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Cancer is one of the leading causes of death worldwide, despite the promising de-
velopments in terms of the curing and management of certain cancer types that have
occurred over the last decades saving and prolonging the lives of numerous patients. Se-
vere side effects, as well as intrinsic and acquired cancer drug resistance, pose constant
problems, which lead to inefficient therapy outcomes and consequently to worse prognoses
for affected patients. Although the development of a new anticancer drug is costly and
takes much time, it is necessary to identify new drug candidates, which can overcome
the drawbacks of the existing arsenal of cancer medicines, and which can become new
treatment options for hitherto untreatable and/or highly aggressive cancer types.

The Special Issue “Recent Advances of Novel Pharmaceutical Designs for Anti-cancer
Therapies” was launched in the autumn of 2021 in order to cover outstanding anticancer
projects and to unveil new developments and breakthroughs in terms of pharmaceutical
drug and target discovery. Eminent scientists working in the field contributed innovative
methods, targets, and new interesting hit-and-lead candidates. At this point, eleven research
and review articles were published in this Special Issue, and the contents of nine of them
are briefly summarized in the following. For more detail, I strongly recommend reading
the original full length open access articles published so far.

Zhou et al. described the synthesis and antitumor activities of new bis-cinnamoyl
derivatives, which were prepared by simple methods from inexpensive starting materi-
als [1]. The most promising compound I,3 was active against three cancer cell lines in
the low micromolar concentration range. Mechanistically, I3 induced apoptosis, stopped
tumor cell migration, and stabilized microtubules.

The anticancer activity of the natural phenol pterostilbene was investigated by
Wawszczyk et al. in melanotic and amelanotic melanoma models [2]. The described
anti-melanoma effects of pterostilbene were mediated by p21, cyclin D1, and caspase-3.
Interestingly, pterostilbene induced apoptosis in amelanotic melanoma cells in a caspase-
dependent way, while apoptosis in melanotic melanoma cells remained unaffected by
pterostilbene. These tumor-specific effects of pterostilbene deserve more profound investigation.

Curcumin is another prominent natural phenolic compound with promising anticancer
properties, and Bhattacharyya et al. studied the effects of the fluorinated semi-synthetic
curcumin derivative CDF and its new formulation with 2-hydroxypropyl-3-cyclodextrin
(CDFHCD) on pancreatic ductal adenocarcinoma (PDAC) [3]. The CDFHCD formulation
displayed increased stability and water solubility while conserving the anti-PDAC activ-
ity of CDF. Thus, the formulated CDF derivative CDFHCD appears to be a promising
anticancer drug for clinical trials with PDAC patients in the future.

Adenosine deaminases acting on RNA (ADAR) are RNA-editing enzymes with rele-
vance for various human diseases including cancer. ADAR2 was identified as a promis-
ing target for the design of inhibitors, and computer chemistry techniques (molecular
docking and molecular dynamics simulation) were applied to identify potential ADAR2
inhibitors [4]. Various natural polyphenols, bis-naphthoquinones, and the well-known
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dye indigo were found to be promising ADAR?2 inhibitor candidates, which should be
considered for further studies on their anticancer properties as ADAR?2 inhibitors.

Metal complexes are a promising class of anticancer compounds, and platinum-based
drugs hold a salient position in the treatment of various solid tumors. Complexes of
other metals were also found to be highly active against tumors. Schleser et al. prepared
and evaluated a series of new iodidogold(I)-NHC (N-heterocyclic carbene) complexes in
esophageal adenocarcinoma (EAC) cells [5]. The most active gold complexes of this study
exhibited high antiproliferative activity, induced apoptosis, suppressed c-Myc and cyclin
D1 expression, and inhibited EAC colony and spheroid formation.

The identification and validation of new cancer drug targets is of great importance
for the development of new innovative anticancer drugs. Rotermund et al. studied the
expression of carbonic anhydrases IX and XII in colorectal cancers, as well as the potential of
these vital enzymes as possible drug targets [6]. Four consensus molecular subgroups were
established based on their differing carbonic anhydrase expression states, and the response
to treatment with the inhibitor SLC-0111 was clearly associated with target expression in
colorectal cancer spheroids of these subgroups.

The specific targeting of the translation machinery of proliferating tumor cells is a
promising strategy to fight cancer. Steinmann et al. identified the eukaryotic initiation factor
4A1 (elF4A1) as a prognostic factor in hepatocellular carcinoma (HCC), whose molecular
function can be suppressed by treatment with inhibitors [7]. These elF4A1 inhibitors
led to high antiproliferative and strong pro-apoptotic effects in HCC, and the anticancer
activities of the elF4A1 inhibitors were significantly augmented by the combination with a
pan-mTOR inhibitor.

