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Abstract

Kinases are signaling molecules that are central to all aspects of life. Consequently, their
dysregulation is implicated in numerous diseases, making kinases one of the most success-
ful family of drug targets. However, due to the conserved catalytic domain of kinases, these
drugs are frequently not selective for a specific target, and selective inhibitors—‘chemical
probes’—are therefore necessary to understand the role of specific proteins or isoforms.
Through the SGC chemical probe program, selective kinase inhibitors have been made avail-
able, focusing on understudied kinases. Here, we discuss recent examples of this effort and
showcase how selectivity for these probes has been achieved using different approaches.

Keywords: chemical probes; kinase; PROTAC; chemogenomic; Donated Chemical Probes;
dark kinases; kinase inhibitor

1. Introduction
Kinases have long been recognized as critical signaling molecules and drug targets.

Indeed, 2025 marked a milestone for the field, recording the highest number of FDA
approvals for kinase inhibitors to date, reaching an overall number of 100 FDA approvals
of a small-molecule protein kinase inhibitor with Novartis Pharmaceuticals Corporation’s
BTK inhibitor remibrutinib (Rhapsido) (Hanover, NJ, USA) [1]. While the majority of
kinase drugs have been approved for use in oncology, there is growing interest in their
use for other indications, particularly in the treatment of immunological diseases [1].
Given the central role of kinases in regulating critical cellular processes including cell
proliferation, subcellular translocation, inflammation, neurodegeneration, and metabolism,
it is anticipated that further kinase drugs for protein kinases, as well as the less-studied
lipid kinases, will be developed.

Initially, the development of protein kinase inhibitors targeting the ATP site was
considered to be extremely challenging due to the conserved ATP binding pocket and the
high concentration of ATP within the cell. This was a particularly challenging task, due
to the size of the family. The kinome contains 518 protein kinases, which can be divided
into eight major groups, including tyrosine kinases, as well as approximately 60 atypical
protein kinases, such as lipid kinases, which are responsible for the phosphorylation of lipid
molecules [2]. Kinase targeting drugs are focused on a relatively small subset of the kinome
and address mostly members in five of the eight groups (TK, TKL, STE, CMGC, and AGC)
and one atypical protein kinase group (PIKK) as well as one family in the lipid kinases
(PI3K; phosphatidylinositol 4,5-bisphosphate 3-kinase) [1,3]. Besides drugs, a plethora of
kinase inhibitors have been developed, covering a majority of about 68% of kinases with
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at least one small molecule binder. Nevertheless, a third of the kinome remains, so far,
unliganded and poorly studied [4].

Based on their binding modes, kinase inhibitors can been categorized into different
types: type-I inhibitors bind in and around the ATP binding pocket of a kinase in its active
state; type-II inhibitors target the ATP pocket of an inactive kinase by protruding into
an adjacent binding pocket such as created by the outward position of the DFG motif;
type-III inhibitors bind outside of the ATP site in a ATP non-competitive way; and type-IV
inhibitors target kinases outside the catalytic domain. Type-III and type-IV (allosteric)
inhibitors are generally considered to be selective as the binding site is usually unique
to a certain kinase, but exceptions to this rule can be found, for example based on the
availability of specific amino acids in the binding site, which may allow deep penetration
in the so-called back-pocket of a kinase or allowing covalent targeting via a suitable
amino acid, frequently a cysteine [5–7]. In order to selectively target a specific kinase,
different strategies have been employed, which often can be applied to a small group of
kinases, as reviewed in [7–9]. These include, besides the already-mentioned allosteric
inhibitors and covalent approaches, conformational rigidity, interaction with gatekeeper
residues, bivalent inhibitors linking ATP-competitive moieties to a second group, substrate
targeting, and degrader strategies [10]. Despite these different approaches, the generation
of selective kinase inhibitors remains challenging, and multiple machine learning and
prediction programs have been developed in an attempt to tackle the issue of kinase
inhibitor selectivity, e.g., [11,12].

