
����������
�������

Citation: Özenver, N.; Kadioglu, O.;

Fu, Y.; Efferth, T. Kinome-Wide

Profiling Identifies Human WNK3 as

a Target of Cajanin Stilbene Acid

from Cajanus cajan (L.) Millsp. Int. J.

Mol. Sci. 2022, 23, 1506. https://

doi.org/10.3390/ijms23031506

Academic Editor: Marta Menegazzi

Received: 31 December 2021

Accepted: 26 January 2022

Published: 28 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Kinome-Wide Profiling Identifies Human WNK3 as a Target of
Cajanin Stilbene Acid from Cajanus cajan (L.) Millsp.
Nadire Özenver 1,2, Onat Kadioglu 2, Yujie Fu 3 and Thomas Efferth 2,*

1 Department of Pharmacognosy, Faculty of Pharmacy, Hacettepe University, Ankara 06100, Turkey;
nadire@hacettepe.edu.tr

2 Department of Pharmaceutical Biology, Institute of Pharmaceutical and Biomedical Sciences,
Johannes Gutenberg University, 55128 Mainz, Germany; kadioglu@uni-mainz.de

3 The College of Forestry, Beijing Forestry University, Beijing 100083, China; yujie_fu@163.com
* Correspondence: efferth@uni-mainz.de; Tel.: +40-6131-392-5751

Abstract: Pigeon Pea (Cajanus cajan (L.) Millsp.) is a common food crop used in many parts of
the world for nutritional purposes. One of its chemical constituents is cajanin stilbene acid (CSA),
which exerts anticancer activity in vitro and in vivo. In an effort to identify molecular targets of CSA,
we performed a kinome-wide approach based on the measurement of the enzymatic activities of
252 human kinases. The serine-threonine kinase WNK3 (also known as protein kinase lysine-deficient
3) was identified as the most promising target of CSA with the strongest enzymatic activity inhibition
in vitro and the highest binding affinity in molecular docking in silico. The lowest binding affinity
and the predicted binding constant pKi of CSA (−9.65 kcal/mol and 0.084 µM) were comparable or
even better than those of the known WNK3 inhibitor PP-121 (−9.42 kcal/mol and 0.123 µM). The
statistically significant association between WNK3 mRNA expression and cellular responsiveness to
several clinically established anticancer drugs in a panel of 60 tumor cell lines and the prognostic
value of WNK3 mRNA expression in sarcoma biopsies for the survival time of 230 patients can
be taken as clues that CSA-based inhibition of WNK3 may improve treatment outcomes of cancer
patients and that CSA may serve as a valuable supplement to the currently used combination therapy
protocols in oncology.

Keywords: cancer; food crop; mode-of-action; natural products; nutrition; targeted therapy

1. Introduction

Kinases are essential enzymes for the transmission of information in living organisms.
Among the vast majority of kinases, the eukaryotic protein kinase (EPK) family covers
one of the biggest superfamilies in the human genome, with a conserved catalytic domain
in their structure and fundamental roles in both biological processes and diseases [1,2].
Protein kinases (PKs) transform proteins by phosphorylation, causing a functional alter-
ation of the target protein. EPKs may phosphorylate either serine/threonine or tyrosine
residues or both at the same time and are clustered based on sequence similarities, evolu-
tionary conservation, their functions, and structural properties (e.g., outside of the catalytic
domains) [1–3]. They regulate signal transduction and operate cellular processes, such
as apoptosis, cell cycle transition, cell movement, differentiation, metabolism, and tran-
scription. EPKs ensure intercellular communication during cell growth, the maintenance
of nervous and immune system performances, homeostasis, and physiological responses
through protein phosphorylation [4–7]. On the other hand, mutations and dysregulations
of PKs are involved in numerous human diseases, leading to the development of pharma-
cological PK activators or inhibitors. The association of kinase-dependent pathways with
the emergence of various diseases, including Parkinson’s disease, Alzheimer’s disease,
inflammatory responses, cardiac hypertrophy, hypertension, kidney diseases, and cancer
was reported [7–10].
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PKs came into the spotlight as drug targets against various diseases throughout the
past years. In addition to uncountable physiological processes, PKs participate in numerous
pathological processes, such as cancer, inflammation, autoimmune diseases, heart disease,
and infectious diseases (e.g., by Leishmania major, Trypanosoma brucei, or T. cruzi) [6,11]. Janus
kinases (JAK), mitogen-activated protein kinases (MAPK), and spleen tyrosine kinases
(SYK) were discovered as targets to treat inflammatory-relevant conditions [12–14]. The
function of Rho-kinases (ROCKs) in the pathogenesis of cardiovascular disease sets forth
their importance as potential therapeutic targets [15].

Among PK-related diseases, cancer takes an important position, due to the overexpres-
sion or dysregulation of PKs in a majority of malignancies. To mention but a few, the epider-
mal growth factor receptor (EGFR) is overexpressed or mutated in bladder [16], breast [17],
colorectal [18], non-small-cell lung [19,20], and pancreatic cancer [21]. AKT2 (RAC-beta
serine/threonine-protein kinase) is overexpressed in ovarian cancer [22] and pancreatic
carcinoma [23]. Similarly, ERBB2 (Receptor tyrosine-protein kinase erbB-2) is upregulated
in breast [24], esophageal [25], gastric [25], and ovarian cancer [26]. Many different PKs are
involved in tumorigenesis by affecting major signaling pathways. The metastatic spread of
cancer is mainly mediated by dysregulated signal transduction pathways arising from the
impaired interaction between cancerous cells, surrounding non-tumorigenic cells, and the
extracellular matrix [27]. Amplification, mutation, or gene fusion of tyrosine kinases (TKs)
constitutively hyperactivate the PI3K (phosphatidylinositol 3-kinase)/AKT (protein Kinase
B) and RAS/extracellular signal-regulated kinase (ERK) pathways in many cancers [27–29],
providing excellent opportunities for targeted cancer therapy.

It has been estimated that one-fifth to one-third of all targets examined in the phar-
maceutical industry are PKs [30]. Approximately 175 orally efficient PK inhibitors have
been enrolled in clinical trials so far [31]. The Food and Drug Administration (FDA) has ap-
proved 52 therapeutics targeting almost 20 assorted PKs. The other drugs targeting another
15–20 protein kinases have been under further clinical investigation [30–32]. PKs interact
with hydroxy groups to phosphorylate target substrates, such as TKs or serine/threonine
kinases (STKs). Moreover, dual-specificity kinases, with the capability to phosphory-
late either threonine or tyrosine residues, also exist [30]. For instance, the TK inhibitor
sorafenib represses various kinases, e.g., vascular endothelial growth factors (VEGFs),
platelet-derived growth factor receptor (PDGFR), FMS-related tyrosine kinase/FLK2/STK-
2 receptor (FLT3R), murine sarcoma viral oncogene homolog B (BRAF), rearranged during
transfection (RET). Of the 52 small molecule kinase inhibitors (SMKIs) recently approved
by the FDA, TK inhibitors cover the majority, succeeded by STK inhibitors, and lipokinase
inhibitors [30]. Despite their extended clinical use, SMKIs exhibit unwanted side effects,
such as gastrointestinal toxicity, hepatotoxicity, and cardiotoxicity [33,34].

Due to their virtually inexhaustible chemical diversity, natural products represent an
indispensable source of potential kinase inhibitors. As surveyed by the National Cancer
Institute (NCI), USA, only one-third of all anticancer drugs approved from 1981 to 2019
were purely synthetic compounds. The rest covers unaltered natural products, botanical
drugs, natural product derivatives, synthetic mimics of natural products, or synthetic
compounds with a natural product pharmacophore, providing overwhelming evidence
of the importance of natural sources for cancer therapy [35]. Many studies reported
the kinase inhibitory properties of natural products. Numerous natural products were
shown to inhibit various kinase targets, such as VEGF, epidermal growth factor receptor
(EGFR), Janus kinase (JAK), tyrosine-protein kinase ABL1 (ABL), insulin-like growth factor
1 receptor (IGF-1R), platelet-derived growth factor receptors (PDGFR), the casein kinase
1 family (CK1), protein kinase C (PKC), or the calcium/calmodulin-dependent kinase
family (CAMK) [36,37]. Natural products usually display their effects through multiple
targets. However, such features are not regarded as non-specificity but as multi-targeted
specificity [38]. Natural products specifically addressing several targets at the same time
open opportunities to fight the development of drug resistance, e.g., in cases where point
mutations in one kinase render resistance to mono-specific drugs.
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Cajanin stilbene acid (CSA) is a natural stilbene obtained from Pigeon Pea (Cajanus
cajan (L.) Millsp.), which is used as a food crop in many regions worldwide. Its antitumor
properties were demonstrated in vitro and in vivo [39–41]. However, the exact mechanisms
of action and the specific targets have not been fully elucidated. In the present paper, we
profile the inhibitory activity of CSA towards a large array of 252 human kinases to identify
new targets associated with CSA’s cytotoxicity towards cancer cells.

