated and how interventions in this path-
way affect disease development (Torrence et al., 2021).
Furthermore, disease-modulating pathways often in-
clude potential biomarkers relevant to disease diagno-
sis, prognosis, and treatment response. Simultaneous
investigation of targets and pathways enhances the iden-
tification and validation of relevant biomarkers and lays
the foundation for the development of targeted and per-
sonalized therapeutic interventions (Chang et al., 2020).
Currently, despite significant progress in the appli-
cation of multiple methods in drug target discovery,
the overall productivity of the pharmaceutical indus-
try has not improved significantly (Ringel et al., 2020;
Scannell and Bosley, 2016). This problem can be at-
tributed to various challenges in the drug develop-
ment process. Although technologies such as modern
computational methods, bioinformatics, and big data
analysis can identify candidate targets for target dis-
eases from large amounts of data. However, biological
systems are extremely complex, and discovering tar-
gets often requires an in-depth understanding of their
roles and interactions in biological systems. There-
fore, in many cases, verification of target effectiveness
still requires traditional experiments. For example,
techniques such as immunohistochemistry, real-time
PCR, and Northern blotting can be used to detect
gene expression levels in different tissues or cell types
(Wang et al., 2020a; Chen et al., 2023). Techniques
such as Western blotting can be used to analyze intra-
cellular protein expression. SDS-PAGE can be used
for the separation and preliminary identification of
proteins (Lyu et al., 2020; Zhao et al., 2021, 2023a;
Chen et al., 2023). Column chromatography and gel
filtration can be used to purify specific proteins from
cells or tissues (Duong-Ly and Gabelli, 2014; Nguyen
et al., 2023). Techniques such as yeast two-hybridization
and immunoprecipitation are used to study interactions
between proteins to reveal protein networks involved
in specific biological processes (Zhao et al., 2021, 2023a).
In addition, after verifying the completion of protein
interactions, we need some bioinformatics tools to per-
form functional enrichment analyses of genes or proteins
to identify the biological processes and pathways they
are involved in (Lyu et al., 2020; Chen et al., 2023,
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Zhang et al., 2023a). Furthermore, we need to validate
the biological functions of genes or proteins using cell
lines and animal models, for example, through gene
knockout, overexpression, or mutation to study their ef-
fects on physiological and pathological processes (Chang
et al., 2023; Xie et al., 2024). However, even when thera-
peutic targets for a disease are identified through con-
ventional experiments, the complexity of the disease,
coupled with a limited understanding of the underlying
molecular mechanisms, often leads to instability of the
newly discovered targets (Shoshan and Linder, 2008).
Second, these challenges are exacerbated by rising devel-
opment costs and high attrition rates during clinical
trials.

In the future, to truly address these multifaceted chal-
lenges, an integrated approach must be adopted that
fully combines traditional experiments, high-throughput
techniques, computational modeling, and artificial intel-
ligence (Rifaioglu et al., 2019; Nayarisseri, 2020; Giri
and Ianevski, 2022; You et al., 2022) to improve the ac-
curacy and efficiency of target discovery and verification.
Furthermore, as technology evolves, drug target discov-
ery methods are expected to become more sophisticated,
efficient, and impactful, transforming drug development,
driving innovation, and paving the way for developing
more effective targeted therapies for human diseases.

Data Availability
Not applicable.

Authorship Contributions
Participated in research design: Das, Chen, J. Wu.
Contributed new reagents or analytic tools: Jia, Yang, Chen, J. Wu.
Performed data analysis: Jia, Yang, Das.
Wrote or contributed to the writing of the manuscript: Jia, Yang,
Y.-K. Wy, Li.

References

Ala C, Joshi RP, Gupta P, Ramalingam S, and Sankaranarayanan M (2024) Discovery
of potent DNMT1 inhibitors against sickle cell disease using structural-based virtual
screening, MM-GBSA and molecular dynamics simulation-based approaches. «J Biomol
Struct Dyn 42:261-273.

Allesge RL, Lundgaard AT, Hernandez Medina R, Aguayo-Orozco A, Johansen J,
Nissen JN, Brorsson C, Mazzoni G, Niu L, Biel JH, et al. IMI DIRECT
Consortium. (2023) Discovery of drug-omics associations in type 2 diabetes with
generative deep-learning models. Nat Biotechnol 41:399—408.

An P, Lu D, Zhang L, Lan H, Yang H, Ge G, Liu W, Shen W, Ding X, Tang D, et al.
(2022) Synergistic antitumor effects of compound-composed optimal formula from
Aidi injection on hepatocellular carcinoma and colorectal cancer. Phytomedicine
103:154231.

An Q and Yu L (2021) A heterogeneous network embedding framework for
predicting similarity-based drug-target interactions. Brief Bioinform 22:bbab275.

Anderson DJ, Le Moigne R, Djakovic S, Kumar B, Rice J, Wong S, Wang J, Yao B,
Valle E, Kiss von Soly S, et al. (2015) Targeting the AAA ATPase p97 as an
approach to treat cancer through disruption of protein homeostasis. Cancer Cell
28:653-665.

Ap 1IJ and Guo D (2019) Drug-target association kinetics in drug discovery. Trends
Biochem Sci 44:861-871.

Auwul MR, Rahman MR, Gov E, Shahjaman M, and Moni MA (2021)
Bioinformatics and machine learning approach identifies potential drug targets
and pathways in COVID-19. Brief Bioinform 22:bbab120.

Avilés-Alia Al, Zulaica J, Perez JJ, Rubio-Martinez J, Geller R, and Granadino-
Roldan JM (2024) The discovery of inhibitors of the SARS-CoV-2 S protein
through computational drug repurposing. Comput Biol Med 171:108163.

Azlim Khan AK and Ahamed Hassain Malim NH (2023) Comparative studies on
resampling techniques in machine learning and deep learning models for drug-
target interaction prediction. Molecules 28:1663.



Drug Target Discovery Methods and Strategies

Bagherian M, Sabeti E, Wang K, Sartor MA, Nikolovska-Coleska Z, and Najarian
K (2021) Machine learning approaches and databases for prediction of drug-
target interaction: a survey paper. Brief Bioinform 22:247-269.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, and
Noble WS (2009) MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res 37:W202-8.

Bailly C (2022) The potential value of amlexanox in the treatment of cancer:
molecular targets and therapeutic perspectives. Biochem Pharmacol 197:114895.

Ball KA, Webb KJ, Coleman SJ, Cozzolino KA, Jacobsen J, Jones KR, Stowell
MHB, and Old WM (2020) An isothermal shift assay for proteome scale drug-
target identification. Commun Biol 3:75.