Although kinase drugs are widely used by the biological research community as
tools to understand a kinase’s function, these molecules are often not selective for a
given target but optimized for effectiveness of treatment. For example, Sunitinib, Nin-
tendanib, and other FDA-approved inhibitors for the extensively liganded VEGFR are
all promiscuous molecules, targeting additional members of the receptor tyrosine kinase
group [3]. Therefore, mechanistic tools with defined potency and selectivity are warranted
to understand the biological function of a specific kinase or closely related kinase family
members, such as, for example, LIMK1 and LIMK2. As a result, in 2015, the Structural
Genomics Consortium (SGC) launched its kinase chemical probe program with the goal to
generate chemical probes for protein and lipid kinases and make these chemical probes
freely available to the scientific community https://www.thesgc.org/chemical-probes
(accessed on 29 January 2026). Criteria for chemical probes were defined according to
general guidelines for chemical probes as described on the Chemical Probes Portal (Portal,
https://www.chemicalprobes.org/) (accessed on 29 January 2026) with regards to potency,
selectivity, and target engagement or modulation in cells. As commercial kinases panels
covering a large part of the kinome are readily available, all kinase probes are extensively
profiled. A comprehensive data package is evaluated by an external chemical probe review
committee of experts in chemical biology. Building on this effort, the Donated Chemical
Probe Program (https://www.sgc-ffm.uni-frankfurt.de/) (accessed on 29 January 2026)
provides a framework for both industry and academic groups to contribute kinase (and
other) chemical probes and make them openly available via the SGC [13]. By combining rig-
orous profiling standards with open access, the program expands the repertoire of available
chemical probes across the kinome. To date, the set contains 59 kinase chemical probes for
48 kinases. Here, we provide an update on the recent progress of kinase chemical probes
made available via the SGC and highlight some molecules covering understudied targets.

2. Introducing Chemical Probes
High-quality chemical probes are used to reliably interrogate kinase activity in cells

and model systems. To ensure that conclusions from biological experiments using kinase
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inhibitors can be drawn with confidence, the Chemical Probes Portal has established strin-
gent criteria for chemical probes, distinct from tool compounds or clinical drug candidates.
An essential requirement for a kinase chemical probe is high biochemical potency below
100 nM for the target, demonstrated through enzymatic or biophysical assays and mea-
sured under conditions relevant to the catalytic mechanism of the kinase target. Given
the high similarity of ATP binding sites across the kinome, it is crucial to assess selectivity
across a large panel of kinases, as a lack of adequate selectivity is one of the most common
reasons kinase inhibitors fail to qualify as chemical probes. A selectivity of larger than
30-fold within the family is considered necessary. Commercially available kinase panels
provide the opportunity to screen inhibitors against panels of around 400 wild-type kinases,
in biochemical assays, enabling broad selectivity profiling across the kinome. Achieving
isoform selectivity within highly conserved kinase families remains a challenge. In some
kinase families, cysteine residues are present in only one isoform, providing a powerful
strategy for isoform-selective targeting using covalent inhibitors [6,7]. For covalent ki-
nase chemical probes, clear evidence of irreversible target engagement is required, and
the underlying mechanism should be characterized. Best practice includes quantitative
characterization of the kinetic parameters such as the rate of inactivation (kinact) and the
affinity of the initial non-covalent complex (Ki), as well as kinact/Ki as a key measure of
potency and efficiency of covalent labelling [14].

An alternative strategy to overcome the selectivity issue within this highly conserved
protein family is targeted protein degradation using proteolysis targeting chimeras (PRO-
TACs) or other degradation-based modalities [14,15]. For these modalities, additional direct
evidence of binding to both the target and the E3-ligase is required. For both covalent and
degrader kinase probes, robust demonstration of proteome-wide selectivity is essential to
ensure specificity in a biological system.

As in vitro potency alone is insufficient, chemical probes must show cellular target
engagement at concentrations compatible with selective activity, typically below 1 µM.
To profile the engagement of kinase inhibitors in a live-cell context, beyond the low-
throughput immunoblot analysis of substrate phosphorylation, NanoBRET kinase assays
are now available across nearly 200 kinases [16].