2. Results
2.1. Kinase Activity Profiling

The enzymatic activity profiling of 252 kinases from diverse protein kinase classes
was performed upon treatment with CSA (10 µM). The results of this kinome activity
investigation are displayed in Figure 1, according to the classes they belong to, i.e., tyrosine
kinases (TKs), AGC kinases (protein kinases A, G, and C), CMGC kinases (CDK, MAPK,
GSK3, and CLK families), calmodulin/calcium-regulated kinases (CAMK), casein kinases
(CK), STE kinases (homologs of yeast Ste7, Ste11, and Ste20), and other kinases that do not
fit in one of the aforementioned classes.

It was obvious that CSA did not inhibit kinase activity in a monospecific manner, i.e.,
several rather than single kinases were inhibited by this compound. Five kinases were
strongly inhibited by CSA, with a residual enzymatic activity below 20% compared to
untreated controls: RPS6KA3 (AGC kinase), PAK1 (STE kinase), p38γ (GMGC kinase),
WNK3 (serine/threonine-protein kinase WNK3), and EIF2AK2 (other kinases). These
results for these kinases are marked as red bars in Figure 1. Several enzymes from all
kinase families were intermediately inhibited (with a range from 21 to 50% residual activity
compared to untreated control). These results for these kinases are marked as orange bars
in Figure 1. Interestingly, we found not only inhibitory effects of CSA but in some cases
also stimulation of enzymatic activity. The results of kinases whose enzymatic activity
was activated upon CSA treatment are marked in green (Figure 1). All other kinases
revealed weak or no effects after treatment with CSA (with a range from 51 to 120% activity
compared to untreated control, blue bars in Figure 1).

We exemplarily verified the results of the most inhibited and the most stimulated
kinases by comparing the dose-dependent inhibitory effects of two different concentrations
(1 and 10 µM). Figure 2A displays the dose-dependent inhibition of kinase activities, while
Figure 2B shows dose-dependent activation of selected kinases.

2.2. Molecular Docking Studies

Since we aimed to identify kinases as potential targets of CSA to explain its anticancer
activity, we focused on those kinases which were most inhibited by CSA (i.e., EIF2AK2,
p38γ, PAK1, RPS6KA3, and WNK3) as well as those, which were most stimulated by this
compound (i.e., EPHA5, GRK2, LYN, PRKCB, and TSF1). Therefore, we were interested to
investigate whether the inhibition and stimulation of enzymatic activity might be due to
the binding of CSA to these proteins. For this reason, we selected the three-dimensional
structures of these 10 proteins from the Protein Data Bank and performed molecular
docking in silico to assess the interaction of CSA with these proteins.

As an initial step, we performed a blind docking approach to see whether there might
be interactions between CSA and these 10 proteins. The binding energies ranged from
−7.8 to −5.33 kcal/mol (LBE) and from −6.93 to −4.80 kcal/mol (MBE). The pKi values
ranged from 1.81 to 127.29 µM (Table 1). These blind docking results clearly revealed that
the WNK3-CSA interaction exhibited the best affinity among all 10 targets. Therefore, we
performed defined docking with WNK3 and CSA. For this reason, a grid map was generated
that covered the CSA-binding domain of WNK3 in the blind docking approach. Using
defined docking, even better binding affinities (LBE: −9.65 kcal/mol; MBE: −8.84 kcal/mol)
and inhibition constant (pKi: 0.084 µM) were calculated (Table 1), confirming the data
obtained from blind docking. The amino acid residues of WNK3 forming hydrophobic
interactions with CSA identified by defined docking were Val161, Cys176, Ile206, Val207,
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Phe209, Thr227, Glu228, Leu229, Met230, Phe282, Gly293, Asp294, Leu295, and Leu297.
Hydrogen bonding was found with Lys159. Figure 3 depicts the binding of CSA to WNK3
and the participating amino acids. These results indicated that the WNK3 binding and the
inhibition of its enzymatic activity may be a major mode of action of CSA among this panel
of kinases.
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Figure 1. Inhibition of the enzymatic activity of 252 human kinases by CSA. A fixed concentration
of 10 µM CSA was used for screening. Residual activities of <20% compared to untreated control
(=100%) were considered as strong inhibition of enzyme activity (marked in red), while residual
activities in a range of 21–50% were considered as weak inhibitory activities (marked in orange).
Increased activities (>120%) upon CSA treatment compared to untreated control were evaluated as
stimulation of enzyme activity (marked in green). All other results indicated no effect or weak effects
(marked in blue).

As a positive control, we used PP-121, which is a known inhibitor of WNK3 [42].
PP-121 is bound to the same pharmacophore as CSA. As shown in Table 1, the binding
affinities of PP-121 were comparable to those of CSA either in blind or defined docking. The
predicted binding constants (pKi) were even a little bit higher than that of CSA, indicating
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that CSA binds and inhibits WNK3 with a similar or even better efficacy than the control
compound PP-121.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 15 
 

 

activities in a range of 21–50% were considered as weak inhibitory activities (marked in orange). 

Increased activities (>120%) upon CSA treatment compared to untreated control were evaluated as 

stimulation of enzyme activity (marked in green). All other results indicated no effect or weak ef-

fects (marked in blue). 

It was obvious that CSA did not inhibit kinase activity in a monospecific manner, i.e., 

several rather than single kinases were inhibited by this compound. Five kinases were 

strongly inhibited by CSA, with a residual enzymatic activity below 20% compared to 

untreated controls: RPS6KA3 (AGC kinase), PAK1 (STE kinase), p38γ (GMGC kinase), 

WNK3 (serine/threonine-protein kinase WNK3), and EIF2AK2 (other kinases). These re-

sults for these kinases are marked as red bars in Figure 1. Several enzymes from all kinase 

families were intermediately inhibited (with a range from 21 to 50% residual activity com-

pared to untreated control). These results for these kinases are marked as orange bars in 

Figure 1. Interestingly, we found not only inhibitory effects of CSA but in some cases also 

stimulation of enzymatic activity. The results of kinases whose enzymatic activity was 

activated upon CSA treatment are marked in green (Figure 1). All other kinases revealed 

weak or no effects after treatment with CSA (with a range from 51 to 120% activity com-

pared to untreated control, blue bars in Figure 1). 

We exemplarily verified the results of the most inhibited and the most stimulated 

kinases by comparing the dose-dependent inhibitory effects of two different concentra-

tions (1 and 10 µM). Figure 2A displays the dose-dependent inhibition of kinase activities, 

while Figure 2B shows dose-dependent activation of selected kinases. 

 

Figure 2. Dose-dependent inhibition and stimulation of human kinases by CSA. Concentrations of 

1 and 10 µM were used to measure the effect of CSA on each of the top 5 inhibited and the top 5 

stimulated kinases from Figure 1. 

2.2. Molecular Docking Studies 

Since we aimed to identify kinases as potential targets of CSA to explain its anticancer 

activity, we focused on those kinases which were most inhibited by CSA (i.e., EIF2AK2, 

p38γ, PAK1, RPS6KA3, and WNK3) as well as those, which were most stimulated by this 

compound (i.e., EPHA5, GRK2, LYN, PRKCB, and TSF1). Therefore, we were interested 

to investigate whether the inhibition and stimulation of enzymatic activity might be due 

to the binding of CSA to these proteins. For this reason, we selected the three-dimensional 

structures of these 10 proteins from the Protein Data Bank and performed molecular dock-

ing in silico to assess the interaction of CSA with these proteins. 

