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Abstract: Natural products play a crucial role in drug discovery because of their structural
diversity and biological activity. However, identifying their molecular targets remains a
challenge. Traditional target identification approaches such as affinity-based protein profil-
ing and activity-based protein profiling are limited by the need for chemical modification or
reactive groups in natural products. The emergence of label-free techniques offers a power-
ful alternative for studying drug-target engagement in a physiological context. In particular,
the cellular thermal shift assay (CETSA) exploits ligand-induced protein stabilization—a
phenomenon where ligand binding enhances a protein’s thermal stability by reducing con-
formational flexibility—to assess drug binding without requiring chemical modifications.
CETSA’s integration with advanced mass spectrometry and high-throughput platforms
has dramatically expanded proteome coverage and sensitivity, enabling the simultaneous
quantification of thousands of proteins and the identification of low-abundance targets in
native cellular environments. This review highlights the application of key CETSA-based
methods to target identification in natural products including Western blot-based CETSA,
isothermal dose-response CETSA, mass spectrometry-based CETSA, and high-throughput
CETSA. Case studies are presented that demonstrate their effectiveness in uncovering the
mechanisms of action of different drugs. The current limitations of CETSA-based strategies
are also explored, and future improvements to optimize their potential for drug discov-
ery are discussed. Integrating CETSA with complementary approaches can enhance the
target identification accuracy and efficiency for natural products and ultimately advance
development of therapeutic applications.

Keywords: cellular thermal shift assay (CETSA); natural products; drug discovery; target
identification; chemical biology

1. Introduction

Natural products are an important resource in the field of drug discovery and devel-
opment owing to their structural diversity and biological activity. Over the past 30 years,
natural products have yielded numerous therapeutic agents for treating various diseases.
From 1981 to 2019, 49.2% of all drugs approved by the Food and Drug Administration
(FDA) were derived from natural products, including 63.2% of anticancer drugs [1]. The
process of drug discovery and development typically begins with the isolation of bioactive
compounds in natural products followed by the identification of their molecular targets,
which is critical for understanding their mechanisms of action and potential side effects.
Target identification has traditionally relied on phenotypic screening followed by biochemi-
cal assays, where the biological effects of the bioactive compounds on living systems are
observed, such as phenotypic alterations and changes to related cellular signaling pathways.
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Various techniques are then used to identify the molecular targets responsible for these
effects, among which labeling methods based on chemical proteomics are primarily used.
These methods can be divided into two main categories: affinity-based protein profiling
(AfBPP) and activity-based protein profiling (ABPP) [2]. AfBPP involves the transient
immobilization of a natural product by using a tag such as biotin. The tag is inserted at
a site that does not affect biological activity to facilitate immobilization after which the
target proteins that interact with the natural product are extracted from the cell lysate.
AfBPP has proven very effective and has been used to successfully identify the targets
of many natural products such as Diazonamide A, FK506, Trapoxin, and Aurilide [3-6].
ABPP involves forming a covalent bond between the natural product and its target protein
and thus requires the natural product to contain a reactive group that reacts with the
target protein. Fortunately, many natural products do contain reactive groups such as
epoxides, disulfides, lactones, and quinones, which has facilitated the wide application
of this method [7]. However, both methods have notable limitations. AfBPP requires
modifying a molecule to introduce an affinity tag, which may affect the biological activity,
and it comes with the risk of nonspecific binding during the process of affinity purification.
Meanwhile, ABPP is restricted to natural products that inherently possess reactive groups.

To overcome these limitations, label-free target identification methods have recently
emerged as promising alternatives including the cellular thermal shift assay (CETSA),
drug affinity responsive target stability (DARTS), and stability of proteins from rates of
oxidation (SPROX). These methods eliminate the need for chemical modification of the
natural product, which preserves its biological activity and enables more robust target
identification. These methods instead detect changes in protein stability or other biophysical
properties upon drug binding and thus provide an unbiased and efficient approach to
identifying protein targets, particularly in natural products with complex structures that
are challenging to modify chemically.

Table 1 below provides a comparative evaluation of CETSA, DARTS, SPROX, and
traditional affinity-based methods. CETSA is particularly effective for studying kinases and
membrane proteins in intact cells, making it ideal for assessing drug-target engagement
under physiological conditions. SPROX excels in analyzing high molecular weight proteins,
ATPases, and weak binders by detecting domain-level stability shifts, while DARTS/SPROX
are optimal for label-free novel target discovery in lysates.