In addition to these original research manuscripts, three review articles were published
in this Special Issue. One of them was provided by Zhang et al., which also deals with a
promising target of the cellular translation machinery, the eukaryotic elongation factor 1A
(eEF1A) [8]. Among the described eEF1A inhibitors, plitidepsin is already approved for
multiple myeloma treatment, and another compound (metarrestin) is currently in clinical
trials. In addition, further natural and synthetic eEF1A inhibitors with sound anticancer
effects were described and discussed.

Finally, a comprehensive review on the application of the proteolysis-targeting chimera
(PROTAC) strategy for the treatment of cancer was published in this Special Issue, which
prompted a high interest among the readers of the International Journal of Molecular
Sciences [9]. Bifunctional conjugates of small molecule target protein binders with E2 ligase
binding scaffolds led to pronounced anticancer activities and remarkable curing effects. It
is noteworthy that this strategy also holds considerable promise for the treatment of other
human diseases.

Allin all, this Special Issue covers a well-balanced collection of state-of-the-art topics in
the prospering and competitive field of anticancer drug design and development, which can
address and inspire oncologists, biologists, and medicinal chemists among the readership
of this journal.
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Abstract: Altered RNA editing has been linked to several neurodevelopmental disorders, including
autism spectrum disorder (ASD) and intellectual disability, in addition to depression, schizophrenia,
some cancers, viral infections and autoimmune disorders. The human ADAR2 is a potential therapeu-
tic target for managing these various disorders due to its crucial role in adenosine to inosine editing.
This study applied consensus scoring to rank potential ADAR?2 inhibitors after performing molecular
docking with AutoDock Vina and Glide (Maestro), using a library of 35,161 compounds obtained
from traditional Chinese medicine. A total of 47 compounds were predicted to be good binders of
the human ADAR?2 and had insignificant toxicity concerns. Molecular dynamics (MD) simulations,
including the molecular mechanics Poisson—-Boltzmann surface area (MM /PBSA) procedure, also
emphasized the binding of the shortlisted compounds. The potential compounds had plausible
binding free energies ranging from —81.304 to —1068.26 kJ/mol from the MM /PBSA calculations.
ZINC000085511995, a naphthoquinone had more negative binding free energy (—1068.26 kJ/mol)
than inositol hexakisphosphate (IHP) [-873.873 k] /mol], an agonist and a strong binder of ADAR2.
The potential displacement of IHP by ZINC000085511995 in the IHP binding site of ADAR?2 could be
explored for possible deactivation of ADAR?2. Bayesian-based biological activity prediction corrobo-
rates the neuropharmacological, antineoplastic and antiviral activity of the potential lead compounds.
All the potential lead compounds, except ZINC000014612330 and ZINC000013462928, were pre-
dicted to be inhibitors of various deaminases. The potential lead compounds also had probability
of activity (Pa) > 0.442 and probability of inactivity (Pi) < 0.116 values for treating acute neurologic
disorders, except for ZINC000085996580 and ZINC000013462928. Pursuing these compounds for
their anti-ADAR?2 activities holds a promising future, especially against neurological disorders, some
cancers and viral infections caused by RNA viruses. Molecular interaction, hydrogen bond and
per-residue decomposition analyses predicted Arg400, Arg401, Lys519, Trp687, Glu689, and Lys690
as hot-spot residues in the ADAR2 IHP binding site. Most of the top compounds were observed to



have naphthoquinone, indole, furanocoumarin or benzofuran moieties. Serotonin and tryptophan,
which are beneficial in digestive regulation, improving sleep cycle and mood, are indole derivatives.
These chemical series may have the potential to treat neurological disorders, prion diseases, some
cancers, specific viral infections, metabolic disorders and eating disorders through the disruption of
ADAR?2 pathways. A total of nine potential lead compounds were shortlisted as plausible modulators
of ADAR?2.

Keywords: adenosine deaminases acting on RNA (ADAR); anti-ADAR?2; natural products; cancer;
depression; anxiety disorders; autism spectrum disorder (ASD); molecular docking; molecular
dynamics simulation

1. Introduction

RNA editing is a post-transcriptional process that alters RNA sequences with profound
physiological consequences. The most common form of RNA editing in mammalian brain
is catalyzed by the adenosine deaminases acting on RNA (ADAR) enzymes, ADAR1 and
ADAR?, resulting in adenosine (A) to inosine (I) substitutions in mRNA and microRNAs,
which is implicated in various diseases [1,2]. A-to-I editing is involved in regulating
the immune system, RNA splicing, protein recoding, microRNA biogenesis, and in the
formation of heterochromatin [3]. By catalyzing the conversion of A-to-I, these enzymes
frequently alter the sequence of mRNA before translation, and potentially the primary
structure of the resultant proteins [4]. Moreover, RNA editing of non-coding RNAs, e.g.,
microRNAs, can alter microRNA-mediated regulation of gene expression. RNA editing
plays a critical role in the development of several organ systems including the brain, and has
been associated with the molecular pathophysiology of a broad range of human diseases.