As an initial step, we performed a blind docking approach to see whether there might 

be interactions between CSA and these 10 proteins. The binding energies ranged from −7.8 

to −5.33 kcal/mol (LBE) and from −6.93 to −4.80 kcal/mol (MBE). The pKi values ranged 

from 1.81 to 127.29 µM (Table 1). These blind docking results clearly revealed that the 

WNK3-CSA interaction exhibited the best affinity among all 10 targets. Therefore, we per-

formed defined docking with WNK3 and CSA. For this reason, a grid map was generated 

 
0

20

40

60

80

100

RPS6KA3 WNK3 PAK1 EIF2AK2 p38-gamma

A. Inhibited kinases
1 µM 10 µM

0

50

100

150

200

PKC-beta2 EPHA5 GRK2 TSF1 LYN

B. Stimulated kinases
1 µM 10 µM

Figure 2. Dose-dependent inhibition and stimulation of human kinases by CSA. Concentrations of
1 and 10 µM were used to measure the effect of CSA on each of the top 5 inhibited and the top 5
stimulated kinases from Figure 1.

Table 1. Binding energies and pKi values of CSA binding to inhibited and stimulated kinases.

Compound Effect Target Lowest Binding Energy
(LBE, kcal/mol)

Mean Binding Energy
(MBE, kcal/mol)

Predicted Inhibition
Constant (pKi, µM)

Defined docking:

PP-121 (control) Inhibition WNK3 −9.42 ± <0.01 −9.39 ± <0.01 0.124 ± 0.14
CSA Inhibition WNK3 −9.65 ± 0.02 −8.84 ± 0.04 0.084 ± 0.002

Blind docking:

PP-121 (control) Inhibition WNK3 −7.29 ± 0.13 −6.98 ± 0.22 4.60 ± 1.02
CSA Inhibition WNK3 −7.83 ± 0.05 −6.93 ± 0.29 1.81 ± 0.15
CSA Inhibition EIF2AK2 −6.79 ± 0.01 −6.41 ± 0.13 10.43 ± 0.13
CSA Inhibition p38γ −6.18 ± 0.17 −5.61 ± 0.20 30.38 ± 8.82
CSA Inhibition RPS6KA3 −6.17 ± 0.09 −5.74 ± 0.12 30.05 ± 4.10
CSA Inhibition PAK1 −5.82 ± 0.07 −5.60 ± 0.27 53.66 ± 6.44
CSA Stimulation PRKCB −6.47 ± 0.28 −6.17 ± 0.27 19.53 ± 8.97
CSA Stimulation LYN −6.10 ± 0.05 −5.53 ± 0.28 34.15 ± 2.79
CSA Stimulation GRK2 −6.07 ± 0.07 −5.56 ± 0.22 35.68 ± 4.19
CSA Stimulation TSF1 −5.75 ± 0.01 −5.16 ± 0.03 61.28 ± 0.81
CSA Stimulation EPHA5 −5.33 ± 0.15 −4.80 ± 0.04 127.29 ± 32.74

Then, we compared the amino acid residues involved in PP-121 and CSA binding
to WNK3.

It was intriguing to see that 9 of 10 amino acids involved in PP-121 binding to WNK3
were also involved in the CSA–WNK3 interaction. Since the binding of PP-121 to WNK3
was characterized by co-crystallization studies [42], we compared the amino acids deter-
mined by co-crystallization and those predicted by defined docking (Table 2). Eight out of
10 amino acids predicted by defined docking were verified by co-crystallization, indicating
that the molecular docking approach predicted the binding mode with 80% correctness.
Finally, nine amino acids involved in CSA binding (defined docking) were also found in
PP-121 binding (either co-crystallization or defined docking) (Table 2). Taken together,
this analysis showed that CSA bound to the same pharmacophore as the known WNK3
inhibitor PP-121, and, thus, both compounds shared the same amino acid patterns to a
large extent.



Int. J. Mol. Sci. 2022, 23, 1506 6 of 15Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 15 
 

 

 

 

Figure 3. Molecular docking of CSA to WNK3. (A) Docking of CSA (pink) to the WNK3 binding site 

(PDB ID: 5o2b). (B) Visual representation of CSA interactions with the amino acids (yellow) in the 

binding pocket of WNK3. Visual Molecular Dynamics 1.9.4 (VMD) was used for docking visualiza-

tions. (C) 2D representation of the CSA interactions with WNK3. 

As a positive control, we used PP-121, which is a known inhibitor of WNK3 [42]. PP-

121 is bound to the same pharmacophore as CSA. As shown in Table 1, the binding 

A 

 
B 

 

C 

 

Figure 3. Molecular docking of CSA to WNK3. (A) Docking of CSA (pink) to the WNK3 binding
site (PDB ID: 5o2b). (B) Visual representation of CSA interactions with the amino acids (yellow)
in the binding pocket of WNK3. Visual Molecular Dynamics 1.9.4 (VMD) was used for docking
visualizations. (C) 2D representation of the CSA interactions with WNK3.
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Table 2. Amino acids in the pharmacophore of WNK3 binding to CSA and PP-121.

Compound Method No. of Amino Acids Amino Acids Involved
in Binding No. of Shared Amino Acids

PP-121 Co-crystallization 11

Lys159, Val161, Ala174,
Leu225, Thr227, Glu228,
Leu229, Met230, Phe282,
Asp294, and Leu297

PP-121 Defined docking 10

Gly156, Lys159, Val161,
Val207, Thr227, Glu228,
Met230, Phe282, Gly293,
and Asp294

8 (PP-121 co-crystalization vs.
PP-121 docking)

CSA Defined docking 15

Lys 159, Val161, Cys176,
Ile206, Val207, Phe209,
Thr227, Glu228, Leu229,
Met230, Phe282, Gly293,
Asp294, Leu295, and Leu297

9 (PP-121 co-crystalization vs.
CSA docking), 9 (PP-121
docking vs. CSA docking)

Bold: involved in all three; underlined: involved in two.

2.3. Drug Resistance Profiling

After having identified proteins that may serve as targets of CSA, the question arises
as to how important these targets might be for cancer therapy. To address this question,
we asked whether these targets may play a role in (1) resistance to standard chemotherapy
and (2) in the survival of cancer patients.

By addressing the first question, we focused on the five kinases that were inhibited
by CSA and investigated whether these five proteins may be correlated with resistance
to clinically established standard anticancer drugs. If these kinases are involved in re-
sistance to clinically used drugs, their inhibition by CSA might sensitize cancer cells to
standard chemotherapy.

With the second question, we wanted to clarify, whether the expression of these kinases
is correlated with a poor prognosis and worse survival times of cancer patients. In this case,
inhibition by CSA might improve survival prognosis, which would be another attractive
feature for the use CSA in the clinic.

To address the first question, we correlated the microarray-based mRNA expression
of the 5 CSA targets (EIF2AK3, MAPK12/p38γ, PAK1, RPS6KA3, and WNK3) in a panel
of 60 tumor lines of the NCI, USA, with 83 standard anticancer agents. To focus on drug
resistance, we calculated direct correlations, where high mRNA expression correlated with
high log10IC50 values (i.e., more resistant tumor cells). To increase the reliability of the
calculations, we decided only to consider the results of at least two microarray experiments
with a significance level of p < 0.05 and a correlation coefficient of r > 0.3. In cases where
more than two experiments fulfilled this requirement for the relationship between a drug
and a target, we have chosen those two microarray hybridizations with the lowest p-value
and highest r-value. The results are shown in Table 3. High WNK3 expression was signifi-
cantly correlated with high log10IC50 values for 5-fluorouracil, tamoxifen, and crizotinib.
Similarly, significant correlations were found between RPS6KA3 expression and fulvestrant,
everolimus, and temsirolimus, as well as between PAK1 expression and doxorubicin, epiru-
bicin, mitoxantrone, bleomycin, anastrozole, temsirolimus, and sirolimus. No significant
correlations were found between the expression of EIF2AK3 or MAPK12/p38γ and the
responsiveness of the tumor cell lines to any of the 83 anticancer drugs that were investi-
gated. These data indicate that WNK3, RPS6KA3, and PAK1 expressions were associated
with low responsiveness (resp. resistance) to several clinically established anticancer drugs.
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Table 3. Significant correlations between the microarray-based mRNA expression of putative CSA
targets and the responses of 60 NCI tumor cell lines to standard anticancer drugs.