Finally, a critical element of chemical probe criteria is the availability of a negative
control compound. This is typically a close structural analogue of the probe but lacks
significant activity against the target kinase. A window of 100-fold selectivity relative to the
active compound is considered adequate [17]. The control compound helps confirm that
the phenotype observed with the chemical probe compound is specifically driven by the
targeted protein and not due to nonspecific interactions with an off-target. However, the
generation and selection of negative controls is not always straightforward, as compound
modifications affecting binding to the target may also affect binding to a potential off-target.
A comparative study by Lee and Schapira (2021) [18] examined the selectivity profiles of
four unrelated chemical probes and their corresponding negative controls. The authors
demonstrated that negative controls, which differ from the probe by as little as a single
heavy atom, can exhibit strikingly different off-target profiles. Specifically, they could show
that such chemical modifications render the negative control also inactive against up to
80% of known off-targets, thus greatly diminishing the usefulness of such a compound.
Poorly chosen negative controls may therefore lead to misinterpretation of the results.
To improve the robustness of experimental findings, it is therefore encouraged to use, if
available, two orthogonal chemical probes that target the same protein, but are structurally
unrelated, along with matched negative controls for each probe in the biological assay to
target validation [17–21]. By adopting these best practices and online resources for chemical
probes, researchers can ensure the robustness of their generated data.
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The Chemical Probes Portal is a free, open online resource which evaluates small-
molecule reagents for their suitability as chemical probes via a large group (>260) of
recognized chemical probe experts, the Scientific Expert Review Panel, or SERP [22,23].
Molecules valued with a three- or four-star rating (out of four) in cells are recommended
for use as chemical probes, with a three-star rating indicating that it is the ‘best available
probe for this target’ or a ‘high-quality probe that is a useful orthogonal tool’ and a four-star
rating indicating that it is ‘recommended as a probe for this target’. Currently, the Portal
features 201 kinase probes that have been rated 3 stars or above covering 169 targets
(Figure 1) of which 13 are covalent inhibitors, indicating that selective kinase targeting
can be achieved with increasing success. Multiple probes are available for several kinases,
acting, for example, as degraders or inhibitors for the same target, thus enabling assessment
of catalytic versus scaffolding effects when used in phenotypic assays.

Figure 1. Kinase targets covered by high-quality chemical probes. A total of 169 unique human kinase
targets with available high-quality chemical probes are mapped onto the human kinome tree using
KinHub and complemented by a table of lipid kinases. Kinases are highlighted by red circles for
which at least one chemical probe rated three or four stars on the Chemical Probes Portal is available.

While the majority of efforts to develop inhibitors continue to focus on already-well-
known kinases, the SGC chemical probe program aims to enable the yet understudied,
or so-called “dark”, kinases [24]. A list of understudied kinases that have been selected
as part of the complementary NIH’s ‘Illuminating The Druggable Genome’ project has
recently been published [25], and further information can be found at the publicly available
Dark Kinase Knowledgebase (https://darkkinome.org/) (accessed on 29 January 2026).
Following the stringent kinase chemical probe criteria mentioned above, the SGC program
employs a rigorous evaluation process, which involves two independent expert review
committees. Inhibitors that meet chemical probe criteria are approved and subsequently
made openly available to the global research community without any restriction on use,
ensuring broad access to high-quality, well-characterized chemical tools (https://www.
thesgc.org/chemical-probes) (accessed on 29 January 2026). This approach facilitates more
rapid characterization and validation of underexplored kinase targets and contributes to a
broader understanding of kinase biology.
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Building on this framework, the Donated Chemical Probes (DCP) initiative provides a
complementary mechanism through which researchers from both industry and academia
can contribute highly selective kinase probes for use by the community (https://www.sgc-
ffm.uni-frankfurt.de/) (accessed on 29 January 2026) [13]. A hallmark of both programs
is the availability of comprehensive profiling data provided for each probe, including
off-target activities and recommended conditions for use as well as the physical probe and
control compounds. Together these initiatives enable researchers worldwide to investigate
kinase function using standardized chemical probes, thereby accelerating discovery and
improving reproducibility across studies. Some highlights of kinase chemical probes are
described below in further detail (Table 1).