Bao MH-R, Yang C, Tse AP-W, Wei L, Lee D, Zhang MS, Goh CC, Chiu DK-C, Yuen
VW-H, Law C-T, et al. (2021) Genome-wide CRISPR-Cas9 knockout library
screening identified PTPMT1 in cardiolipin synthesis is crucial to survival in
hypoxia in liver cancer. Cell Rep 34:108676.

Barnash KD, James LI, and Frye SV (2017) Target class drug discovery. Nat Chem
Biol 13:1053-1056.

Baudu T, Parratte C, Perez V, Ancion M, Millevoi S, Hervouet E, Peigney A,
Peixoto P, Overs A, Herfs M, et al. (2021) The NMD pathway regulates
GABARAPL1 mRNA during the EMT. Biomedicines 9:1302.

Bedard PL, Hyman DM, Davids MS, and Siu LL (2020) Small molecules, big
impact: 20 years of targeted therapy in oncology. Lancet 395:1078-1088.

Beiflel C, Grosse S, and Krebber H (2020) Dbp5/DDX19 between translational
readthrough and nonsense mediated decay. Int J Mol Sci 21:1085.

Bieging-Rolett KT, Kaiser AM, Morgens DW, Boutelle AM, Seoane JA, Van
Nostrand EL, Zhu C, Houlihan SL, Mello SS, Yee BA, et al. (2020) Zmat3 is a
key splicing regulator in the p53 tumor suppression program. Mol Cell 80:
452-469.e9.

Blay V, Tolani B, Ho SP, and Arkin MR (2020) High-throughput screening: today’s
biochemical and cell-based approaches. Drug Discov Today 25:1807-1821.

Campbell AE, Dyle MC, Albanese R, Matheny T, Sudheendran K, Cortazar MA,
Forman T, Fu R, Gillen AE, Caruthers MH, et al. (2023) Compromised nonsense-
mediated RNA decay results in truncated RNA-binding protein production upon
DUX4 expression. Cell Rep 42:112642.

Cao J, Xiao Q, and Yan Q (2018) The multiplexed CRISPR targeting platforms.
Drug Discov Today Technol 28:53-61.

Caplan M, Wittorf KJ, Weber KK, Swenson SA, Gilbreath TJ, Willow Hynes-Smith R,
Amador C, Hyde RK, and Buckley SM (2022) Multi-omics reveals mitochondrial
metabolism proteins susceptible for drug discovery in AML. Leukemia 36:1296-1305.

Cartas-Cejudo P, Cortés A, Lachén-Montes M, Anaya-Cubero E, Puerta E, Solas M,
Fernandez-Irigoyen J, and Santamaria E (2024) Neuropathological stage-
dependent proteome mapping of the olfactory tract in Alzheimer’s disease: from
early olfactory-related omics signatures to computational repurposing of drug
candidates. Brain Pathol DOI 10.1111/bpa.13252 [published ahead of print]

Casas Al, Hassan AA, Larsen SJ, Gomez-Rangel V, Elbatreek M, Kleikers PWM,
Guney E, Egea J, Lépez MG, Baumbach J, et al. (2019) From single drug targets
to synergistic network pharmacology in ischemic stroke. Proc Natl Acad Sci U S
A 116:7129-7136.

Cattelani L and Fortino V (2022) Improved NSGA-II algorithms for multi-objective
biomarker discovery. Bioinformatics 38:1120—ii26.

Chan Y-T, Lu Y, Wu J, Zhang C, Tan H-Y, Bian Z-X, Wang N, and Feng Y (2022)
CRISPR-Cas9 library screening approach for anti-cancer drug discovery:
overview and perspectives. Theranostics 12:3329-3344.

Chang S, Wang LH-C, and Chen B-S (2020) Investigating core signaling pathways
of hepatitis B virus pathogenesis for biomarkers identification and drug
discovery via systems biology and deep learning method. Biomedicines 8:320.

Chang Y, Kang P, Cui T, Guo W, Zhang W, Du P, Yi X, Guo S, Gao T, Li C, et al.
(2023) Pharmacological inhibition of demethylzeylasteral on JAK-STAT signaling
ameliorates vitiligo. J Transl Med 21:434.

Chen C, Zhou Y, Ning X, Li S, Xue D, Wei C, Zhu Z, Sheng L, Lu B, Li Y, et al.
(2022a) Directly targeting ASC by lonidamine alleviates inflammasome-driven
diseases. J Neuroinflammation 19:315.

Chen J, Zhang L, Cheng K, JB, Lu X, and Che C (2022b) Predicting drug-target
interaction via self-supervised learning. IEEE /ACM Trans Comput Biol Bioinform Pp
20:2781-2789.

Chen R, Liu X, Jin S, Lin J, and Liu J (2018) Machine learning for drug-target
interaction prediction. Molecules 23:2208.

Chen X, Yan CC, Zhang X, Zhang X, Dai F, Yin J, and Zhang Y (2016) Drug-target
interaction prediction: databases, web servers and computational models. Brief
Bioinform 17:696-712.

Chen Y, Yang J, Jin H, Wen W, Xu Y, Zhang X, and Wang Y (2023) HtrA3: a
promising prognostic biomarker and therapeutic target for head and neck
squamous cell carcinoma. PeerJ 11:¢16237.

Chousal JN, Sohni A, Vitting-Seerup K, Cho K, Kim M, Tan K, Porse B, Wilkinson
MF, and Cook-Andersen H (2022) Progression of the pluripotent epiblast depends
upon the NMD factor UPF2. Development 149:dev200764.

Cui J, Zhou J, He W, Ye J, Westlake T, Medina R, Wang H, Thakur BL, Liu J, Xia
M, et al. (2022) Targeting selenoprotein H in the nucleolus suppresses tumors
and metastases by Isovalerylspiramycin I. J Exp Clin Cancer Res 41:126.

Cuperlovic-Culf M and Culf AS (2016) Applied metabolomics in drug discovery.
Expert Opin Drug Discov 11:759-770.

Dedman AM, Majeed Y, Tumova S, Zeng F, Kumar B, Munsch C, Bateson AN,
Wittmann J, Jack H-M, Porter KE, et al. (2011) TRPC1 transcript variants,
inefficient nonsense-mediated decay and low up-frameshift-1 in vascular smooth
muscle cells. BMC Mol Biol 12:30.

Deng L, and Yu D (2014) Deep Learning: Methods and Applications. Foundations
and Trends in Signal Processing 7:197-387.