Table 1. Comparative evaluation of CETSA, DARTS, SPROX, and traditional affinity-based
methods [8,9].

Method Sensitivity Throughput Application Scope Advantages Limitations
Physiological conditions o tesi Requires protein-specific
Medium-(Western (intact cells), target na t}i)veeraceeliigr antibodies for WB;
CETSA High (thermal stabilization) blot)-to-High engagement, off-target . d limited to soluble
(SplitLuc/HTS) effects, drug environments; et'ects proteins in
P N 4 . membrane proteins
resistance analysis HTS formats
Moderat Creli li}satﬁs/ piltl‘liledt Label-free; no Sensfnglty deﬁe?@ on
DARTS oderate Low-to-Medium protemns, nove  targe compound modification; protease choice;
(protease-dependent) discovery, validation of X challenges with
X cost-effective
nown targets low-abundance targets
. . Lo Limited to
High (domain-level Medium-to-High Lysates, Weak bl.n.ders, PquIdes blr}dlng site methionine-containing
SPROX o . domain-specific information via S .
stability shifts) (OnePot 2D) interaction analysis methionine oxidation peptides; requires
MS expertise
e . P Requires compound
o Purified High specificity; e
Affinity-Based High (if reagents Low proteins/lysates, compatible with MS _ modific atl(‘)n (g,
are available) . . biotinization); may alter
validated target analysis or fluorescence

binding properties

This review presents a comprehensive overview of CETSA and its advanced deriva-

tives with a focus on their principles, methodologies, and applications in drug—target
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engagement studies. Representative case studies are presented to demonstrate how these
techniques have facilitated target identification in natural products in cellular and proteome-
wide contexts. Practical limitations and future improvements are also discussed for the
wider application of CETSA-based strategies to target identification and drug discovery
and development.

2. Overview

First introduced in 2013, CETSA is a label-free biophysical technique of detecting
drug-target engagement based on the ligand-induced thermal stabilization of proteins.
A ligand that binds to a target protein enhances its thermal stability, which reduces its
susceptibility to denaturation under thermal stress. Unlike traditional chemical proteomics
that often require the chemical modification of compounds, CETSA directly assesses the
changes in thermal stability of target proteins when they bind with small molecules, which
provides a straightforward and physiologically relevant approach for studying drug-target
engagement [10]. As shown in Figure 1, prepared samples are treated with a drug or control
vehicle for a specified time and are then subjected to a temperature gradient. Proteins
bound to the drug remain stable while the unbound proteins denature and precipitate
with increasing temperature. Cells are then lysed through multiple freeze-thaw cycles
(e.g., rapid freezing in liquid nitrogen followed by thawing at 37 °C), and the soluble
protein fraction is separated from the aggregate by centrifugation or filtration. The ther-
mally stabilized proteins are quantified by techniques such as Western blotting or mass
spectrometry to generate thermal melting curves that indicate the protein melting point
(Tm), and a shift in Tm (ATm) serves as a marker of drug-target engagement [11]. It is
important to recognize that such a shift reflects the presence of drug-target engagement
at the tested drug concentration, but it does not provide information about the degree of
target binding or occupancy, which reflects the potency of the drug. The potency of a drug
can be determined by isothermal dose-response CETSA (ITDR-CETSA), which involves
applying a range of drug concentrations at a fixed temperature close to Tm of the unbound
protein. Compounds are then ranked by their binding capacity based on the half-maximal
effective concentration (ECsg) [12].
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Figure 1. Principle of the cellular thermal shift assay (CETSA). When exposed to increasing tempera-
ture, proteins treated with a vehicle (control) undergo thermal denaturation and aggregation, which
reduces their solubility. In contrast, proteins bound to a natural product exhibit enhanced thermal
stability, and they maintain their solubility at higher temperatures. The remaining soluble protein
fraction is analyzed via a technique such as Western blotting, where an increased band intensity at
higher temperatures indicates protein stabilization by the natural product. Rel. Intensity: relative
intensity, Tm: melting temperature.
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3. CETSA-Based Strategies and Their Applications
3.1. Target Binding