Gene Drug Microarray 1 Microarray 2

WNK3 5-Fluorouracil Pattern ID GC86671 GC178208
r-Value 0.32301 0.34587
p-Value 0.00591 0.00339

Tamoxifen Pattern ID GC86671 GC178208
r-Value 0.30004 0.36186
p-Value 0.01047 0.00243

Crizotinib Pattern ID GC44489 GC178208
r-Value 0.33139 0.34646
p-Value 0.00517 0.00359

RPS6KA3 Fulvestrant Pattern ID GC96136 GC177750
r-Value 0.30735 0.35198
p-Value 0.00946 0.00336

Everolimus Pattern ID GC96137 GC211674
r-Value 0.31989 0.30472
p-Value 0.00675 0.00947

Temsirolimus Pattern ID GC36220 GC233962
r-Value 0.37459 0.22470
p-Value 0.00204 0.04496

PAK1 Doxorubicin Pattern ID GC211478 GC33567
r-Value 0.35408 0.35215
p-Value 0.00319 0.00311

Epirubicin Pattern ID GC211478 GC33567
r-Value 0.38281 0.38511
p-Value 0.00150 0.00129

Mitoxantrone Pattern ID GC211478 112634
r-Value 0.32416 0.33716
p-Value 0.00652 0.00482

Bleomycin Pattern ID GC211478 112634
r-Value 0.31395 0.30689
p-Value 0.00819 0.00955

Anastrozol Pattern ID GC70856 GC96507
r-Value 0.37190 0.31179
p-Value 0.00425 0.01459

Temsirolimus Pattern ID GC85014 166874
r-Value 0.39783 0.37298
p-Value 0.00099 0.00196

Sirolimus Pattern ID GC85014 GC191365
r-Value 0.33352 0.39398
p-Value 0.00491 0.0010

2.4. Survival Analysis

To address the second question posed above, we were also interested to see whether
the expression of these five kinases might be associated with the survival times of cancer
patients. The idea behind this speculation was that if high expression was related to short
survival, the inhibition of these targets by CSA might improve the survival prognosis of
affected patients.

For this reason, patient data belonging to 23 cancer types deposited in the cBioPortal
database (https://www.cbioportal.org) were used. To obtain results from homogeneous
datasets, only Caucasian patients were included. As analyzed by Kaplan–Meier survival
time analysis in a large collection of 230 cases, patients suffering from sarcoma with a high
expression of WNK3 died significantly earlier than sarcoma patients with a low WNK3
expression (p = 0.001; Figure 4). This result indicates that WNK3 may be a prognostic factor
for the overall survival of sarcoma patients. WNK3 expression had no influence on cancer

https://www.cbioportal.org
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patients affected with other tumor types. Moreover, the expression of none of the other
four kinases significantly correlated with the overall survival of cancer patients.

0

Figure 4. Kaplan–Meier survival analysis of cancer patients, according to their WNK3 expression.
Sarcoma patients with high WNK3 mRNA expression had significantly lower survival rates than
those with low WNK3 expression (p < 0.05). A total of 230 patients (Caucasians) were included in
the analysis.

3. Discussion

Cajanin stilbene acid (3-hydroxy-4-prenyl-5-methoxystilbene-2-carboxylic acid) is
a low abundant natural stilbene isolated from Pigeon Pea (Cajanus cajan (L.) Millsp.),
a common food crop used in many parts of the world for nutritional purposes. CSA
exhibits various biological activities, ranging from antibacterial to neuroprotective ef-
fects [40,43–46]. In our previous investigations, we found that CSA was active in vitro
and in vivo against breast cancer with the estrogen receptor and the oncogenic c-MYC as
possible targets [39–41]. However, CSA is also active in other tumor types where these two
targets do not play a role. Therefore, it is evident that other cancer-relevant targets have to
be involved in the molecular modes of action of CSA. Kinases are generally accepted as
important players in tumor development and progression and are, hence, important targets
for the development of tumors [34]. For this reason, we were interested to investigate the
human kinome to identify novel potential targets of CSA.
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As expected, CSA did not mono-specifically inhibit one single kinase but a couple of
kinases, each to a different extent. On the other side, we did not observe a broad-spectrum
inhibitory activity across the kinome-wide testing, indicating that specificity, at least to some
extent, was visible. Multi- rather than mono-specificity is a typical and usual characteristic
of many, if not all, natural products [38]. This is a strategy of plants and microorganisms that
was successful during the evolution of life. An organism without a cellular immune system
(such as animals or humans) utilizes chemicals as defense weapons against microbes and
herbivores. For this purpose, multi-specific defense chemicals are more effective than mono-
specific chemicals [47]. This holds true if such chemical compounds are isolated from plants
and used for pharmacological purposes to treat human diseases. Even synthetic compounds
are not always monospecific, and it was recognized that the frequent development of
resistance to synthetic kinase inhibitors still leaves treatment opportunities open for dual-
or multi-specific small molecule kinase inhibitors [48–51]. Therefore, the multi-target
specificity of CSA might be considered as an advantage rather than a disadvantage for
cancer therapy. Despite the multi-specificity of CSA, it was possible to identify WNK3 as
the main target among the human kinome, which comprised 252 different kinases. WNK3
showed the inhibition of enzymatic activity and the strongest binding affinity towards CSA.
This is an important and novel result.

The next question we asked ourselves was, how relevant WNK3 and the other four
top inhibited targets (EIF2AK2, p38γ, PAK1, and RPS6KA3) are to cancer. It is not sufficient
to identify novel inhibitors for novel targets if these targets are not crucial for cancer
development and progression. Assuming that CSA would ever reach the clinical stage
for cancer treatment, it would, with all probability, be used as part of a combination
chemotherapy, rather than as monotherapy. Therefore, we hypothesized that CSA may
bear some potential to overcome resistance to other drugs. Indeed, we found that high
expression of WNK3, RPS6KA3, and PAK1 correlated with low cellular responsiveness to
some clinically established anticancer drugs. This implies that inhibition of these kinases
by CSA may render tumor cells more sensitive to standard chemotherapy. This represents
a considerably strong argument to include CSA in existing combination therapy regimens.

The activation of oncogenes and inhibition of tumor suppressor genes lead to tumor
growth and progression [52,53]. There is ample evidence that oncogenic kinases and tumor
suppressors do not only contribute to drug resistance but also to cancer progression and
worse outcomes for patients [54–58]. Thus, we investigated the prognostic value of the
five top inhibited kinases for the overall survival time of human tumors. A Kaplan–Meier
survival analysis of the tumors deposited in the cBioPortal database revealed that high
WNK3 mRNA expression was significantly correlated with shorter survival of sarcoma
patients. This implies that inhibition of WNK3 by CSA might contribute to better survival
chances of sarcoma patients. This hypothesis warrants further detailed investigations to
clarify whether WNK3 may hold a prognostic or therapeutic significance in sarcomas, as
well as in carcinomas and hematopoietic malignancies.

A rather unexpected result was that the enzymatic activity of several kinases in
our kinome-wide analysis was not inhibited but stimulated by CSA. The phenomenon
of cellular stimulation of otherwise cytotoxic compounds itself is not new and has been
termed hormesis [59,60]. Hormesis describes a biphasic behavior, where low doses of a toxic
compound exert positive, stimulatory effects on an organism, while at high concentrations
the effect is reversed, and toxic effects become visible. Hormetic reactions in biology
have been discussed in the context of the defense and resilience mechanisms of organisms
against a wide array of toxic stimuli [61,62]. This phenomenon has also been described
for cancer [63,64]. It is possible that the stimulation of some specific kinases upon CSA
treatment is dose-dependent, i.e., at low CSA concentrations, stimulation can be observed,
while high concentrations lead to the expected inhibitory effects. Hormetic effects of CSA
might be observable in some kinases but not in others. Thereby, CSA might exert specific
therapeutic effects, e.g., by inhibiting WNK3 as a specific target, but provoking unwanted
adverse effects by stimulating other low-affinity kinase targets. It is known that off-target
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effects are involved in hormesis [65]. The relevance of this phenomenon for CSA requires
further attention in the future.