3. Targeting Dark Kinases
The small death-associated protein kinase family (DAPK family) comprises five members

(DAPK1, DAPK2, DAPK3, DRAK1, and DRAK2) and belongs to the calcium/calmodulin-
dependent serine/threonine kinases [26]. Both DRAK1 (STK17A) and DRAK2 (STK17B) are
highly understudied members of this family, but chemical probes are now available to study
their respective functions. CK156 is a highly selective and potent (IC50 of 49 nM in a radiomet-
ric assay and a KD of 21 nM determined by ITC) macrocyclic pyrazolo [1,5-a]pyrimidine-based
compound, which inhibits STK17A in a type I modus [27]. A cellular NanoBRET assay re-
vealed a potent IC50 of 181 nM on DRAK1. The compound fulfilled all probe criteria and was
tested in a cellular model of glioblastoma. Overexpression of DRAK1 has been reported in
multiple gliomas, and expression of DRAK1 was found to be necessary for glial neoplasia [28].
However, the results obtained using the CK156 chemical probe did not reflect the effects
observed in genetic knockdown experiments in glioblastoma, indicating the importance of
this kinase’s scaffolding functions [27]. Nevertheless, this kinase remains an attractive target in
several cancers, and other modalities, such as degrader molecules, could unlock its therapeutic
potential [29]. SGC-STK17B-1 is a thieno [3,2-d] pyrimidine-based ATP-competitive inhibitor
that binds to DRAK2 in a unique P-loop conformation [30]. This highly selective compound
specifically binds to this kinase with an IC50 of 190 nM in a cellular NanoBRET assay with
excellent selectivity over DRAK1 (>10 µM) as well as Aurora kinase B (AURKB), a potential
off-target identified in the selectivity screen [30]. Subsequent experiments using this chemical
probe revealed a critical role of DRAK2 in suppression of ferroptosis in multiple myeloma.
Treatment of multiple myeloma cells for 3 days with high doses of SGC-STK17B-1 negatively
affected proliferation of multiple myeloma cells and induced lipid peroxidation as well as
increased intracellular labile iron levels. Because of the limited aqueous solubility and stability
in liver microsomes, the compound was further optimized, resulting in compound AP-024,
which was suitable for in vivo experiments. This improved compound-induced ferroptosis
and significantly reduced tumor growth in multiple myeloma xenograft mouse models. Using
the compound, the authors further showed that two regulators of iron uptake and transport
are direct targets of STK17B, namely the iron-responsive element binding protein 2 (IREB2)
and heat shock protein family B member 1 (HSPB1) [31].

4. Using Different Targeting Mechanisms to Study Isoform Selectivity
of LIM Kinases

LIM kinases (LIMKs) 1 and 2 are structurally conserved cytoplasmic tyrosine-like
kinases which recognize serine/threonine as well as tyrosine residues. Human LIMK1 and
LIMK2 show an overall structural conservation with >70% sequence similarity within the
kinase domain. Their expression differs, with LIMK1 being predominantly expressed in
the brain as well as to a smaller extent in heart and skeletal muscle, while LIMK2 is more
widely expressed [32,33]. Both kinases play a pivotal role in various cellular processes,
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including cell morphology, motility, and apoptosis, by regulating the actin cytoskeleton
and other relevant proteins, such as cofilin, which are essential for these processes. Cofilin
phosphorylation plays also a role in Alzheimer’s disease and Fragile-X syndrome, making
these kinases attractive targets for these diseases in addition to others such as heart disease
and cancer. Several dual inhibitors for LIMK1 and LIMK2 have been developed [34–36],
and a number of them have been approved as chemical probes: LIMKi3, a type I inhibitor,
TH470, a type II inhibitor, and two type III inhibitors, TH257 and LIJTF500025 [37] (Figure 2,
Table 1). All chemical probes are highly potent in RapidFire MS assay with IC50s below
the criterion of 100 nM, and only small differences in potency between LIMK1 and LIMK2
are observed. Although LIJTF500025 demonstrated a somewhat higher potency in vitro
for LIMK2, evaluation in the cellular NanoBRET assay did not reveal significant selectivity
of LIMK2 over LIMK1. All chemical probes have excellent selectivity across the kinome,
with RIPK1 as the only off-target for the allosteric chemical probe LIJTF500025 [34,36].
Interestingly, comparative studies of quantitative phospho-proteomics revealed differential
effects of the diverse inhibitor types. Whereas the type I inhibitor LIMKi3 and the type II
inhibitor TH470 regulated phosphorylation sites in a similar manner, the type III inhibitor
TH257 affected less phosphorylation sites which, moreover, differed from those affected
by the type I and type II inhibitors. In addition to effects on the actin cytoskeleton or
microtubules, a strong link to phosphorylation changes in proteins involved in RNA
processing and RNA binding function as well as mRNA processing has been observed [36].
Conversely, the type I inhibitor LIMKi3 showed only a small effect in a neurite outgrowth
model of the Fragile-X chromosome, whereas the type II inhibitor TH470 and the allosteric
inhibitor TH257 strongly inhibited neurite outgrowth, suggesting that allosteric inhibitors
might be more effective in modulating neuronal phenotypes mediated by the deregulation
of LIMKs [34,36]. Thus, the availability of chemical probes belonging to different kinase
inhibitor types enabled the study of the effect of different kinase conformations.