Western blotting CETSA (WB-CTSA) relies on Western blotting to detect specific
proteins. It is a simple and label-free technique with the advantage of easy implementation
in a standard laboratory without requiring specialized equipment. However, it has a
limited throughput because it requires specific antibodies, so it is best suited for hypothesis-
driven studies. Consequently, WB-CETSA is commonly employed to validate known
target proteins rather than discover novel target proteins [10,13]. As noted earlier, ITDR-
CETSA is used to measure the dose-dependent thermal stabilization of proteins at a fixed
temperature, which allows for quantitative assessment of the drug-binding affinity and
makes it a useful tool for ranking compounds targeting specific proteins [12]. As shown in
Figure 2, mass spectrometry CETSA (MS-CETSA) is an advanced variant of CETSA that
replaces Western blotting with mass spectrometry to detect changes in thermal stability
across thousands of proteins simultaneously and provide comprehensive insights into drug-
binding events. Thermal proteome profiling (TPP), which is often considered synonymous
with MS-CETSA, extends this capability by incorporating gradients of temperature and
compound concentrations to generate detailed thermal stability profiles. These profiles can
then be used to quantitatively assess the drug-binding affinities and mechanisms of action
with a high throughput [14]. These techniques are particularly powerful for drug discovery
and mechanistic studies because they allow for the large-scale identification of drug targets
and study of complex protein interaction networks in physiologically relevant contexts.
However, implementing MS-CETSA or TPP is resource-intensive and requires advanced
setups, complex data processing tools, and technical expertise. Despite these challenges,
their ability to analyze the entire proteome in an unbiased manner makes MS-CETSA and
TPP invaluable tools for modern pharmacological research [15].
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Figure 2. Workflow of MS-CETSA for target identification in natural products. Living cells or cell
lysates are treated with either a vehicle or natural product and are subjected to a temperature gradient.
The obtained soluble proteome is subjected to multiplexed mass spectrometry for proteome-wide
analysis. Thermal stability curves are then generated, where a shift in the melting temperature
(ATm) indicates drug—target binding and stabilization. MS analysis: Mass Spectrometry analysis, Rel.
Intensity: relative intensity, Tm: melting temperature.

Two-dimensional TPP (2D-TPP) combines two experimental approaches to provide a
more comprehensive and multidimensional understanding of drug—protein interactions:
TPP based on temperature range (TPP-TR) and TPP based on compound concentration
range (TPP-CCR). TPP-TR profiles changes in thermal stability of proteins across a tem-
perature range, which makes it conceptually similar to classic CETSA and allows for the
identification of temperature-dependent drug—protein interactions. TPP-CCR examines
changes in protein stability across a gradient of compound concentrations, which is similar
to ITDR-CETSA and helps quantify and rank the drug-binding affinities of compounds
based on their potency [11,14]. Thus, 2D-TPP integrates the principles of TPP-TR and
TPP-CR to analyze the thermal stability of proteins for two variables (i.e., temperature
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and compound concentration) simultaneously. This synergistic framework provides a
high-resolution view into both the binding dynamics and multidimensional behavior of
ligand-target engagement and makes 2D-TPP a powerful tool for advancing drug discov-
ery [11]. Other notable CETSA variants have been developed to enhance the flexibility
and applicability of the technique. Thermal stability shift-based fluorescence difference in
two-dimensional gel electrophoresis (TS-FITGE) combines thermal stability analysis with
fluorescence-based two-dimensional gel electrophoresis to identify drug-induced changes
in protein stability in complex biological samples at a high resolution. Simplified TTP
(STPP) reduces the complexity of the TPP workflow to improve throughput and accessibil-
ity without compromising the ability to detect critical protein-ligand interactions. These
variants complement the broader CETSA family by addressing specific experimental needs
and facilitating the study of drug—protein interactions in diverse biological contexts [15].

Other label-free target identification techniques such as DARTS and SPROX have often
been applied with CETSA in a complementary manner to strengthen target validation.
DARTS is based on the observation that binding with a ligand often stabilizes proteins
against proteolytic degradation. Thus, target proteins can be identified by applying limited
proteolysis to a protein mixture with and without a ligand and finding proteins that
show increased resistance to proteases. SPROX measures ligand-induced changes in
protein stability by tracking methionine oxidation rates as the concentration of a chemical
denaturant is increased. Both methods complement CETSA by probing ligand-induced
conformational and stability changes through distinct biophysical readouts, which expands
the toolkit for drug-target discovery [16].

3.2. Drug—Target Engagement

CETSA and its variants are widely utilized to provide critical insights into the mech-
anisms of action and therapeutic potential of natural products. WB-CETSA was used to
confirm that curcumol binds to nucleolin, matrine binds to Src, and rapanone A binds
to IMPDH?2, which helped identify their respective anticancer and anti-inflammatory ef-
fects [17-19]. WB-CETSA was also used to identify the engagement between Class III PI3K
(Vps34) and an aurone derivative and the direct binding of 2’-hydroxycinnamaldehyde
to STAT3, which stabilized the target proteins and inhibited their activity [20,21]. ITDR-
CETSA was employed to study the interaction of oridonin with nucleolin, where a series
of experiments including time-course and dose-response assays helped identify its EC50
value and optimal treatment conditions [22]. These examples demonstrate the versatility
of WB-CETSA and ITDR-CETSA in validating interactions between natural products and
target proteins in diverse biological systems.