4. Materials and Methods
4.1. Kinase Activity Profiling

The kinase activity profile of CSA was detected by a previously reported protocol by
ProQinase GmbH/Reaction Biology Europe GmbH (Freiburg, Germany) at concentrations
of 1 and 10 µM in 252 wild-type protein kinases. As an initial step, CSA was dissolved
as 100× stock solutions in 100% DMSO. The final DMSO volume was fixed as 1% in
all reaction cocktails. A radiometric protein kinase assay (33PanQinase® Activity Assay,
Freiburg, Germany) was conducted to determine the kinase activity of the 252 protein
kinases. The kinase assays were carried out in 96-well Flash PlatesTM from Perkin Elmer
(Boston, MA, USA) in 50 µL reaction volumes. The reaction cocktail, along with the process
and the calculation, was previously described. The distinction between low and high
control of each enzyme was considered as 100% activity [66,67].

4.2. Molecular Docking

Molecular docking is a computational approach to determining the interactions be-
tween ligands and macromolecules. Selected proteins were remarkably inhibited upon
CSA treatment. The three-dimensional structures of these proteins were retrieved from the
Protein Data Bank (PDB) (https://www.rcsb.org and accessed date: 26 June 2021) EIF2AK2
(PDB ID: 6d3k), p38γ (PDB ID: 1cm8), PAK1 (PDB ID: 4zji), RPS6KA3 (PDB ID: 4nw6),
and WNK3 (PDB ID: 5o2b). The structures of the five most stimulated proteins were also
retrieved from the Protein Data Bank: EPHA5 (PDB ID: 2r2p), GRK2 (PDB ID: 4mk0),
LYN (PDB ID: 5xyl), PRKCB (PDB ID: 2i0e), and TSF1 (PDB ID: 2buj). The 3D molecular
structure of CSA was generated by using CORINA classic and its SMILES string from
PubChem (PubChem, Bethesda, USA CID: 9819225) [68] and was then converted into a
PDB file (https://www.mn-am.com/online_demos/corina_demo). The protein structures
were formed by eliminating crystallographic water molecules and repairing the missing
atoms. After CSA and proteins were prepared in PDBQT format, molecular docking was
conducted using AutoDock 4 and a Lamarckian algorithm, as previously followed by our
group [69,70]. In the case of blind docking of CSA to 10 targets, the dimensions of the grid
box were set around the whole protein targets so that CSA could freely move and rotate in
the docking space. For the defined docking of CSA, a grid box consisted of 56 (X), 50 (Y),
and 50 (Z) grid points in the relevant dimensions, separated by a distance of 0.375 ◦A
between each one. We set docking parameters as 250 runs and 2,500,000 energy evaluations
for each cycle. Docking was conducted independently thrice for the calculation of mean
values and standard deviations of the lowest binding energies, mean binding energies,
and predicted inhibition constants indicated in the docking log files (dlg). The Visual
Molecular Dynamics (VMD) software was used to visualize the interaction modes of CSA
to target proteins.

4.3. Microarray-Based mRNA Expression of Kinases in 60 NCI Tumor Cell Lines

The NCI, USA established a database with transcriptome-wide mRNA expression
profiles and log10IC50 values of cytotoxic compounds from 60 tumor cell lines (https:
//dtp.cancer.gov; accessed date 26 January 2021) [71–73]. In the present investigation, we
correlated the cytotoxicity of 83 standard anticancer drugs from different drug classes (alky-
lating agents, platinum derivatives, antimetabolites, taxanes, anthracyclines, epipodophyl-
lotoxins, camptothecin derivatives, antihormones, tyrosine kinase inhibitors, mTOR in-
hibitors, epigenetic inhibitors, and various others) to the mRNA expression values for
selected kinase genes from different microarray platforms (Stanford, Affymetrix oligonu-
cleotide, or cDNA biochips). For the correlation analysis, we used Pearson’s correlation
test (WinStat, Kalmia Inc., Cambridge, MA, USA; accessed date 30 January 2021).

https://www.rcsb.org
https://www.mn-am.com/online_demos/corina_demo
https://dtp.cancer.gov
https://dtp.cancer.gov
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4.4. Kaplan–Meier Survival Analysis of Kinase mRNA Expression in Human Tumors

Data of cancer patients deposited in the cBioPortal database (https://www.cbioportal.
org; accessed date 26 August 2021) were used for the survival analysis. The procedure has
been previously described by us in detail [74]. Patient data of 23 different cancer types
were used. The overall survival status was labeled with a two-digit code (living = 1 or
deceased = 0). The median value of the mRNA expression for each dataset was defined
as the threshold value to assign the expression of individual tumors as being “high” or
“low”. Expression levels above the median value were defined as “high” and those with
expression levels below the median value were defined as “low”. Kaplan–Meier survival
analyses [75,76] were performed with these data sets using SPSS (IBM Corp. Released 2015.
IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp.). The statistical
significance was calculated by “log-rank” test statistics.

5. Conclusions

In conclusion, we found that CSA inhibits several human kinases by using a kinome-
wide approach based on the measurement of enzymatic activities. WNK3 was the most
promising target of CSA with the strongest enzyme inhibition in vitro and highest binding
affinity in molecular docking in silico. The association between WNK3 mRNA expression
and cellular responsiveness to several clinically established anticancer drugs and the prog-
nostic value of WNK3 mRNA expression with the survival times of sarcoma patients can
be taken as clues that CSA-based inhibition of WNK3 might improve treatment outcomes
of cancer patients and that CSA may serve as a valuable supplement to the currently used
combination therapy protocols in oncology.

Author Contributions: Conceptualization, N.Ö. and T.E.; methodology, N.Ö., O.K. and T.E.; formal
analysis, N.Ö. and T.E.; investigation, N.Ö., O.K., Y.F. and T.E.; resources, Y.F.; data curation, N.Ö.,
Y.F. and T.E.; writing—original draft preparation, N.Ö. and T.E.; writing—review and editing, T.E.;
supervision, T.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T.; Sudarsanam, S. The protein kinase complement of the human genome. Science

2002, 298, 1912–1934. [CrossRef] [PubMed]
2. Van Wijk, L.M.; Snel, B. The first eukaryotic kinome tree illuminates the dynamic history of present-day kinases. bioRxiv 2020.

[CrossRef]
3. Manning, G.; Plowman, G.D.; Hunter, T.; Sudarsanam, S. Evolution of protein kinase signaling from yeast to man. Trends Biochem.

Sci. 2002, 27, 514–520. [CrossRef]
4. Black, A.; Black, J. Protein kinase C signaling and cell cycle regulation. Review. Front. Immunol. 2013, 3, 423. [CrossRef] [PubMed]
5. Shchemelinin, I.; Sefc, L.; Necas, E. Protein kinases, their function and implication in cancer and other diseases. Folia Biol. 2006,

52, 81–100.
6. Suvarna, G.K.; Vikas, G.; Sharada, P.; Revathi, R.; Muhammad, M. Protein kinases as drug targets in human and animal diseases.