ADAR2-mediated RNA editing activity is crucial for the nervous system functions,
thus altered RNA editing has been linked to neurological disorders [2,4,5]. A few studies
linked increased RNA editing of the 5-Hydroxytryptamine (or serotonin) 2C receptor
(5-HT2CR) to the neurodevelopmental disorder, Prader-Willi syndrome (PWS) [6]. Patients
with PWS have a multisystem genetic disorder that includes cognitive disability and
a behavioral phenotype with similarities to autism spectrum disorders [6,7]. Indeed,
several studies of postmortem brain reveal higher levels of RNA editing in autism patients,
specifically for the AMPA-type receptor subunits, kainate-type receptor subunits, NEAT1,
CTSB and 5-HT2CR [8]. Other studies have shown that 5-HT2CR RNA editing is increased
in the prefrontal cortex of individuals who die by suicide [9-16]. In rodents, increased
5-HT2CR RNA editing results in aggressive and anxiety-like behaviors, and other behaviors
that may align with post-traumatic stress disorder [17-20]. Increased 5-HT2CR RNA editing
decreases G-protein coupling of the receptor, thereby reducing its signal transduction and
reducing the constitutive activity of the receptor [14,21].

It has been shown that a synthetic helix-threading peptide that binds 5-HT2CR editing
sites was able to selectively inhibit ADAR?2 editing of 5-HT2C RNA in vitro [22]. However,
the bioavailability of such molecules is limited. Small molecule compounds that inhibit
5-HT2CR RNA editing have not been identified and these compounds are potential treat-
ments for neurological illnesses that are triggered or exacerbated by psychological stress.
Inhibition of ADAR-mediated RNA editing of the 5-HT2C receptor increases the activity of
the 5-HT2C receptor, leading to reduced food intake [23-25]. This effect may be therapeutic
in metabolic disorders, such as diabetes and in hyperphagia-induced obesity. This may
also be therapeutic in binge-eating disorders, such as bulimia nervosa.

While there is an urgent need to identify inhibitors of ADAR2 that may have specificity
for the RNA editing of 5-HT2CR, modifying the RNA editing of other ADAR targets may be
beneficial. Epilepsy has been associated with increased RNA editing of glutamate receptors
(kainate subtypes), the glutamate transporter EAAT2 (SLC1A2), CTSB, Rpa, Sparc, and
OVCA2 (Figure 1). Therefore, inhibiting the RNA editing activity of ADAR2 may be
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beneficial for the treatment of some forms of epilepsy. In addition, one transcriptome-wide
study showed increased RNA editing of more than 100 mRNAs in the frontal cortex of
schizophrenia patients. Therefore, ADAR?2 inhibition may be therapeutic in schizophrenia
and other psychotic disorders [6].
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Figure 1. Schema representing the mechanism of ADAR?2 overexpression (or increased RNA editing)
and the associated diseases. The figure was created using BioRender (https://biorender.com/
accessed on 30 March 2023).

Prion diseases have been associated with increased RNA editing of FKRP and Rragd
in mice, and may be improved by administration of ADAR inhibitor drugs. Moreover,
elevated RNA editing activity has been reported as a major contributor to transcriptomic
diversity in tumors [7], therefore an inhibitor of RNA editing may be therapeutic in some
forms of cancer. ADAR enzymes modify the sequence of double-stranded RNA loop
structures, which includes the nucleic acids within RNA viruses, often with proviral effects
(Figure 1). Effects of editing have been documented only in a few groups of viruses, such
as HIV, measles, Zika virus, SARS-CoV-2, mink enteritis virus (MEV), Ebola virus (EBOV),
human parainfluenza viruses (HPIV), mumps virus (MuV), vesicular stomatitis virus (VSV),
plant viruses and Sendai virus (SeV) [26]. Inhibition of ADAR enzymes may be therapeutic
in the treatment of infections caused by some RNA viruses.