MS-CETSA and TPP have been widely used for proteome-wide target identifica-
tion, which enables the study of drug-protein interactions in a high-throughput manner.
MS-CETSA was used to investigate the binding spectrum of staurosporine, which was a
pan-kinase inhibitor derived from Streptomyces staurosporeus. In this study, thermal stability
shifts were observed in 51 of the 175 kinase targets tested, which demonstrated its broad in-
hibitory activity [14]. MS-CETSA has also been used to study natural products with poorly
understood mechanisms of action. For instance, MS-CETSA was used to identify the target
proteins of quinine, which is an antimalarial drug derived from the bark of the cinchona
tree. Purine nucleoside phosphorylase (PfPNP) was identified as a critical target, which
helped elucidate the mechanism of action of quinine. This finding was further supported
by biophysical and structural studies that confirmed that ligand binding induces conforma-
tional changes in PfPNP and helped clarify its antimalarial properties [23]. In another study,
MS-CETSA was used to investigate the molecular target of iopromide A (VioA), which is
a potent anticancer natural product derived from Cystobacter violaceus. While traditional
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affinity-based methods failed to identify a clear target, MS-CETSA revealed that VioA stabi-
lized six proteins including nucleolar protein 14 (NOP14). Further studies demonstrated
that VioA disrupted ribosome biogenesis by impairing the interaction between NOP14
and NEP1, which ultimately interfered with cancer cell proliferation [24]. MS-CETSA was
also applied to study the targets of atractylenolide I, which is a bioactive natural product
from Atractylodes macrocephala. Proteome-wide TPP-TR of colorectal tumor cells identified
the proteasome 265 subunit non-ATPase 4 (PSMD4) as a key target of atractylenolide I.
Binding to PSMD4 enhanced immunoproteasome activity, increased antigen presentation,
and improved the immune response to cancer cells [25]. MS-CETSA was also used to show
that alantolactone, which is a sesquiterpene lactone from Inula helenium, binds directly to
AKRI1C1 in NCI-H460 cells, which established its potential as a potent inhibitor of non-
small-cell lung cancer [26]. MS-CETSA was also used to reveal that ainsliadimer A targets
PRDX1 and PRDX2, which induces reactive oxygen species (ROS)-mediated apoptosis in
colorectal cancer cells [27]. These examples demonstrate the effectiveness of MS-CETSA for
the target identification of natural products.

These examples collectively demonstrate that CETSA is a highly valuable tool for
uncovering the molecular targets of natural products with anticancer potential. Its ability to
operate in physiologically relevant settings and detect ligand-induced thermal stabilization
makes it particularly suited for cancer research, where target validation in complex bio-
logical systems is crucial. Recent studies further support this utility. For example, CETSA
was used to show that capsaicin inhibits the G1 cyclin/CDK complex via direct binding to
tNOX (ENOX2), resulting in G1 arrest in cancer cells [28]. Beyond this, CETSA has been
instrumental in elucidating the mechanisms of established chemotherapeutic agents. In
the case of 5-fluorouracil (5-FU), proteome-wide CETSA revealed not only its canonical
inhibition of thymidylate synthase but also its destabilizing effects on RNA modification
proteins such as ADAR and DKC1 in colorectal cancer cells, providing insights into its
activity in drug-resistant models [29]. Together, these findings underscore CETSA’s broad
applicability in anticancer drug discovery, especially for validating target engagement of
structurally diverse and bioactive natural compounds.

As discussed above, representative examples of CETSA applications in natural product
research are systematically summarized in Table 2, which highlights the natural products,
their molecular targets, the study objectives, and the key findings.

Table 2. Summary of CETSA applications in natural product research.