Derry MM, Somasagara RR, Raina K, Kumar S, Gomez J, Patel M, Agarwal R, and
Agarwal C (2014) Target identification of grape seed extract in colorectal cancer
using drug affinity responsive target stability (DARTS) technique: role of

911

endoplasmic reticulum stress response proteins. Curr Cancer Drug Targets
14:323-336.

Ding X, Yu L, Chen L, Li Y, Zhang J, Sheng H, Ren Z, Li Y, Yu X, Jin S, et al.
(2022) Recent progress and future prospect of CRISPR/Cas-derived transcription
activation (CRISPRa) system in plants. Cells 11:3045.

Dong MB, Wang G, Chow RD, Ye L, Zhu L, Dai X, Park JJ, Kim HR, Errami Y,
Guzman CD, et al. (2019) Systematic immunotherapy target discovery using
genome-scale in vivo CRISPR screens in CD8 T cells. Cell 178:1189-1204.e23.

Duong-Ly KC and Gabelli SB (2014) Gel filtration chromatography (size exclusion
chromatography) of proteins. Methods Enzymol 541:105-114.

Dy GK, Govindan R, Velcheti V, Falchook GS, Italiano A, Wolf J, Sacher AG,
Takahashi T, Ramalingam SS, Dooms C, et al. (2023) Long-term benefit of
sotorasib in patients with KRAS G12C-mutated non-small-cell lung cancer: plain
language summary. Future Oncol 20:113-120.

Embree CM, Abu-Alhasan R, and Singh G (2022) Features and factors that dictate
if terminating ribosomes cause or counteract nonsense-mediated mRNA decay. J
Biol Chem 298:102592.

Fang J, Zhang P, Wang Q, Chiang C-W, Zhou Y, Hou Y, Xu J, Chen R, Zhang B,
Lewis SJ, et al. (2022) Artificial intelligence framework identifies candidate
targets for drug repurposing in Alzheimer’s disease. Alzheimers Res Ther 14:7.

Fedorov II, Lineva VI, Tarasova IA, and Gorshkov MV (2022) Mass spectrometry-
based chemical proteomics for drug target discoveries. Biochemistry (Mosc)
87:983-994.

Ferraro G, Belvedere R, Petrella A, Tosco A, Stork B, Salamone S, Minassi A,
Pollastro F, Morretta E, and Monti MC (2022) Drug affinity-responsive target
stability unveils filamins as biological targets for artemetin, an anti-cancer
flavonoid. Front Mol Biosci 9:964295.

Frischmeyer PA and Dietz HC (1999) Nonsense-mediated mRNA decay in health
and disease. Hum Mol Genet 8:1893-1900.

Gao Y-Y, Yang W-C, Ashby CR, and Hao G-F (2023) Mapping cryptic binding sites
of drug targets to overcome drug resistance. Drug Resist Updat 67:100934.

Garana BB and Graham NA (2022) Metabolomics paves the way for improved drug
target identification. Mol Syst Biol 18:¢10914.

Gashaw I, Ellinghaus P, Sommer A, and Asadullah K (2011) What makes a good
drug target? Drug Discov Today 16:1037-1043.

Ge Y-J, Ou Y-N, Deng Y-T, Wu B-S, Yang L, Zhang Y-R, Chen S-D, Huang Y-Y,
Dong Q, Tan L, et al. International FTD-Genomics Consortium. (2023)
Prioritization of drug targets for neurodegenerative diseases by integrating
genetic and proteomic data from brain and blood. Biol Psychiatry 93:770-779.

Ghiasi SM, Marchetti P, Piemonti L, Nielsen JH, Porse BT, Mandrup-Poulsen T,
and Rutter GA (2024) Proinflammatory cytokines suppress nonsense-mediated
RNA decay to impair regulated transcript isoform processing in pancreatic
p-cells. Front Endocrinol (Lausanne) 15:1359147.

Giri AK and Ianevski A (2022) High-throughput screening for drug discovery targeting
the cancer cell-microenvironment interactions in hematological cancers. Expert Opin
Drug Discov 17:181-190.

Gong J, Chen Y, Pu F, Sun P, He F, Zhang L, Li Y, Ma Z, and Wang H (2019)
Understanding membrane protein drug targets in computational perspective.
Curr Drug Targets 20:551-564.

Gong T-Q, Jiang Y-Z, Shao C, Peng W-T, Liu M-W, Li D-Q, Zhang B-Y, Du P, Huang
Y, Li F-F, et al. (2022) Proteome-centric cross-omics characterization and
integrated network analyses of triple-negative breast cancer. Cell Rep 38:110460.

Guarducci C, Nardone A, Russo D, Nagy Z, Heraud C, Grinshpun A, Zhang Q,
Freelander A, Leventhal MJ, Feit A, et al. (2024) Selective CDK7 inhibition
suppresses cell cycle progression and MYC signaling while enhancing apoptosis
in therapy-resistant estrogen receptor positive breast cancer. Clin Cancer Res
30:1889-1905.

Gupta R, Srivastava D, Sahu M, Tiwari S, Ambasta RK, and Kumar P (2021)
Artificial intelligence to deep learning: machine intelligence approach for drug
discovery. Mol Divers 25:1315-1360.

Haley B and Roudnicky F (2020) Functional genomics for cancer drug target
discovery. Cancer Cell 38:31-43.

Han K, Jeng EE, Hess GT, Morgens DW, Li A, and Bassik MC (2017) Synergistic
drug combinations for cancer identified in a CRISPR screen for pairwise genetic
interactions. Nat Biotechnol 35:463-474.

Han Y, Wang J, Li S, Li Y, Zhang Y, Zhang R, Zhang Y, Fan H, Shi H, Pan J, et al.
(2021) Isopsoralen ameliorates rheumatoid arthritis by targeting MIF. Arthritis
Res Ther 23:243.

He K, Lin H, Zhang S, Ou Y, Lu J, Chen W, Zhou Y, Li Y, Lin Y, Su J, et al. (2023)
BNTA attenuates temporomandibular joint osteoarthritis progression by directly
targeting ALDH3AL: an in vivo and in vitro study. Int Immunopharmacol
124:110963.

He R (2023) Perspective of signal processing-based on brain-computer interfaces
using machine learning methods. Stud Health Technol Inform 308:295-302.

Holbrook-Smith D, Durot S, and Sauer U (2022) High-throughput metabolomics
predicts drug-target relationships for eukaryotic proteins. Mol Syst Biol
18:10767.