More recently, through different targeting strategies, it has been possible to address
inhibition of LIMK isoforms, selectively. This has been enabled by targeting a specific
cysteine, C349, located in the glycine-rich loop region of LIMK1, which is not conserved in
LIMK2 [38]. The covalent inhibitor, which is based on the dual inhibitor LIMKi3 linked
to a weak covalent warhead, shows more than 100-fold selectivity of LIMK1 (IC50 of
45 nM) over LIMK2 (IC50 of 6.74 µM) in a cellular NanoBRET assay, while remaining highly
selective across the kinome and the proteome as demonstrated in a chemoproteomics
experiment (Figure 2, Table 1). The chemical probe, SM311, presented a two-step irreversible
inactivation mode with kinact = 2.83 × 10−3 s−1 and kinact/Ki = 6.95 × 104 M−1 s−1 with
a Ki value of 40.71 nM [38]. A structurally related negative control retaining the covalent
warhead, which is inactive on LIMK1 (IC50 over 25 µM in a cellular NanoBRET assay),
is available. Significantly, SM311 exhibited inhibition of cofilin phosphorylation, albeit
to a lesser extent than the dual inhibitor LIMKi3, in line with the notion that both LIMK
isoforms contribute to phosphorylation of this substrate. Complementarily, THNAN69, a
LIMK2 selective degrader, has been developed, completing the set of LIMK isoform-specific
chemical probes [39] (Figure 2, Table 1). Also, the PROTAC is based on the dual LIMKi3
inhibitor linked to a CRBN binding handle. Proteomics analysis revealed specific LIMK2
degradation (DC50 = 1 nM, Dmax ~ 90% at 10 nM doses) while LIMK1 protein levels were not
affected. The accompanying negative control, which does not bind to CRBN, does not show
any LIMK2 degradation up to 10 µM in a cellular assay. Interestingly, phosphoproteomics
revealed no downregulation of phosphorylated cofilins. Using different targeting strategies,
not only have selective chemical probes from different chemical inhibitor types been
generated for LIMKs but, also, subtype selectivity could be achieved, enabling scientists to
differentially study the role of LIMK1 versus LIMK2.

https://doi.org/10.3390/kinasesphosphatases4010005

https://doi.org/10.3390/kinasesphosphatases4010005


Kinases Phosphatases 2026, 4, 5 7 of 13

Figure 2. Dual and isoform-selective LIMK1 and LIMK2 chemical probes. A set of well-characterized
chemical probes targeting LIMK1 and LIMK2 is available, covering different inhibitor classes. These
include type I (LIMKi3), type II (TH470), and type III inhibitors (TH257 and LIJTF500025), all of
which are highly potent and display excellent kinome-wide selectivity. The covalent probe SM311
selectively targets LIMK1 by exploiting a non-conserved cysteine residue, while a LIMK2-selective
PROTAC, THNAN69, enables targeted degradation of LIMK2. Highlighted by red dots are LMK1
and LIMK2, the only kinases that are bound by these chemical probes.

5. Chemical Probes for Lipid Kinases
Lipid kinases catalyze the phosphorylation of hydrophobic or amphipathic small

molecules using ATP as phosphate donor. Contrary to protein kinases, they are less well
studied [40]. The 37 lipid kinases have been subdivided into different groups with the
largest being the diacylglycerol kinases (DGKs). The best studied groups are the PI3 ki-
nases for which inhibitors, as well as approved drugs and isoform-specific molecules
have been generated (https://www.chemicalprobes.org/search?q=Pi3k) (accessed on
29 January 2026) [41]. Additionally, selective inhibitors for a small number of other lipid
kinases have been generated. BMS (Cambridge, MA, USA) recently published a first-in-
class dual inhibitor for diacylglycerol kinase α (DGKα) and DGKζ (BMS-986408). This low
nanomolar inhibitor acts both as an inhibitor and a proteosome-dependent degrader of
these lipid kinases; however, further experiments to understand the precise mechanism
of degradation are still required. It is presently unknown if BMS-986408 functions as a
molecular glue or if the natural turnover of these proteins is accelerated [42].