Natural - N
Product Source Molecular Target Study Objective Key Finding
Validate anticancer Induces apoptosis
.. . mechanism in by inhibiting
Curcumol [17] Curcuma wenyujin Nucleolin (NCL) nasopharyngeal NCL-mediated
carcinoma ribosome biogenesis
. Inhibits Src
Investigate hosphorylation
Matrine [18] Sophora flavescens Src kinase anti-proliferative phosphory !
i suppressing tumor
effects in cancer cells
growth
Identify anti- Selective inhibition of
Rapanone A [19] Ardisia japonica IMPDH?2 neuroinflammatory IMPDH2 reduces
targets neuroinflammation
I e Stabilizes Vps34
Aurone derivative Synthetic (inspired by Screen autophagy . "
1a [20] natural aurones) Vps34 (Class III PI3K) modulators enhancing autophagic

flux
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Table 2. Cont.

Natural N .1
Product Source Molecular Target Study Objective Key Finding
9. Direct binding inhibits
Hydroxycinnamaldehyde  Cinnamomum cassia STAT3 . U.n c.qver.STAT?) STATS phosphorylation
[21] inhibition in cancer and downstream
signaling
Disrupts
Oridonin [22] Rabdosia rubescens Nucleolin Study anticancer effects nucleolin-RNA

in leukemia

interactions, inducing
apoptosis

Staurosporine [14]

Streptomyces
staurosporeus

Pan-kinase (51 kinases)

Profile kinase
inhibitor activity

Broad-spectrum kinase
inhibition confirmed
via proteome-wide
thermal shifts

Quinine [23]

Cinchona tree bark

Plasmodium falciparum
PNP (PfPNP)

Elucidate antimalarial
mechanism

Induces conformational
changes in PfPNP,
blocking purine
salvage in malaria

Identify anticancer

Disrupts NOP14-NEP1

Vlo.p rolide A Cystobacter violaceus Nucleolar protein 14 targets in ribosome interaction, halting
(VioA) [24] (NOP14) - . .
biogenesis ribosome assembly
Enhances
Study immunoproteasome
. Atractylodes PSMD4 immunomodulatory activity, boosting
Atractylenolide T [25] macrocephala (Proteasome subunit) effects in antigen presentation

colorectal cancer

and antitumor
immunity

Alantolactone [26]

Inula helenium

AKR1C1

Investigate anticancer
activity in
non-small-cell
lung cancer

Inhibits AKR1C1,
suppressing metastasis
and proliferation

Ainsliadimer A
(AIN) [27]

Ainsliaea macrocephala

PRDX1/PRDX2

Uncover ROS-mediated
apoptosis mechanism
in colorectal cancer

Covalently binds to
PRDX1/2 cysteine
residues, inhibiting
peroxidase activity and
inducing oxidative
stress

Capsaicin [28]

Capsicum annuum

tNOX (ENOX2)

Validate anticancer
mechanism in
bladder cancer

Binds tNOX, induces
proteasomal
degradation, and
suppresses
SIRT1-mediated G1
cyclin/CDK activation

3.3. Comparative Analysis of CETSA Applications: Natural Products vs. Synthetic Compounds

While CETSA has demonstrated broad utility in target identification for both natural
products and synthetic compounds, distinct challenges and opportunities arise depending
on the chemical nature of the molecule. Natural products often possess greater struc-
tural complexity, including higher molecular weight, multiple chiral centers, and diverse
functional groups, which can enhance specificity but also complicate solubility and cell
permeability. These characteristics may affect thermal stability shifts, making natural
products more challenging to analyze via CETSA compared to synthetic molecules with
more predictable behavior [8,30]. For example, sesquiterpene lactones like alantolactone
require organic co-solvents (ex. DMSO) for solubilization, potentially altering the assay
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conditions [26]. In contrast, synthetic kinase inhibitors such as Palbociclib are optimized
for aqueous compatibility, simplifying CETSA workflows [31].

Additionally, natural products frequently exhibit multi-target engagement, which
may dilute observable ATm values or obscure specific binding signals. Ainsliadimer A, a
sesquiterpene dimer, simultaneously stabilizes PRDX1/2 and modulates NF-«B pathways,
necessitating orthogonal validation (ex. DARTS, SPROX) to deconvolute polypharmacol-
ogy [27]. Conversely, synthetic compounds like vemurafenib are designed for single-target
specificity, yielding distinct thermal shifts that correlate with biochemical potency [12].

Therefore, when applying CETSA to natural products, challenges such as poor aque-
ous solubility, limited bioavailability, and chemical instability require tailored optimizations
to ensure reliable target engagement detection. For example, prolonged incubation times
(ex. 24 h for oridonin) may compensate for slow cellular uptake of high-molecular-weight
compounds [22]. Temperature gradients and heating protocols are also adjusted to accom-
modate natural product-specific properties. For heat-labile compounds, shorter heating
durations (ex. 3 min holds at 56 °C) minimize degradation while retaining target stabiliza-
tion signals [32].