Hu B, Zhong L, Weng Y, Peng L, Huang Y, Zhao Y, and Liang X-J (2020)
Therapeutic siRNA: state of the art. Signal Transduct Target Ther 5:101.

Hu J, Wang Z, Yang S, Lu Y, and Li G (2022) The edited UPF1 is correlated with
elevated asparagine synthetase in pancreatic ductal adenocarcinomas. Mol Biol
Rep 49:3713-3720.

Huang L, Wang D, and Zhang C (2021) Drug affinity responsive target stability
(DARTS) assay to detect interaction between a purified protein and a small
molecule. Methods Mol Biol 2213:175-182.

Huang Y, Zaas AK, Rao A, Dobigeon N, Woolf PJ, Veldman T, tien NC, McClain
MT, Varkey JB, Nicholson B, et al. (2011) Temporal dynamics of host molecular
responses differentiate symptomatic and asymptomatic influenza a infection.
PLoS Genet 7:¢1002234.


http://dx.doi.org/10.1111/bpa.13252

912

Hwang H-Y, Cho YS, Kim JY, Yun KN, Yoo JS, Lee E, Kim I, and Kwon HdJ (2020a)
Autophagic inhibition via lysosomal integrity dysfunction leads to antitumor
activity in glioma treatment. Cancers (Basel) 12:543.

Hwang H-Y, Kim TY, Szasz MA, Dome B, Malm J, Marko-Varga G, and Kwon HJ
(2020b) Profiling the protein targets of unmodified bio-active molecules with drug
affinity responsive target stability and liquid chromatography/tandem mass
spectrometry. Proteomics 20:¢1900325.

Hwang H-Y, Shim JS, Kim D, and Kwon HJ (2021) Antidepressant drug sertraline
modulates AMPK-MTOR signaling-mediated autophagy via targeting mitochondrial
VDAC1 protein. Autophagy 17:2783-2799.

Jeong E and Yoon S (2023) Current advances in comprehensive omics data mining
for oncology and cancer research. Biochim Biophys Acta Rev Cancer 1879:
189030.

Ji W, Gu L, Zou X, Li Z, Xu X, Wu J, Zhang S, and Deng H (2023) Discovery,
validation, and target prediction of antibacterial and antidiabetic components of
archidendron clypearia based on a combination of multiple analytical methods.
Molecules 28:1329.

Jin H, Wang L, and Bernards R (2023) Rational combinations of targeted cancer
therapies: background, advances and challenges. Nat Rev Drug Discov 22:213-234.
Jost M, Chen Y, Gilbert LA, Horlbeck MA, Krenning L, Menchon G, Rai A, Cho
MY, Stern JJ, Prota AE, et al. (2017) Combined CRISPRi/a-based chemical
genetic screens reveal that rigosertib is a microtubule-destabilizing agent. Mol

Cell 68:210-223.e6.

Jung Y-S, Kim Y, and Cho Y-R (2022) Comparative analysis of network-based
approaches and machine learning algorithms for predicting drug-target interactions.
Methods 198:19-31.

Karousis ED and Mithlemann O (2019) Nonsense-mediated mRNA decay begins
where translation ends. Cold Spring Harb Perspect Biol 11:a032862.

Kim S-Y and Keillor JW (2020) A precision strategy to cure renal cell carcinoma by
targeting transglutaminase 2. Int J Mol Sci 21:2493.

Koblan LW, Arbab M, Shen MW, Hussmann JA, Anzalone AV, Doman JL, Newby
GA, Yang D, Mok B, Replogle JM, et al. (2021) Efficient C-G-to-G-C base editors
developed using CRISPRI screens, target-library analysis, and machine learning.
Nat Biotechnol 39:1414-1425.

Koivisto A-P, Belvisi MG, Gaudet R, and Szallasi A (2022) Advances in TRP
channel drug discovery: from target validation to clinical studies. Nat Rev Drug
Discov 21:41-59.

Kolakada D, Campbell AE, Baquero Galvis L, Li Z, Lore M, and Jagannathan S
(2023) A system of reporters for comparative investigation of EJC-independent
and EJC-enhanced nonsense-mediated mRNA decay. Nucleic Acids Res 52:e34.

Konc J and Janezi¢ D (2022) Protein binding sites for drug design. Biophys Rev
14:1413-1421.

Kumar A, Kumar KV, Kundal K, Sengupta A, Sharma S, R K, and Kumar R (2024)
MyeloDB: a multi-omics resource for multiple myeloma. Funct Integr Genomics
24:17.

Kurata M, Yamamoto K, Moriarity BS, Kitagawa M, and Largaespada DA (2018)
CRISPR/Cas9 library screening for drug target discovery. J Hum Genet
63:179-186.

Kurosaki T, Imamachi N, Préschel C, Mitsutomi S, Nagao R, Akimitsu N, and
Maquat LE (2021) Loss of the fragile X syndrome protein FMRP results in
misregulation of nonsense-mediated mRNA decay. Nat Cell Biol 23:40-48.

Leeksma AC, Derks IAM, Garrick B, Jongejan A, Colombo M, Bloedjes T, Trowe T,
Leisten JC, Howarth M, Malek M, et al. (2023) SMG1, a nonsense-mediated
mRNA decay (NMD) regulator, as a candidate therapeutic target in multiple
myeloma. Mol Oncol 17:284-297.

Lei H, Wang Z, Jiang D, Liu F, Liu M, Lei X, Yang Y, He B, Yan M, Huang H, et al.
(2021) CRISPR screening identifies CDK12 as a conservative vulnerability of
prostate cancer. Cell Death Dis 12:740.

Li F, Huang Q, Luster TA, Hu H, Zhang H, Ng W-L, Khodadadi-Jamayran A, Wang
W, Chen T, Deng J, et al. (2020a) In vivo epigenetic CRISPR screen identifies
asfla as an immunotherapeutic target in kras-mutant lung adenocarcinoma.
Cancer Discov 10:270-287.

Li F, Yi Y, Miao Y, Long W, Long T, Chen S, Cheng W, Zou C, Zheng Y, Wu X, et al.
(2019) N(6)-methyladenosine modulates nonsense-mediated mRNA decay in
human glioblastoma. Cancer Res 79:5785-5798.

Li F, Zhang Z, Guan J, and Zhou S (2022a) Effective drug-target interaction prediction
with mutual interaction neural network. Bioinformatics 38:3582-3589.

Li K, Du Y, Li L, and Wei D-Q (2020b) Bioinformatics approaches for anti-cancer
drug discovery. Curr Drug Targets 21:3-17.