The lipid kinase Phosphoinositide Kinase, FYVE-Type Zinc Finger Containing (PIK-
FYve, PIP5K3) kinase is a ubiquitously expressed kinase that phosphorylates the substrate
phosphatidylinositol-3-phosphate (PI(3)P) to yield phosphatidylinositol-3,5-bisphosphate
(PI(3,5)P2) and phosphatidylinositol 5-phosphate (PI(5)P). The kinase plays a role in cel-
lular homeostasis, membrane trafficking, endosomal transport, lysosomal function, and
signaling of Toll like receptors, inhibiting the IL-12/23 response. Additionally, a role in mod-
ulating neurotransmitter release and receptor recycling, impacting synaptic transmission
and neuronal plasticity, has been reported. Several potent and selective inhibitors for the
lipid kinase PIKfyve have been described, sharing a morpholino-pyridine or morpholino-
pyrimidine with the morpholine and forming a critical hydrogen bond with the hinge
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region of the kinase [43–45]. In order to generate a chemical probe from an alternative
scaffold, a library of indolyl pyrimidinamines was synthesized to which low binding to
PIKFYVE has been reported. Optimization of the initial compounds resulted in a highly
potent and cell-active chemical probe (SGC-PIKFYVE-1) that inhibits PIKfyve with 6.91 nM
affinity in an enzymatic in vitro assay and bound to the kinase with an IC50 of 4 nM in a
cellular NanoBRET assay. Comprehensive evaluation of a kinome-wide binding assessment
confirmed that this PIKfyve probe demonstrates excellent selectivity. The probe is accompa-
nied by a negative control compound that does not inhibit PIKfyve and exhibits excellent
selectivity [43]. The PIKfyve chemical probe was shown to disrupt multiple phases of
the β-coronavirus lifecycle, specifically viral replication and viral entry, in line with data
observed with other PIKfyve inhibitors, whereas the negative control compound did not
have any effect [43]. Subsequent experiments using the chemical probe revealed a role
of PIKfyve in inhibition of Nav1.7 and Nav1.8 channels, without affecting voltage-gated
calcium or potassium currents in sensory neurons. Moreover, intraperitoneal injection of
SGC-PIKFYVE-1 produced an antinociceptive effect in a neuropathic pain model although
the precise molecular mechanism remains to be explored [46]. Additional optimization of
the chemical probes resulted in a compound with improved pharmacokinetic profiles and
selectivity suitable for in vivo experiments [47].

Several well-characterized molecules are also available for inhibiting or degrading
phosphatidylinositol-5-phosphate 4-kinases (PIP4Ks) as described in [48–51] and https:
//www.chemicalprobes.org/search?q=PIP4, accessed on 29 January 2026.

The PIP4K family, comprising PIP4K2A, PIP4K2B, and PIP4K2C, is family of type II
lipid kinases that catalyze the conversion of phosphatidylinositol-5-phosphate (PI5P) to
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). PI(4,5)P2-mediated signaling regulates
key cellular processes, including proliferation, survival, glucose uptake, and cytoskeletal
organization, which have been reported to be dysregulated in cancer. Accordingly, aberrant
PIP4K activity has been implicated in several malignancies, including breast cancer, acute
leukemia, glioblastoma, and soft tissue sarcomas [52–54].

In recent years PIP4Ks have emerged as potential therapeutic targets, particularly in
tumors harboring p53 mutations or depletions [55]. Genetic depletion of PIP4K2A and
PIP4K2B selectively suppresses tumor growth in p53-deficient models both in vitro and
in vivo. Mechanistically, loss of PIP4K2A/B leads to increased AKT phosphorylation, ele-
vated oxygen consumption, and accumulation of reactive oxygen species (ROS), resulting
in metabolic stress and the induction of senescence [55].