3.4. Integration of Multiple Techniques

Lv et al.’s study on ainsliadimer A (AIN), which identified PRDX1 and PRDX2 as tar-
gets leading to ROS-mediated apoptosis in colorectal cancer cells, serves as a representative
example of the power of combining multiple techniques [27]. In this case, they integrated
the complementary strengths of DARTS, TPP-TR, and WB-CETSA to comprehensively
elucidate the molecular targets and mechanism of action of AIN, which is a sesquiterpene
lactone dimer isolated from Ainslinea macrocephala. AIN was initially suggested to exert
its anticancer effects by inhibiting the NF-«B signaling pathway by targeting IKKa/f3.
However, because natural products commonly engage multiple targets, they employed a
multiomics-based strategy to explore other potential targets. The results of connectivity
map (CMAP) analysis, which is a transcriptome-based approach that compares gene ex-
pression signatures to identify potential drug-target relationships, indicated that PRDX1
may be a key target owing to the similarity between the gene expression signatures of
AIN and withaferin A, which is a known PRDX1 inhibitor. They then employed DARTS
to test this prediction, and several candidate binding proteins were identified including
PRDX1 and PRDX2, which suggested that AIN may interact directly with these antioxi-
dant enzymes. The results of TPP-TR also indicated interaction between AIN and PRDX1
and PRDX2. Following these initial findings, WB-CETSA was employed to confirm that
AIN binds to PRDX1 and PRDX2 in a cellular context. The results provided direct bio-
chemical evidence that AIN increases the thermal stability of PRDX1 and PRDX2 in intact
colorectal cancer cells, which confirmed their role as cellular targets. Additional validation
through site-directed mutagenesis and enzymatic assays revealed that AIN covalently
binds to the critical cysteine residues of PRDX1 (i.e., Cys173) and PRDX2 (i.e., Cys172),
which inhibits their peroxidase activity. They concluded that AIN induces oxidative stress
and mitochondrial dysfunction by inhibiting PRDX1 and PRDX2, which results in ROS-
mediated apoptosis in colorectal cancer cells. This study underscores how a multifaceted
approach utilizing multiple orthogonal label-free strategies can facilitate comprehensive
target identification and understanding of the mechanisms of action of natural products.

3.5. Focus on High-Throughput CETSA

High-throughput CETSA (HT-CETSA) was developed to facilitate the rapid and large-
scale screening of compound libraries and identify drug leads that engage specific protein
targets. HI-CETSA can be divided into two major approaches: HT-CETSA immunoas-
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says and HT-CETSA reporter-based systems. HT-CETSA immunoassays evaluate the
thermal stability of endogenous proteins by using antibody-based detection systems and
frequently employ homogeneous detection platforms such as Alphal ISA /AlphaScreen,
where proximity-based energy transfer between donor and acceptor beads occurs when
an antibody binds to the target protein. Ligand-induced stabilization results in a stronger
signal, which facilitates the quantification of target engagement in a high-throughput
manner [13]. A HT-CETSA immunoassay was applied to assess B-Raf target engagement
for 896 kinase inhibitors. Thirteen compounds were found to thermally stabilize B-Raf,
which all had prior evidence of B-Raf binding [33]. Another study used a HT-CETSA
immunoassay to screen a library of 10,928 compounds targeting thymidylate synthase,
which identified 65 hits that stabilized the protein of which the majority were pyrimidine
nucleoside analogs. Upon retesting the most potent stabilizers (>30% stabilization), 90%
of the compounds were confirmed, which demonstrated the reliability of the HT-CETSA
immunoassay for identifying novel ligands [29]. As shown in Figure 3, HT-CETSA re-
porter systems fuse a target protein with a reporter such as NanoLuciferase (NanoLuc) or
[-galactosidase, and thermal stability changes are detected by luminescence or colorimetry.
These fusion proteins can be introduced into cells through the transfection of genetic fusion
construct or transient expression systems. Alternatively, they can be endogenously inserted
into the genome using regularly clustered interspaced short palindromic repeats (CRISPR)-
based techniques. All of these approaches can be used to monitor ligand-induced protein
stabilization in live cells [34-36].

natural

products vehicle }‘

Temperature X i X
- Cell lysis and reconstitute Read luminescence to

reporter activity determine natural product-

induced thermal stabilization
Figure 3. Workflow of the HT-CETSA reporter assay. Cells are transfected with a target protein fused
to small reporter tags (e.g., ePL, 86b, HiBiT) and plated into a microtiter plate. After incubation with
natural products and heat treatment, cells are lysed. Reporter activity is reconstituted by adding a
large reporter fragment and substrate. Luminescence is then measured to assess protein stabilization
using different complementation systems (ePL-EA complementation for -galactosidase activity,
86b-11S and HiBiTLgBiT complementation for nanoluciferase activity).