Curr. Enzyme Inhib. 2017, 13, 99–106. [CrossRef]
7. Rozengurt, E. Protein kinase D signaling: Multiple biological functions in health and disease. Physiology 2011, 26, 23–33. [CrossRef]
8. Mehdi, S.J.; Rosas-Hernandez, H.; Cuevas, E.; Lantz, S.M.; Barger, S.W.; Sarkar, S.; Paule, M.G.; Ali, S.F.; Imam, S.Z. Protein

kinases and Parkinson’s disease. Int. J. Mol. Sci. 2016, 17, 1585. [CrossRef]
9. Zhu, X.; Raina, A.K.; Rottkamp, C.A.; Aliev, G.; Perry, G.; Boux, H.; Smith, M.A. Activation and redistribution of c-Jun N-terminal

kinase/stress activated protein kinase in degenerating neurons in Alzheimer’s disease. J. Neurochem. 2001, 76, 435–441. [CrossRef]
10. Tain, Y.-L.; Hsu, C.-N. AMP-activated protein kinase as a reprogramming strategy for hypertension and kidney disease of

developmental origin. Int. J. Mol. Sci. 2018, 19, 1744. [CrossRef]

https://www.cbioportal.org
https://www.cbioportal.org
http://doi.org/10.1126/science.1075762
http://www.ncbi.nlm.nih.gov/pubmed/12471243
http://doi.org/10.1101/2020.01.27.920793
http://doi.org/10.1016/S0968-0004(02)02179-5
http://doi.org/10.3389/fimmu.2012.00423
http://www.ncbi.nlm.nih.gov/pubmed/23335926
http://doi.org/10.2174/1573408013666161128144216
http://doi.org/10.1152/physiol.00037.2010
http://doi.org/10.3390/ijms17091585
http://doi.org/10.1046/j.1471-4159.2001.00046.x
http://doi.org/10.3390/ijms19061744


Int. J. Mol. Sci. 2022, 23, 1506 13 of 15

11. El-Sayed, N.M.; Myler, P.J.; Bartholomeu, D.C.; Nilsson, D.; Aggarwal, G.; Tran, A.N.; Ghedin, E.; Worthey, E.A.; Delcher, A.L.;
Blandin, G.; et al. The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease. Science 2005, 309, 409–415.
[CrossRef] [PubMed]

12. Perner, F.; Perner, C.; Ernst, T.; Heidel, F.H. Roles of JAK2 in aging, inflammation, hematopoiesis and malignant transformation.
Cells 2019, 8, 854. [CrossRef] [PubMed]

13. Kaminska, B. MAPK signalling pathways as molecular targets for anti-inflammatory therapy–from molecular mechanisms to
therapeutic benefits. Biochim. Biophys. Acta 2005, 1754, 253–262. [CrossRef]

14. Yi, Y.S.; Son, Y.J.; Ryou, C.; Sung, G.H.; Kim, J.H.; Cho, J.Y. Functional roles of Syk in macrophage-mediated inflammatory
responses. Mediat. Inflamm. 2014, 2014, 270302. [CrossRef] [PubMed]

15. Rikitake, Y.; Liao, J.K. ROCKs as therapeutic targets in cardiovascular diseases. Expert Rev. Cardiovasc. Ther. 2005, 3, 441–451.
[CrossRef] [PubMed]

16. Li, W.; Wang, Y.; Tan, S.; Rao, Q.; Zhu, T.; Huang, G.; Li, Z.; Liu, G. Overexpression of epidermal growth factor receptor (EGFR)
and HER-2 in bladder carcinoma and its association with patients’ clinical features. Med. Sci. Monit. 2018, 24, 7178–7185.
[CrossRef]

17. Gonzalez-Conchas, G.A.; Rodriguez-Romo, L.; Hernandez-Barajas, D.; Gonzalez-Guerrero, J.F.; Rodriguez-Fernandez, I.A.;
Verdines-Perez, A.; Templeton, A.J.; Ocana, A.; Seruga, B.; Tannock, I.F.; et al. Epidermal growth factor receptor overexpression
and outcomes in early breast cancer: A systematic review and a meta-analysis. Cancer Treat. Rev. 2018, 62, 1–8. [CrossRef]

18. Cohen, R.B. Epidermal growth factor receptor as a therapeutic target in colorectal cancer. Clin. Colorectal Cancer 2003, 2, 246–251.
[CrossRef]

19. Zhang, T.; Wan, B.; Zhao, Y.; Li, C.; Liu, H.; Lv, T.; Zhan, P.; Song, Y. Treatment of uncommon EGFR mutations in non-small cell
lung cancer: New evidence and treatment. Transl. Lung Cancer Res. 2019, 8, 302–316. [CrossRef]

20. Khan, S.A.; Zeng, Z.; Shia, J.; Paty, P.B. EGFR gene amplification and KRAS mutation predict response to combination targeted
therapy in metastatic colorectal cancer. Pathol. Oncol. Res. 2017, 23, 673–677. [CrossRef]

21. Oliveira-Cunha, M.; Newman, W.G.; Siriwardena, A.K. Epidermal growth factor receptor in pancreatic cancer. Cancers 2011, 3,
1513–1526. [CrossRef] [PubMed]

22. Arboleda, M.J.; Lyons, J.F.; Kabbinavar, F.F.; Bray, M.R.; Snow, B.E.; Ayala, R.; Danino, M.; Karlan, B.Y.; Slamon, D.J. Overexpression
of AKT2/protein kinase Bβ leads to up-regulation of β1 integrins, increased invasion, and metastasis of human breast and
ovarian cancer cells. Cancer Res. 2003, 63, 196–206. [PubMed]

23. Banno, E.; Togashi, Y.; de Velasco, M.A.; Mizukami, T.; Nakamura, Y.; Terashima, M.; Sakai, K.; Fujita, Y.; Kamata, K.; Kitano,
M.; et al. Clinical significance of Akt2 in advanced pancreatic cancer treated with erlotinib. Int. J. Oncol. 2017, 50, 2049–2058.
[CrossRef] [PubMed]

24. Konecny, G.E. Emerging strategies for the dual inhibition of HER2-positive breast cancer. Curr. Opin. Obstet. Gynecol. 2013, 25,
55–65. [CrossRef]

25. Gerson, J.N.; Skariah, S.; Denlinger, C.S.; Astsaturov, I. Perspectives of HER2-targeting in gastric and esophageal cancer. Expert
Opin. Investig. Drugs 2017, 26, 531–540. [CrossRef]

26. Luo, H.; Xu, X.; Ye, M.; Sheng, B.; Zhu, X. The prognostic value of HER2 in ovarian cancer: A meta-analysis of observational
studies. PLoS ONE 2018, 13, e0191972. [CrossRef]

27. Sever, R.; Brugge, J.S. Signal transduction in cancer. Cold Spring Harb. Perspect. Med. 2015, 5, a006098. [CrossRef]
28. Jiang, N.; Dai, Q.; Su, X.; Fu, J.; Feng, X.; Peng, J. Role of PI3K/AKT pathway in cancer: The framework of malignant behavior.

Mol. Biol. Rep. 2020, 47, 4587–4629. [CrossRef]
29. Samatar, A.A.; Poulikakos, P.I. Targeting RAS-ERK signalling in cancer: Promises and challenges. Nat. Rev. Drug Discov. 2014, 13,

928–942. [CrossRef]
30. Roskoski, R. Properties of FDA-approved small molecule protein kinase inhibitors: A 2020 update. Pharmacol. Res. 2020,

152, 104609. [CrossRef]
31. Carles, F.; Bourg, S.; Meyer, C.; Bonnet, P. PKIDB: A curated, annotated and updated database of protein kinase inhibitors in

clinical trials. Molecules 2018, 23, 908. [CrossRef] [PubMed]
32. Fischer, P.M. Approved and experimental small-molecule oncology kinase inhibitor drugs: A mid-2016 overview. Med. Res. Rev.

2017, 37, 314–367. [CrossRef] [PubMed]
33. Jin, Y.; Xu, Z.; Yan, H.; He, Q.; Yang, X.; Luo, P. A comprehensive review of clinical cardiotoxicity incidence of FDA-approved

small-molecule kinase inhibitors. Review. Front. Pharmacol. 2020, 11, 891. [CrossRef] [PubMed]
34. Kannaiyan, R.; Mahadevan, D. A comprehensive review of protein kinase inhibitors for cancer therapy. Expert Rev. Anticancer.

2018, 18, 1249–1270. [CrossRef]
35. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the nearly four decades from 01/1981 to 09/2019. J.

Nat. Prod. 2020, 83, 770–803. [CrossRef]
36. Yin, B.; Fang, D.-M.; Zhou, X.-L.; Gao, F. Natural products as important tyrosine kinase inhibitors. Eur. J. Med. Chem. 2019,

182, 111664. [CrossRef]
37. Liu, J.; Hu, Y.; Waller, D.L.; Wang, J.; Liu, Q. Natural products as kinase inhibitors. Nat. Prod. Rep. 2012, 29, 392–403. [CrossRef]
38. Efferth, T.; Koch, E. Complex interactions between phytochemicals. The multi-target therapeutic concept of phytotherapy. Curr.