Pharmacological inhibition of PIP4K2A has been similarly associated with AKT hy-
peractivation, which enhances oxidative stress by increasing mitochondrial respiration
and suppressing ROS scavengers downstream of FoxO-mediated transcription. Under
conditions of elevated basal oxidative stress, as observed in p53-deficient tumors, this
AKT-driven ROS accumulation sensitizes cells to senescence and apoptosis. Moreover,
PIP4K2A knockdown in p53-mutant THP-1 acute myeloid leukemia cells impairs prolif-
eration, induces G1 cell cycle arrest and apoptosis, and prevents leukemia development
in xenograft models, accompanied by activation of AKT and mTOR signaling [56]. In-
terestingly, pharmacologic inhibition of PIP4K2A with the potent and highly selective
PIP4K2A chemical probe BAY-091 did not recapitulate the hypothesized antiproliferative
effects in p53-deficient tumor cells, indicating a more complex role for PIP4K2A signal-
ing [57]. BAY-091 inhibits PIP4K2A at a single-digit nanomolar IC50 in vitro and is selective
for PIP4K2 in a comprehensive kinase panel of 373 kinases. In a cellular context, target
engagement has been proven by an in-cell thermal melt assay at 1 µM. When tested in
THP-1 cells at concentration of up to 50 µM, BAY-091 did not increase the levels of p-AKT
(Ser 473 and Thr308). In line with these findings, no consistent effect on mitochondrial
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ROS levels in THP-1 cells were observed after treatment with the PIP4K2A chemical probe.
Together, these findings underscore the critical importance of well-characterized, potent,
and selective chemical probes in distinguishing on-target pharmacological effects from
genetic or compensatory phenomena.

Table 1. SGC and DCP kinase chemical probes mentioned in this manuscript.

Chemical
Probe Kinase (Uniprot-ID) Chemical Probe Structure Negative Control Negative Control Structure

CK156
[27]

STK17A
(Q9UEE5)

 

CKJB71

 

SGC-
STK17B-1
[30]

STK17B
(O94768)

 

SGC-
STK17B-1N

 

LIMKi3
[36]

LIMK1, LIMK2
(P53667, P53671)

 

TH-263
 

TH470
[36]

LIMK1, LIMK2
(P53667, P53671)

 

TH-263
 

TH257
[36]

LIMK1, LIMK2
(P53667, P53671)

 

TH-263

LIJTF500025
[37]

LIMK1, LIMK2
(P53667, P53671)

 

LIJTF500120

 

SM311
[38]

LIMK1
(P53667)

 

SM311-NC

 

THNAN69
[39]

LIMK2
(P53671)

 

 

THNAN69-NC
 

BAY-091
[57]

PIP4K2A
(P48426)

 

BAY-0361

 

SGC-PIKFYVE-1
[43]

PIKfyve
(Q9Y2I7) SGC-PIKFYVE-1N
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6. Discussion and Perspective
Despite initial challenges in overcoming kinase catalytic site conservation, strategies

have been developed to achieve selective inhibition of specific kinases and even distin-
guishing between different isoforms. Cellular selectivity panels, taking into account the
Km of ATP in cells, complement the available in vitro panels, providing excellent tools
to assess the selectivity of a compound in a relevant system. Moreover, negative control
compounds as well as orthogonal chemical probes available for many kinases help to verify
that biological phenotypes are due to inhibition of the intended target. Additionally, genetic
knockdowns can be employed to ensure that a compound only binds to the target that
have been identified in in vitro profiling assays, and the phenotype is due to inhibition of
the intended protein. Accordingly, adding a compound to cells where the proposed target
protein has been knocked down will reveal whether the compound’s effect depends on that
target. For kinases, re-expression of wild-type but not kinase-dead kinase in the knockout
cells should restore sensitivity to the inhibitor. Thus, a suite of tools is available to ensure
the selectivity of a chemical probe for important targets [58].

However, given the size of the kinome, generating chemical probes with appro-
priate controls for every kinase remains a formidable task. To address this issue, ki-
nase chemogenomic sets have been assembled by Wells et al. and other scientists
as part of the recently finished Innovative Medicine Initiative funded program EU-
bOPEN [20,59,60]. A chemogenomic library comprises chemogenomic compounds that
fulfil similar potency criteria as chemical probes and are well validated but bind to
more than one target. For kinase chemogenomic compounds, a maximum of 10 other
kinases functioning as off-targets is acceptable. Ideally, different chemotypes or ki-
nase inhibitor types are available for each target with complementary selectivity pro-
files https://www.eubopen.org/chemogenomics/chemogenomics-criteria, (accessed on
29 January 2026). Thus, using a set of well-characterized compounds with overlapping
target profiles enables identification of the target responsible for a specific phenotype.
Additionally, machine learning and AI approaches, based on the plethora of structural
and biochemical and cellular data available for kinases, are gaining traction and will in-
creasingly facilitate more accurate chemical probe design, minimizing off-target effects
and substantially reducing trial-and-error experimentation. Ultimately, the availability of
kinase chemical probes will also aid the development of novel and selective kinase drugs,
reducing side-effects and unwanted toxicities, and enabling targeted precision medicine.
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