Li S-N, Li M-X, Guo W-W, Zhang L-R, Ding Y-H, and Wu X-J (2023) LINC02561
promotes metastasis in HCC via HIF1-o/NDRG1/UPF1 axis. Gene 896:148033.

Li X, Liu H, Dun MD, Faulkner S, Liu X, Jiang CC, and Hondermarck H (2022b)
Proteome and secretome analysis of pancreatic cancer cells. Proteomics
22:¢2100320.

Li Y, Hou G, Zhou H, Wang Y, Tun HM, Zhu A, Zhao J, Xiao F, Lin S, Liu D, et al.
(2021) Multi-platform omics analysis reveals molecular signature for COVID-19
pathogenesis, prognosis and drug target discovery. Signal Transduct Target Ther
6:155.

LiY, Qiao G, Wang K, and Wang G (2022c¢) Drug-target interaction predication via
multi-channel graph neural networks. Brief Bioinform 23:bbab346.

Li Z, Vuong JK, Zhang M, Stork C, and Zheng S (2017) Inhibition of nonsense-
mediated RNA decay by ER stress. RNA 23:378-394.

Liu B, Papadopoulos D, Malliaros FD, Tsoumakas G, and Papadopoulos AN (2022a)
Multiple similarity drug-target interaction prediction with random walks and
matrix factorization. Brief Bioinform 23:bbab353.

Liu H, Chen X, Jia Y, Chen H, Wang X, Liu G, and Luo Y (2023) Facing inevitable
PARPis resistance: mechanisms and therapeutic strategies for breast cancer
treatment. Interdiscip Med 1:¢20220013.

Liu L, Vujovic A, Deshpande NP, Sathe S, Anande G, Chen HTT, Xu J, Minden
MD, Yeo GW, Unnikrishnan A, et al. (2022b) The splicing factor RBM17 drives

Jia et al.

leukemic stem cell maintenance by evading nonsense-mediated decay of pro-
leukemic factors. Nat Commun 13:3833.

Liu Q, Garcia M, Wang S, and Chen C-W (2020) Therapeutic target discovery using
high-throughput genetic screens in acute myeloid leukemia. Cells 9:1888.

Liu Y, Do S, Huynh H, Li J-X, Liu Y-G, Du Z-Y, and Chen M-X (2024) Importance
of pre-mRNA splicing and its study tools in plants. Adv Biotechnol 2:4.

Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M, Warburton S, Wang J, Wu RP,
Gomez F, Loo JA, et al. (2009) Target identification using drug affinity
responsive target stability (DARTS). Proc Natl Acad Sci U S A 106:21984—-21989.

Lu S, Tian Y, Luo Y, Xu X, Ge W, Sun G, and Sun X (2021) Iminostilbene, a novel
small-molecule modulator of PKM2, suppresses macrophage inflammation in
myocardial ischemia-reperfusion injury. J Adv Res 29:83-94.

Lu X, Jin J, Wu Y, Liu X, Liang X, Lin J, Sun Q, Qin J, Zhang W, and Luan X
(2023) Progress in RAS-targeted therapeutic strategies: from small molecule
inhibitors to proteolysis targeting chimeras. Med Res Rev 44:812-832.

Luo M, Jiao J, and Wang R (2019) Screening drug target combinations in disease-
related molecular networks. BMC Bioinformatics 20:198.

Lv C, Huang Y, Huang R, Wang Q, Zhang H, Jin J, Lu D, Zhou Y, Shen Y, Zhang
W, et al. (2022) Narciclasine targets STAT38 via distinct mechanisms in
tamoxifen-resistant breast cancer cells. Mol Ther Oncolytics 24:340-354.

Lyu X, Zeng L, Zhang H, Ke Y, Liu X, Zhao N, Yuan J, Chen G, and Yang S (2020)
Hydroxychloroquine suppresses lung tumorigenesis via inducing FoxO3a nuclear
translocation through STATS3 inactivation. Life Sci 246:117366.

Manghwar H, Lindsey K, Zhang X, and Jin S (2019) CRISPR/Cas system: recent
advances and future prospects for genome editing. Trends Plant Sci 24:1102-1125.

Maquat LE (2004) Nonsense-mediated mRNA decay: splicing, translation and
mRNP dynamics. Nat Rev Mol Cell Biol 5:89-99.

Meissner F, Geddes-McAlister J, Mann M, and Bantscheff M (2022) The emerging
role of mass spectrometry-based proteomics in drug discovery. Nat Rev Drug
Discov 21:637—654.

Mitchell DC, Kuljanin M, Li J, Van Vranken JG, Bulloch N, Schweppe DK, Huttlin
EL, and Gygi SP (2023) A proteome-wide atlas of drug mechanism of action. Nat
Biotechnol 41:845-857.

Mousavian Z, Kallenius G, and Sundling C (2023) From simple to complex: protein-
based biomarker discovery in tuberculosis. Eur J Immunol 53:€2350485.

Millner S, Neumann T, and Lottspeich F (1998) Proteomics—a new way for drug
target discovery. Arzneimittelforschung 48:93-95.

Nagar P, Islam MR, and Rahman MA (2023) Nonsense-mediated mRNA decay as a
mediator of tumorigenesis. Genes (Basel) 14:357.

Namgoong JH and Bertoni C (2016) Clinical potential of ataluren in the treatment
of Duchenne muscular dystrophy. Degener Neurol Neuromuscul Dis 6:37—48.

Narasimhan G and Victor A (2023) Analysis of computational intelligence
approaches for predicting disease severity in humans: challenges and research
guidelines. J Educ Health Promot 12:334.

Nayarisseri A (2020) Experimental and computational approaches to improve
binding affinity in chemical biology and drug discovery. Curr Top Med Chem
20:1651-1660.

Nguyen H-LT, Nguyen N-QT, Le T-T, Pham X-DT, Pham H-L, Le H-NT, Phan T-N,
and Dinh N-T (2023) Improved expression and purification of highly active 3
chymotrypsin-like protease from SARS-CoV-2. Protein Expr Purif 215:106414.

Nogueira G, Fernandes R, Garcia-Moreno JF, and Romao L (2021) Nonsense-
mediated RNA decay and its bipolar function in cancer. Mol Cancer 20:72.

Ogishima S, Mizuno S, Kikuchi M, Miyashita A, Kuwano R, Tanaka H, and
Nakaya J (2013) A map of Alzheimer’s disease-signaling pathways: a hope for
drug target discovery. Clin Pharmacol Ther 93:399—401.