Drug Targets 2011, 12, 122–132. [CrossRef]

http://doi.org/10.1126/science.1112631
http://www.ncbi.nlm.nih.gov/pubmed/16020725
http://doi.org/10.3390/cells8080854
http://www.ncbi.nlm.nih.gov/pubmed/31398915
http://doi.org/10.1016/j.bbapap.2005.08.017
http://doi.org/10.1155/2014/270302
http://www.ncbi.nlm.nih.gov/pubmed/25045209
http://doi.org/10.1586/14779072.3.3.441
http://www.ncbi.nlm.nih.gov/pubmed/15889972
http://doi.org/10.12659/MSM.911640
http://doi.org/10.1016/j.ctrv.2017.10.008
http://doi.org/10.3816/CCC.2003.n.006
http://doi.org/10.21037/tlcr.2019.04.12
http://doi.org/10.1007/s12253-016-0166-2
http://doi.org/10.3390/cancers3021513
http://www.ncbi.nlm.nih.gov/pubmed/24212772
http://www.ncbi.nlm.nih.gov/pubmed/12517798
http://doi.org/10.3892/ijo.2017.3961
http://www.ncbi.nlm.nih.gov/pubmed/28440469
http://doi.org/10.1097/GCO.0b013e32835c5e90
http://doi.org/10.1080/13543784.2017.1315406
http://doi.org/10.1371/journal.pone.0191972
http://doi.org/10.1101/cshperspect.a006098
http://doi.org/10.1007/s11033-020-05435-1
http://doi.org/10.1038/nrd4281
http://doi.org/10.1016/j.phrs.2019.104609
http://doi.org/10.3390/molecules23040908
http://www.ncbi.nlm.nih.gov/pubmed/29662024
http://doi.org/10.1002/med.21409
http://www.ncbi.nlm.nih.gov/pubmed/27775829
http://doi.org/10.3389/fphar.2020.00891
http://www.ncbi.nlm.nih.gov/pubmed/32595510
http://doi.org/10.1080/14737140.2018.1527688
http://doi.org/10.1021/acs.jnatprod.9b01285
http://doi.org/10.1016/j.ejmech.2019.111664
http://doi.org/10.1039/c2np00097k
http://doi.org/10.2174/138945011793591626


Int. J. Mol. Sci. 2022, 23, 1506 14 of 15

39. Fu, Y.; Kadioglu, O.; Wiench, B.; Wei, Z.; Gao, C.; Luo, M.; Gu, C.; Zu, Y.; Efferth, T. Cell cycle arrest and induction of apoptosis by
cajanin stilbene acid from Cajanus cajan in breast cancer cells. Phytomedicine 2015, 22, 462–468. [CrossRef]

40. Fu, Y.; Kadioglu, O.; Wiench, B.; Wei, Z.; Wang, W.; Luo, M.; Yang, X.; Gu, C.; Zu, Y.; Efferth, T. Activity of the antiestrogenic
cajanin stilbene acid towards breast cancer. J. Nutr. Biochem. 2015, 26, 1273–1282. [CrossRef]

41. Kadioglu, O.; Fu, Y.; Wiench, B.; Zu, Y.; Efferth, T. Synthetic cajanin stilbene acid derivatives inhibit c-MYC in breast cancer cells.
Arch. Toxicol. 2016, 90, 575–588. [CrossRef] [PubMed]

42. Pinkas, D.M.; Bufton, J.C.; Kupinska, K.; Wang, D.; Fairhead, M.; Kopec, J.; Sethi, R.; Dixon-Clarke, S.E.; Chalk, R.; Berridge,
G.; et al. 5o2b-Crystal Structure of WNK3 Kinase Domain in a Diphosphorylated State and in a Complex with the Inhibitor
PP-121. RCSB PDB Protein Databank. Available online: https://www.rcsb.org/structure/5O2B (accessed on 26 January 2021).

43. Huang, M.Y.; Lin, J.; Lu, K.; Xu, H.G.; Geng, Z.Z.; Sun, P.H.; Chen, W.M. Anti-inflammatory effects of cajaninstilbene acid and its
derivatives. J. Agric. Food Chem. 2016, 64, 2893–2900. [CrossRef] [PubMed]

44. Liang, L.; Luo, M.; Fu, Y.; Zu, Y.; Wang, W.; Gu, C.; Zhao, C.; Li, C.; Efferth, T. Cajaninstilbene acid (CSA) exerts cytoprotective
effects against oxidative stress through the Nrf2-dependent antioxidant pathway. Toxicol. Lett. 2013, 219, 254–261. [CrossRef]
[PubMed]

45. Wu, N.; Kong, Y.; Fu, Y.; Zu, Y.; Yang, Z.; Yang, M.; Peng, X.; Efferth, T. In vitro antioxidant properties, DNA damage protective
activity, and xanthine oxidase inhibitory effect of cajaninstilbene acid, a stilbene compound derived from pigeon pea [Cajanus
cajan (L.) Millsp.] leaves. J. Agric. Food Chem. 2011, 59, 437–443. [CrossRef] [PubMed]

46. Wang, L.S.; Tao, X.; Liu, X.M.; Zhou, Y.F.; Zhang, M.D.; Liao, Y.H.; Pan, R.L.; Chang, Q. Cajaninstilbene acid ameliorates cognitive
impairment induced by intrahippocampal injection of amyloid-β1-42 oligomers. Front. Pharmacol. 2019, 10, 1084. [CrossRef]
[PubMed]

47. Ullrich, C.I.; Aloni, R.; Saeed, M.E.M.; Ullrich, W.; Efferth, T. Comparison between tumors in plants and human beings:
Mechanisms of tumor development and therapy with secondary plant metabolites. Phytomedicine 2019, 64, 153081. [CrossRef]
[PubMed]

48. Chong, C.R.; Jänne, P.A. The quest to overcome resistance to EGFR-targeted therapies in cancer. Nat. Med. 2013, 19, 1389–1400.
[CrossRef]

49. Lin, J.J.; Riely, G.J.; Shaw, A.T. Targeting ALK: Precision medicine takes on drug resistance. Cancer Discov. 2017, 7, 137–155.
[CrossRef]

50. Jiao, Q.; Bi, L.; Ren, Y.; Song, S.; Wang, Q.; Wang, Y.S. Advances in studies of tyrosine kinase inhibitors and their acquired
resistance. Mol. Cancer 2018, 17, 36. [CrossRef]

51. Álvarez-Fernández, M.; Malumbres, M. Mechanisms of sensitivity and resistance to CDK4/6 inhibition. Cancer Cell 2020, 37,
514–529. [CrossRef]

52. Pitot, H.C. The molecular biology of carcinogenesis. Cancer 1993, 72 (Suppl. S3), 962–970. [CrossRef]
53. Spandidos, D.A.; Liloglou, T.; Field, J.K. Prognostic significance of oncogenes and tumor suppressor genes in human malignancy.

Stem Cells 1993, 11, 194–198. [CrossRef] [PubMed]
54. Isakov, N. Protein kinase C (PKC) isoforms in cancer, tumor promotion and tumor suppression. Semin. Cancer Biol. 2018, 48,

36–52. [CrossRef] [PubMed]
55. Hientz, K.; Mohr, A.; Bhakta-Guha, D.; Efferth, T. The role of p53 in cancer drug resistance and targeted chemotherapy. Oncotarget

2017, 8, 8921–8946. [CrossRef] [PubMed]
56. Yan, G.E.; Efferth, T. Broad-spectrum cross-resistance to anticancer drugs mediated by epidermal growth factor receptor. Anticancer

Res. 2019, 39, 3585–3593. [CrossRef]
57. Yan, G.; Saeed, M.E.M.; Foersch, S.; Schneider, J.; Roth, W.; Efferth, T. Relationship between EGFR expression and subcellular

localization with cancer development and clinical outcome. Oncotarget 2019, 10, 1918–1931. [CrossRef]
58. Tomicic, M.T.; Dawood, M.; Efferth, T. Epigenetic alterations upstream and downstream of p53 signaling in colorectal carcinoma.