A NanoLuc-based live-cell thermal shift assay (NaLTSA) was developed to monitor
the stabilization of kinases, bromodomains, and histone deacetylase upon ligand binding
and was applied to assessing the stabilization of p38«x kinase across a set of 80 kinase
inhibitors. NaLTSA was also applied to profile the target engagement of ponatinib, which
is a multikinase inhibitor, across 38 NanoLuc-tagged kinases. Out of 20 known targets
of ponatinib, 19 were identified with JAK2 as the only false negative [35]. HT-CETSA
immunoassay and reporter systems have become essential tools for early-stage drug dis-
covery by supporting hit identification, lead optimization, and potency ranking through
dose-response analyses. Applications such as B-Raf immunoassay screening and p38ax
NaLTSA profiling have demonstrated their utility in identifying intracellular target-binding
compounds. HT-CETSA provides robust and quantitative data on drug—protein interac-
tions to accelerate the identification and optimization of drug candidates [32]. Table 3
compares the throughputs and applications of HI-CETSA with other CETSA variants.
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Table 3. Features of CETSA variants.
Method Detection Scope Throughput Application
WB-CETSA Western Blot Target-specific Low Target validation
ITDR-CETSA Western Blot Target-specific, Low Binding affinity
dose-dependent assessment
MS-CETSA (TPP) Mass Spectrometry Proteome-wide High Target discovery
Proteome-wide, . Comprehensive
2D-TPP Mass Spectrometry multidimensional High interaction profiling
. High-throughput
HT-CETSA Immunoassay/Reporter High-throughput Very High drug screening and

System target screening target identification

4. Advances in CETSA: From Tissue Applications to
Multiomic Integrations

CETSA has significantly advanced drug discovery by enabling the evaluation of tar-
get engagement in complex biological environments, including intact tissues and in vivo
models. Recent studies have demonstrated its utility in preclinical and clinical applications.
For instance, RIPK1 inhibitors were evaluated using Alpha CETSA® and MSD CETSA®
formats in unprocessed human whole blood, showcasing high sensitivity and robustness
in pharmacokinetic-pharmacodynamic studies [31]. In clinical settings, CETSA has increas-
ingly been adopted to evaluate drug efficacy and safety in human samples. The CETSA®
platform developed by Pelago Bioscience has extended its utility to clinical trials, allowing
target engagement measurements in unprocessed human blood or tissue biopsies. For ex-
ample, mass spectrometry-based CETSA formats have enabled the proteome-wide profiling
of kinase inhibitors such as Palbociclib and Dinaciclib, providing insights into selectiv-
ity and off-target effects [31]. Additionally, CETSA-PISA (parallel integration of sample
aliquots) further enables proteome-wide profiling in animal models and patient-derived
tissues, facilitating biomarker identification and off-target effect analysis [37]. These devel-
opments highlight CETSA’s potential as a clinical diagnostic tool for personalized medicine
and patient stratification.

Recent efforts to integrate CETSA with other omics technologies have expanded its
utility for understanding drug mechanisms of action. Combining CETSA with phosphopro-
teomics has revealed dynamic pathway modulations; for example, studies demonstrated
how GSK3 inhibition affects PIN1 phosphorylation patterns [38]. These multiomic work-
flows allow researchers to connect target engagement data with downstream functional
outcomes, offering a holistic view of drug activity at the molecular level.

High-throughput CETSA-MS workflows have scaled up significantly, enabling
proteome-wide screening across hundreds of compounds. For instance, EUbOPEN’s initia-
tive aims to screen 192 compounds against 1000 targets by 2025 using advanced CETSA-MS
pipelines [31]. Computational tools like CycleDNN—a deep learning framework—have
emerged to predict CETSA features across cell lines based on existing datasets, reducing
experimental costs while expanding applicability. These advancements not only improve
scalability but also enhance precision in target identification and validation efforts. As a
result, CETSA is becoming a cornerstone technology for multiomic drug discovery and
translational research.