Paananen J and Fortino V (2020) An omics perspective on drug target discovery
platforms. Brief Bioinform 21:1937-1953.

Park SI, Cho SM, Atsumi S, Kawada M, Shibuya M, Lee JY, Kim JY, and Kwon HJ
(2024) NDUFA12 as a functional target of the anticancer compound ertredin in
human hepatoma cells as revealed by label-free chemical proteomics. J Proteome
Res 23:130-141.

Parvathaneni V, Kulkarni NS, Muth A, and Gupta V (2019) Drug repurposing: a
promising tool to accelerate the drug discovery process. Drug Discov Today
24:2076-2085.

Pastor F, Kolonias D, Giangrande PH, and Gilboa E (2010) Induction of tumour
immunity by targeted inhibition of nonsense-mediated mRNA decay. Nature
465:227-230.

Peng Y, Wang M, Xu Y, Wu Z, Wang J, Zhang C, Liu G, Li W, Li J, and Tang Y (2021)
Drug repositioning by prediction of drug’s anatomical therapeutic chemical code via
network-based inference approaches. Brief Bioinform 22:2058-2072.

Pun FW, Leung GHD, Leung HW, Rice J, Schmauck-Medina T, Lautrup S, Long X,
Liu BHM, Wong CW, Ozerov 1V, et al. (2023) A comprehensive Al-driven analysis
of large-scale omic datasets reveals novel dual-purpose targets for the treatment
of cancer and aging. Aging Cell 22:¢14017.

Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hopper S, Wells A, Doig A, Guilliams
T, Latimer J, McNamee C, et al. (2019) Drug repurposing: progress, challenges
and recommendations. Nat Rev Drug Discov 18:41-58.

Rabinowitz JD, Purdy JG, Vastag L, Shenk T, and Koyuncu E (2011) Metabolomics
in drug target discovery. Cold Spring Harb Symp Quant Biol 76:235-246.

Raffel S, Klimmeck D, Falcone M, Demir A, Pouya A, Zeisberger P, Lutz C, Tinelli
M, Bischel O, Bullinger L, et al. (2020) Quantitative proteomics reveals specific
metabolic features of acute myeloid leukemia stem cells. Blood 136:1507-1519.

Ramos A, Koch CE, Liu-Lupo Y, Hellinger RD, Kyung T, Abbott KL, Frose J,
Goulet D, Gordon KS, Eidell KP, et al. (2023) Leukemia-intrinsic determinants of
CAR-T response revealed by iterative in vivo genome-wide CRISPR screening.
Nat Commun 14:8048.

Rauthan K, Joshi S, Kumar L, Goel D, and Kumar S (2023) Functional annotation
of uncharacterized proteins from Fusobacterium nucleatum: identification of
virulence factors. Genomics Inform 21:e21.



Drug Target Discovery Methods and Strategies

Ravichandran M and Maddalo D (2023) Applications of CRISPR-Cas9 for advancing
precision medicine in oncology: from target discovery to disease modeling. Front
Genet 14:1273994.

Rawls K, Dougherty BV, and Papin J (2020) Metabolic network reconstructions to
predict drug targets and off-target effects. Methods Mol Biol 2088:315-330.

Ren Y-S, Li H-L, Piao X-H, Yang Z-Y, Wang S-M, and Ge Y-W (2021) Drug affinity
responsive target stability (DARTS) accelerated small molecules target discovery:
principles and application. Biochem Pharmacol 194:114798.

Rifaioglu AS, Atas H, Martin MJ, Cetin-Atalay R, Atalay V, and Dogan T (2019)
Recent applications of deep learning and machine intelligence on in silico drug
discovery: methods, tools and databases. Brief Bioinform 20:1878-1912.

Ringel T, Frey N, Ringnalda F, Janjuha S, Cherkaoui S, Butz S, Srivatsa S, Pirkl
M, Russo G, Villiger L, et al. (2020) Genome-scale CRISPR screening in human
intestinal organoids identifies drivers of TGF-§ resistance. Cell Stem Cell
26:431-440.€8.

Rodrigues T and Bernardes GJL (2020) Machine learning for target discovery in
drug development. Curr Opin Chem Biol 56:16-22.

Ruan Y, Wang J, Yu M, Wang F, Wang J, Xu Y, Liu L, Cheng Y, Yang R, Zhang C,
et al. (2023) A multi-omics integrative analysis based on CRISPR screens re-
defines the pluripotency regulatory network in ESCs. Commun Biol 6:410.

Scannell JW and Bosley J (2016) When quality beats quantity: decision theory,
drug discovery, and the reproducibility crisis. PLoS One 11:¢0147215.

Selvaraj G, Kaliamurthi S, Peslherbe GH, and Wei D-Q (2021) Identifying potential
drug targets and candidate drugs for COVID-19: biological networks and
structural modeling approaches. F1000Res 10:127.

Sengupta D, Zeng L, Li Y, Hausmann S, Ghosh D, Yuan G, Nguyen TN, Lyu R,
Caporicci M, Morales Benitez A, et al. (2021) NSD2 dimethylation at H3K36
promotes lung adenocarcinoma pathogenesis. Mol Cell 81:4481-4492.e9.

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, Heckl D,
Ebert BL, Root DE, Doench JG, et al. (2014) Genome-scale CRISPR-Cas9
knockout screening in human cells. Science 343:84-87.

Shi R, Zhao K, Wang T, Yuan J, Zhang D, Xiang W, Qian J, Luo N, Zhou Y, Tang B,
et al. (2022) 5-Aza-2'-deoxycytidine potentiates anti-tumor immunity in colorectal
peritoneal metastasis by modulating ABC A9-mediated cholesterol accumulation
in macrophages. Theranostics 12:875-890.

Shi S, Yang Z-Z, Liu S, Yang F, and Lin H (2020) PIWIL1 promotes gastric cancer via a
piRNA-independent mechanism. Proc Natl Acad Sci USA 117:22390-22401.

Shoshan MC and Linder S (2008) Target specificity and off-target effects as
determinants of cancer drug efficacy. Expert Opin Drug Metab Toxicol 4:273—-280.

Spaethling JM and Eberwine JH (2013) Single-cell transcriptomics for drug target
discovery. Curr Opin Pharmacol 13:786-790.

Steinhart Z, Pavlovic Z, Chandrashekhar M, Hart T, Wang X, Zhang X, Robitaille
M, Brown KR, Jaksani S, Overmeer R, et al. (2017) Genome-wide CRISPR
screens reveal a Wnt-FZD5 signaling circuit as a druggable vulnerability of
RNF43-mutant pancreatic tumors. Nat Med 23:60-68.