Cancers 2021, 13, 4072. [CrossRef]
59. Calabrese, E.J. Hormesis: Path and progression to significance. Int. J. Mol. Sci. 2018, 19, 2871. [CrossRef]
60. Agathokleous, E.; Kitao, M.; Calabrese, E.J. Hormesis: Highly generalizable and beyond laboratory. Trends Plant Sci. 2020, 25,

1076–1086. [CrossRef]
61. Shore, D.E.; Ruvkun, G. A cytoprotective perspective on longevity regulation. Trends Cell Biol. 2013, 23, 409–420. [CrossRef]
62. Calabrese, E.J. Hormesis mediates acquired resilience: Using plant-derived chemicals to enhance health. Annu. Rev. Food Sci.

Technol. 2021, 12, 355–381. [CrossRef] [PubMed]
63. Calabrese, E.J. Cancer biology and hormesis: Human tumor cell lines commonly display hormetic (biphasic) dose responses. Crit.

Rev. Toxicol. 2005, 35, 463–582. [CrossRef] [PubMed]
64. Bhakta-Guha, D.; Efferth, T. Hormesis: Decoding two sides of the same coin. Pharmaceuticals 2015, 8, 865–883. [CrossRef]

[PubMed]
65. Stumpf, W.E. The dose makes the medicine. Drug Discov. Today 2006, 11, 550–555. [CrossRef]
66. Wiench, B.; Chen, Y.R.; Paulsen, M.; Hamm, R.; Schröder, S.; Yang, N.S.; Efferth, T. Integration of different “-omics” technologies

identifies inhibition of the IGF1R-Akt-mTOR signaling cascade involved in the cytotoxic effect of shikonin against leukemia cells.
Evid.-Based Complementary Altern. Med. 2013, 2013, 818709. [CrossRef]

http://doi.org/10.1016/j.phymed.2015.02.005
http://doi.org/10.1016/j.jnutbio.2015.06.004
http://doi.org/10.1007/s00204-015-1480-2
http://www.ncbi.nlm.nih.gov/pubmed/25716159
https://www.rcsb.org/structure/5O2B
http://doi.org/10.1021/acs.jafc.6b00227
http://www.ncbi.nlm.nih.gov/pubmed/26998619
http://doi.org/10.1016/j.toxlet.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23535287
http://doi.org/10.1021/jf103970b
http://www.ncbi.nlm.nih.gov/pubmed/21128613
http://doi.org/10.3389/fphar.2019.01084
http://www.ncbi.nlm.nih.gov/pubmed/31680939
http://doi.org/10.1016/j.phymed.2019.153081
http://www.ncbi.nlm.nih.gov/pubmed/31568956
http://doi.org/10.1038/nm.3388
http://doi.org/10.1158/2159-8290.CD-16-1123
http://doi.org/10.1186/s12943-018-0801-5
http://doi.org/10.1016/j.ccell.2020.03.010
http://doi.org/10.1002/1097-0142(19930801)72:3+&lt;962::AID-CNCR2820721303&gt;3.0.CO;2-H
http://doi.org/10.1002/stem.5530110305
http://www.ncbi.nlm.nih.gov/pubmed/8318905
http://doi.org/10.1016/j.semcancer.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28571764
http://doi.org/10.18632/oncotarget.13475
http://www.ncbi.nlm.nih.gov/pubmed/27888811
http://doi.org/10.21873/anticanres.13505
http://doi.org/10.18632/oncotarget.26727
http://doi.org/10.3390/cancers13164072
http://doi.org/10.3390/ijms19102871
http://doi.org/10.1016/j.tplants.2020.05.006
http://doi.org/10.1016/j.tcb.2013.04.007
http://doi.org/10.1146/annurev-food-062420-124437
http://www.ncbi.nlm.nih.gov/pubmed/33428457
http://doi.org/10.1080/10408440591034502
http://www.ncbi.nlm.nih.gov/pubmed/16422392
http://doi.org/10.3390/ph8040865
http://www.ncbi.nlm.nih.gov/pubmed/26694419
http://doi.org/10.1016/j.drudis.2006.04.012
http://doi.org/10.1155/2013/818709


Int. J. Mol. Sci. 2022, 23, 1506 15 of 15

67. Wong, V.K.W.; Zeng, W.; Chen, J.; Yao, X.J.; Leung, E.L.H.; Wang, Q.Q.; Chiu, P.; Ko, B.C.B.; Law, B.Y.K. Tetrandrine, an activator
of autophagy, induces autophagic cell death via PKC-α inhibition and mTOR-dependent mechanisms. Front. Pharmacol. 2017,
8, 351. [CrossRef]

68. PubChem. Bethesda (MD): National Library of Medicine (US). Available online: https://www.nlm.nih.gov (accessed on 26
August 2021).

69. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]

70. Zeino, M.; Saeed, M.E.; Kadioglu, O.; Efferth, T. The ability of molecular docking to unravel the controversy and challenges related
to P-glycoprotein—A well-known, yet poorly understood drug transporter. Investig. New Drugs 2014, 32, 618–625. [CrossRef]

71. Scherf, U.; Ross, D.T.; Waltham, M.; Smith, L.H.; Lee, J.K.; Tanabe, L.; Kohn, K.W.; Reinhold, W.C.; Myers, T.G.; Andrews,
D.T.; et al. A gene expression database for the molecular pharmacology of cancer. Nat. Genet. 2000, 24, 236–244. [CrossRef]

72. Staunton, J.E.; Slonim, D.K.; Coller, H.A.; Tamayo, P.; Angelo, M.J.; Park, J.; Scherf, U.; Lee, J.K.; Reinhold, W.O.; Weinstein,
J.N.; et al. Chemosensitivity prediction by transcriptional profiling. Proc. Natl. Acad. Sci. USA 2001, 98, 10787–10792. [CrossRef]

73. Amundson, S.A.; Do, K.T.; Vinikoor, L.C.; Lee, R.A.; Koch-Paiz, C.A.; Ahn, J.; Reimers, M.; Chen, Y.; Scudiero, D.A.; Weinstein,
J.N.; et al. Integrating global gene expression and radiation survival parameters across the 60 cell lines of the National Cancer
Institute Anticancer Drug Screen. Cancer Res. 2008, 68, 415–424. [CrossRef] [PubMed]

74. Kadioglu, O.; Saeed, M.E.M.; Munder, M.; Spuller, A.; Greten, H.J.; Efferth, T. Effect of ABC transporter expression and mutational
status on survival rates of cancer patients. Biomed. Pharmacother. 2020, 131, 110718. [CrossRef] [PubMed]

75. Mantel, N. Evaluation of survival data and two new rank order statistics arising in its consideration. Cancer Chemother. Rep. 1966,
50, 163–170. [PubMed]

76. Dinse, G.E.; Lagakos, S.W. Nonparametric estimation of lifetime and disease onset distributions from incomplete observations.
Biometrics 1982, 38, 921–932. [CrossRef] [PubMed]

http://doi.org/10.3389/fphar.2017.00351
https://www.nlm.nih.gov
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1007/s10637-014-0098-1
http://doi.org/10.1038/73439
http://doi.org/10.1073/pnas.191368598
http://doi.org/10.1158/0008-5472.CAN-07-2120
http://www.ncbi.nlm.nih.gov/pubmed/18199535
http://doi.org/10.1016/j.biopha.2020.110718
http://www.ncbi.nlm.nih.gov/pubmed/32932043
http://www.ncbi.nlm.nih.gov/pubmed/5910392
http://doi.org/10.2307/2529872
http://www.ncbi.nlm.nih.gov/pubmed/7168795

	Introduction 
	Results 
	Kinase Activity Profiling 
	Molecular Docking Studies 
	Drug Resistance Profiling 
	Survival Analysis 

	Discussion 
	Materials and Methods 
	Kinase Activity Profiling 
	Molecular Docking 
	Microarray-Based mRNA Expression of Kinases in 60 NCI Tumor Cell Lines 
	Kaplan–Meier Survival Analysis of Kinase mRNA Expression in Human Tumors 

	Conclusions 
	References