5. Challenges and Future Improvements

CETSA and its variants have greatly advanced drug discovery and target identifi-
cation of natural products by providing label-free and physiologically relevant insights
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into drug-target engagement. However, several limitations must be addressed for their
broader application. WB-CETSA is a well-established method for validating drug-target
engagement in living cells, but it has the major drawback of relying on antibody-based
detection, which restricts its applicability to known proteins with available high-specificity
antibodies. This limitation makes it unsuitable for large-scale and unbiased screening of
unknown targets of natural products. Furthermore, some proteins exhibit minimal or no
detectable shifts in thermal stability upon ligand binding, which reduces the effectiveness
of WB-CETSA in identifying certain target proteins. Highly heterogeneous proteins and
those that do not undergo clear aggregation upon heat-induced unfolding also present
challenges for accurate data interpretation [10].

TPP and MS-CETSA have emerged as a powerful tool for proteome-wide target dis-
covery, yet it faces challenges in detecting low-abundance proteins and distinguishing true
targets from artifacts. High-abundance proteins often overshadow low-abundance targets
(ex. kinases, transcription factors) in MS-CETSA, leading to false negatives. For instance,
MAPKS, a low-abundance kinase, remained undetectable in traditional MS-CETSA but was
identified using targeted proximity extension assays (PEA), which improved sensitivity by
over 100-fold [39].

A major source of false positives is thermal proximity coaggregation (TPCA), where
non-target subunits within a protein complex exhibit shared melting behaviors. For exam-
ple, methotrexate-treated K562 cells showed TPCA-driven thermal shifts in the chromatin
assembly factor-1 (CAF-1) complex due to replication stress rather than direct drug inter-
action. To mitigate TPCA, statistical frameworks like Slim-TPCA use bootstrapping to
filter nonspecific coaggregation, while temperature optimization (ex. three-step protocols)
reduces batch effects. Orthogonal validation methods, such as SplitLuc CETSA or PEA,
further confirm target engagement without relying solely on thermal shifts [40].

False negatives also arise when natural product—protein interactions fail to induce
detectable thermal stability changes. For example, lactate dehydrogenase A (LDHA)
inhibitors were missed in MS-CETSA due to low intracellular concentrations but detected
via RT-CETSA with ThermLuc reporters [41]. To address this, enrichment strategies (ex.
tagged systems like SplitLuc) and targeted MS/PEA enhance sensitivity for low-abundance
or stable targets. Replicate designs and dynamic monitoring of TPCA modulation scores
further improve reliability [39,42].

Cross-validation with complementary techniques is critical to overcoming CETSA’s
limitations. Combining TPP with DARTS or SPROX can validate label-free target discovery,
while affinity-based methods (ex. biotin pulldowns) confirm interactions for soluble, vali-
dated targets. Integrated workflows, such as CETSA-PEA for kinase profiling or chemical
denaturation for stable complexes, have demonstrated improved accuracy. These strategies
highlight the importance of multi-method approaches to refine target identification in
complex biological environments [43-45].

The future of CETSA-based strategies in natural product research lies in expand-
ing their application beyond cell-based models to more physiologically relevant contexts,
including in vivo and ex vivo systems. Tissue-CETSA and Tissue-TPP offer significant
potential for mapping the target engagement of natural products across multiple organs,
which can help researchers study drug distribution, therapeutic efficacy, and potential
off-target effects within intact biological systems. These techniques can be particularly
valuable for evaluating natural products with complex pharmacokinetics or tissue-specific
activities [12,46]. CETSA-based strategies can also be integrated with genetically engi-
neered animal models such as knockout mice to offer a system-level understanding of
natural product-induced proteomic alterations and provide indirect evidence of target
engagement through global changes in protein expression. Such in vivo studies would
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not only strengthen preclinical evaluations but also support the optimization of dosing
regimens and therapeutic windows in drug development [15]. Other future improve-
ments may include integration with multiomic platforms such as quantitative proteomics,
metabolomics, and transcriptomics to facilitate a more comprehensive characterization of
the mechanisms of action of natural products by linking target engagement with down-
stream cellular responses. Improvements in mass spectrometry technologies will further
enhance the proteome coverage and sensitivity of CETSA and address the current limita-
tions of detecting low-abundance or membrane-bound target proteins. Clinical applications
of CETSA are also emerging as a promising avenue with the potential to monitor target
engagement in patient-derived samples including tissues and whole blood, which may
pave the way for precision medicine. CETSA and its variants are expected to continue
to evolve as indispensable tools for the comprehensive assessment of natural product-
target engagement from cellular models to clinical settings and ultimately accelerate the
development of therapeutics based on natural products [47].
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