Supek F, Lehner B, and Lindeboom RGH (2021) To NMD or not to NMD: nonsense-
mediated mrna decay in cancer and other genetic diseases. Trends Genet
37:657-668.

Swarthout JT, Raisinghani M, and Cui X (2011) Zinc finger nucleases: a new era
for transgenic animals. Ann Neurosci 18:25-28.

Tan K, Stupack DG, and Wilkinson MF (2022) Nonsense-mediated RNA decay: an
emerging modulator of malignancy. Nat Rev Cancer 22:437-451.

Tanoori B, Zolghadri Jahromi M, and Mansoori EG (2021) Binding affinity
prediction for binary drug-target interactions using semi-supervised transfer
learning. J Comput Aided Mol Des 35:883-900.

Torrence ME, MacArthur MR, Hosios AM, Valvezan AJ, Asara JM, Mitchell JR, and
Manning BD (2021) The mTORC1-mediated activation of ATF4 promotes protein and
glutathione synthesis downstream of growth signals. Elife 10:¢63326.

Ubhi T, Zaslaver O, Quaile AT, Plenker D, Cao P, Pham N-A, Békési A, Jang G-H,
O’Kane GM, Notta F, et al. (2024) Cytidine deaminases APOBEC3C and
APOBEC3D promote DNA replication stress resistance in pancreatic cancer
cells. Nat Cancer 5:895-915.

Ucaryilmaz Metin C and Ozcan G (2022) Comprehensive bioinformatic analysis
reveals a cancer-associated fibroblast gene signature as a poor prognostic factor
and potential therapeutic target in gastric cancer. BMC Cancer 22:692.

Vest RT, Chou C-C, Zhang H, Haney MS, Li L, Lagtom NN, Chang B, Shuken S,
Nguyen A, Yerra L, et al. (2022) Small molecule C381 targets the lysosome to
reduce inflammation and ameliorate disease in models of neurodegeneration.
Proc Natl Acad Sci U S A 119:¢2121609119.

Vidova V and Spacil Z (2017) A review on mass spectrometry-based quantitative
proteomics: Targeted and data independent acquisition. Anal Chim Acta
964:7-23.

Voitalov I, Zhang L, Kilpatrick C, Withers JB, Saleh A, Akmaev VR, and Ghiassian
SD (2022) The module triad: a novel network biology approach to utilize patients’
multi-omics data for target discovery in ulcerative colitis. Sci Rep 12:21685.

Vuyjovic A, de Rooij L, Chahi AK, Chen HT, Yee BA, Loganathan SK, Liu L, Chan
DCH, Tajik A, Tsao E, et al. (2023) In vivo screening unveils pervasive RNA-
binding protein dependencies in leukemic stem cells and identifies ELAVL1 as a
therapeutic target. Blood Cancer Discov 4:180-207.

Wang C-J, Li X, Shi P, Ding H-Y, Liu Y-P, Li T, Lin P-P, Wang Y-S, Zhang G-Q, and
Cao Y (2020a) Holliday junction recognition protein promotes pancreatic cancer
growth and metastasis via modulation of the MDM2/p53 signaling. Cell Death
Dis 11:386.

Wang M, Zhang Z, Liu J, Song M, Zhang T, Chen Y, Hu H, Yang P, Li B, Song X, et al.
(2022a) Gefitinib and fostamatinib target EGFR and SYK to attenuate silicosis: a
multi-omics study with drug exploration. Signal Transduct Target Ther 7:157.

Wang R, Wang M, Zhou J, Dai Z, Sun G, and Sun X (2021) Calenduloside E
suppresses calcium overload by promoting the interaction between L-type
calcium channels and Bcl2-associated athanogene 3 to alleviate myocardial
ischemia/reperfusion injury. J Adv Res 34:173-186.

913

Wang T, Yao Y, Hu X, and Zhao Y (2022b) Message in hand: the application of
CRISPRi, RNAi, and LncRNA in adenocarcinoma. Med Oncol 39:148.

Wang Y, Wang Y, Qian J, Pan X, Li X, Chen F, Hu J, and Li J (2020b) Single-cell
infrared phenomics: phenotypic screening with infrared microspectroscopy. Chem
Commaun (Camb) 56:13237-13240.

Wang Y, Zhan J, Huang J, Wang X, Chen Z, Yang Z, and Li J (2023) Dynamic
responsiveness of self-assembling peptide-based nano-drug systems. Interdisciplinary
Medicine 1:¢20220005.

Welch EM, Barton ER, Zhuo J, Tomizawa Y, Friesen WJ, Trifillis P, Paushkin S,
Patel M, Trotta CR, Hwang S, et al. (2007) PTC124 targets genetic disorders
caused by nonsense mutations. Nature 447:87-91.

Wu M-H, Lu R-Y, Yu S-J, Tsai Y-Z, Lin Y-C, Bai Z-Y, Liao R-Y, Hsu Y-C, Chen C-C, and
Cai B-H (2022a) PTC124 rescues nonsense mutation of two tumor suppressor genes
NOTCH1 and FAT1 to repress HNSCC cell proliferation. Biomedicines 10:2948.

Wu S, Chen D, and Snyder MP (2022b) Network biology bridges the gaps between
quantitative genetics and multi-omics to map complex diseases. Curr Opin Chem
Biol 66:102101.

Wu X, Bos IST, Conlon TM, Ansari M, Verschut V, van der Koog L, Verkleij LA,
D’Ambrosi A, Matveyenko A, Schiller HB, et al. (2022¢) A transcriptomics-guided
drug target discovery strategy identifies receptor ligands for lung regeneration.
Sci Adv 8:eabj9949.

Wu X, Liu L, Zheng Q, Hao H, Ye H, Li P, and Yang H (2021) Protocatechuic
aldehyde protects cardiomycoytes against ischemic injury via regulation of
nuclear pyruvate kinase M2. Acta Pharm Sin B 11:3553-3566.

Wu Z, Li W, Liu G, and Tang Y (2018) Network-based methods for prediction of
drug-target interactions. Front Pharmacol 9:1134.

Xia D, Liu B, Xu X, Ding Y, and Zheng Q (2021) Drug target discovery by magnetic
nanoparticles coupled mass spectrometry. J Pharm Anal 11:122-127.

Xie X, Lan Q, Zhao J, Zhang S, Liu L, Zhang Y, Xu W, Shao M, Peng J, Xia S, et al.
(2024) Structure-based design of pan-coronavirus inhibitors targeting host
cathepsin L and calpain-1. Signal Transduct Target Ther 9:54.

Xu P, LiuZ, Liu Y, Ma H, Xu Y, Bao Y, Zhu S, Cao Z, Wu Z, Zhou Z, et al. (2021)
Genome-wide interrogation of gene functions through base editor screens
empowered by barcoded sgRNAs. Nat Biotechnol 39:1403-1413.

Xu WW, Liao L, Dai W, Zheng C-C, Tan X-P, He Y, Zhang Q-H, Huang Z-H, Chen W-Y,
Qin Y-R, et al. (2023) Genome-wide CRISPR/Cas9 screening identifies a targetable
MEST-PURA interaction in cancer metastasis. EBioMedicine 92:104587.

Xu X, Xuan P, Zhang T, Chen B, and Sheng N (2022) Inferring drug-target
interactions based on random walk and convolutional neural network. IEEE/
ACM Trans Comput Biol and Bioinf 19:2294-2304.

Yang H, Gan L, Chen R, Li D, Zhang J, and Wang Z (2023) From multi-omics data
to the cancer druggable gene discovery: a novel machine learning-based
approach. Brief Bioinform 24:bbab528.

Ye N, Cai J, Dong Y, Chen H, Bo Z, Zhao X, Xia M, and Han M (2022) A multi-omic
approach reveals utility of CD45 expression in prognosis and novel target
discovery. Front Genet 13:928328.

You Y, Lai X, Pan Y, Zheng H, Vera J, Liu S, Deng S, and Zhang L (2022) Artificial
intelligence in cancer target identification and drug discovery. Signal Transduct
Target Ther 7:156.

Yu J, Zhang L, Peng J, Ward R, Hao P, Wang J, Zhang N, Yang Y, Guo X, Xiang C,
et al. (2022) Dictamnine, a novel c-Met inhibitor, suppresses the proliferation of
lung cancer cells by downregulating the PI3BK/AKT/mTOR and MAPK signaling
pathways. Biochem Pharmacol 195:114864.

Zhang D, Wang Z, Li J, and Zhu J (2022a) Exploring the possible molecular
targeting mechanism of Saussurea involucrata in the treatment of COVID-19 based
on bioinformatics and network pharmacology. Comput Biol Med 146:105549.

Zhang H-W, Lv C, Zhang L-J, Guo X, Shen Y-W, Nagle DG, Zhou Y-D, Liu S-H,
Zhang W-D, and Luan X (2021a) Application of omics- and multi-omics-based
techniques for natural product target discovery. Biomed Pharmacother 141:111833.

Zhang J, Fan F, Liu A, Zhang C, Li Q, Zhang C, He F, and Shang M (2022b)
Icariin: a potential molecule for treatment of knee osteoarthritis. Front
Pharmacol 13:811808.

Zhang W, Lin W, Zhang D, Wang S, Shi J, and Niu Y (2019) Recent advances in the
machine learning-based drug-target interaction prediction. Curr Drug Metab
20:194-202.

Zhang X, Li L, Chen J, Hu M, Zhang Y, Zhang X, and Lu Y (2023a) Investigation of
anti-depression effects and potential mechanisms of the ethyl acetate extract of
Cynomorium songaricum Rupr. through the integration of in vivo experiments,
LC-MS/MS chemical analysis, and a systems biology approach. Front Pharmacol
14:1239197.

Zhang X, Xu H, Bi X, Hou G, Liu A, Zhao Y, Wang G, and Cao X (2021b) Src acts
as the target of matrine to inhibit the proliferation of cancer cells by regulating
phosphorylation signaling pathways. Cell Death Dis 12:931.

Zhang Y, Hu Y, Han N, Yang A, Liu X, and Cai H (2023b) A survey of drug-target
interaction and affinity prediction methods via graph neural networks. Comput
Biol Med 163:107136.

Zhang Y and Ma Y (2019) Application of supervised machine learning algorithms in
the classification of sagittal gait patterns of cerebral palsy children with spastic
diplegia. Comput Biol Med 106:33-39.

Zhang Y-Y, Chen J-J, Li D-Q, Zhang YAN, Wang X-B, Yao G-D, and Song S-J
(2021c) Network pharmacology uncovers anti-cancer activity of vibsane-type
diterpenes from Viburnum odoratissimum. Nat¢ Prod Res 35:637—640.

Zhao B, Wu J, Cha X, Mao G, Shi H, Fei S, and Miao B (2023a) Effect of COP1 in
promoting the tumorigenesis of gastric cancer by down-regulation of CDH18 via
PI3K/AKT signal pathway. Anal Cell Pathol (Amst) 2023:5617875.

Zhao X, Chen Y, Su H, and Zhang L (2023b) From classic medicinal chemistry to
state-of-the-art interdisciplinary medicine: recent advances in proteolysis-
targeting chimeras technology. Interdisciplinary Medicine 1:¢20230004.



914

Zhao Z, Chu W, Zheng Y, Wang C, Yang Y, Xu T, Yang X, Zhang W, Ding X, Li G,
et al. (2021) Cytoplasmic eIF6 promotes OSCC malignant behavior through AKT
pathway. Cell Commun Signal 19:121.

Zheng S, Damoiseaux R, Chen L, and Black DL (2013) A broadly applicable high-
throughput screening strategy identifies new regulators of Dlg4 (Psd-95)
alternative splicing. Genome Res 23:998-1007.

Zheng Z-G, Zhu S-T, Cheng H-M, Zhang X, Cheng G, Thu PM, Wang SP, Li H-J,
Ding M, Qiang L, et al. (2021) Discovery of a potent SCAP degrader that

Jia et al.

ameliorates HFD-induced obesity, hyperlipidemia and insulin resistance via an
autophagy-independent lysosomal pathway. Autophagy 17:1592-1613.

Zhu D, Chen C, Liu X, Wang S, Zhu J, Zhang H, Kong L, and Luo J (2021)
Osteosarcoma cell proliferation suppression via SHP-2-mediated inactivation of
the JAK/STATS3 pathway by tubocapsenolide A. J Adv Res 34:79-91.

Zuniga G, Levy S, Ramirez P, De Mange J, Gonzalez E, Gamez M, and Frost B
(2023) Tau-induced deficits in nonsense-mediated mRNA decay contribute to
neurodegeneration. Alzheimers Dement 19:405-420.



	s2
	s3
	s3A
	s3A1
	s3A2
	s3B
	s3B3
	s3B4
	s3B5
	s4
	s4A
	s4B
	s4C
	s5
	TF1