The availability of NMR and X-ray structures of the human ADAR2 (hADAR2) with
the dsRNA of GluA2 offer an opportunity for the in silico screening of potential inhibitors
of RNA editing [27,28]. This project therefore sought to employ structure-based drug
design (SBDD) methods to identify natural products-derived compounds with potential
inhibitory activity against the hADAR2 enzyme. SBDD approaches have become beneficial
in identifying small molecules for treating various diseases [29] and natural products serve
as an extensive reservoir of therapeutic candidates [30]. Natural products are structurally
diverse and can be explored for the treatment of various disorders [31,32]. Since antiquity,
traditional Chinese medicine has been used to improve neural regeneration and to repair
neurological disorders [33-35]. Therefore, this study carefully predicted good binders of
the ADAR?2 with probable inhibitory activity by using structure-based virtual screening,
molecular dynamics simulations and molecular mechanics Poisson-Boltzmann surface



Int. ]. Mol. Sci. 2023, 24, 6795

area calculations using compounds obtained from the Chinese flora and fauna. The study
further predicted the biological activity and toxicity profiles of the identified biomolecules.

2. Results and Discussions
2.1. Prediction of Binding Sites

ADAR proteins share a common structure which consists of N-terminal dsRNA bind-
ing domains (dsRBDs) and a carboxy (C)-terminal catalytic deaminase domain [36,37]. The
human ADAR2 (hADAR?2) has been reported to contain two dsRBMs, which are separated
by a 90-amino acid linker, and followed by the C-terminal catalytic domain [37]. The N
terminus has been suggested to contain sequences that are involved in the auto-inhibition
of the enzyme [37]. The IHP binds in the active site of the hADAR?2, which is lined by
residues Asn391, I1e397, Arg400, Arg401, Thr513, Lys519, Arg522, Gly530, Ser531, Lys629,
Tyr658, Lys662, Tyr668, Lys672, Glu689, Lys690 and Asp695 [27,38]. A previous study has
suggested that ADAR?2 activation requires binding to an RNA which interacts with both
double-stranded RNA binding motifs (dsRBMs) of the ADAR?2 [37]. The IHP has also been
suggested to activate ADAR2 upon binding [27,38].

Computed Atlas of Surface Topography of proteins (CASTp) predicted 52 potential
binding sites, out of which only 3 were selected as plausible based on the area and volumes
of the cavities (Figure 2 and Table 1). The other predicted sites either had no openings or
were relatively small, such that no ligand could dock into [39,40]. Pocket 1 as predicted via
CASTp (Figure 2 and Table 1) is consistent with the RNA binding loop of the ADAR?2 [27,41],
while pocket 2 is the IHP-binding site of the ADAR?2 [27,38] (Figure 2 and Table 1).

Figure 2. 3D structure of ADAR2 (PDB ID 5ED2) showing the predicted binding sites. Predicted
binding sites are colored yellow, magenta and cyan for pockets 1, 2 and 3, respectively. Image was
generated using UCSF Chimera version 1.16 [42].
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Table 1. Predicted binding cavities via CASTp with their area, volumes and residues lining each pockets.

Pocket No.

Area (A2)

Volume (A%) Residues Lining the Pocket

397.972

541.281

120.812

Lys350, Val351, Gly374, Thr375, Lys376, Cys377, 11e378, Asn379, His394,
Ala395, Glu396, 1le446, Thr448, Ser449, Pro450, Cys451, Gly452, Arg455,
Ile456, Pro459, Lys483, I1e484, Glu485, Ser486, Gly487, GIn488, Gly489,
Thr490, Leu511, Thr513, Cys516, Arg590, Lys594, and Ala595.
Ala389, Leu390, Asn391, Asp392, 1le397, Arg400, Arg401, Leud04, Tyr408,
GIn500, Leu512, Thr513, Met514, Lys519, Arg522, Trp523, Val526, Gly527,
342.976 I1e528, GIn529, Gly530, Ser531, Leu532, Leu533, Lys629, Leu632, Tyr658,
His659, Lys662, Leu663, Tyr668, GIn669, Lys672, Phe676, Trp687, Val688,
Glu689, Lys690, Pro691, Thr692, GIn694, and Asp695.

Ser458, His460, Glu461, Pro462, lle463, Glu466, Pro467, Ala468, Asp469,
Arg470, His471, His552, Asp554, and His555.

455.471

129.477

2.2. Molecular Docking
2.2.1. Validation of Docking Protocols

The classical root mean square deviation (RMSD) was used to assess the ability of
each docking tool to predict poses similar to that of the crystallographic structure. RMSD
equal to or lower than 2 A is considered good, 2 A < RMSD < 3 A is acceptable and
RMSD > 3 A is bad [43]. However, RMSD < 2 A cut-off value is widely regarded as the
most effective threshold value for validating correctly posed molecules [44,45]. The most
negative IHP poses from AutoDock Vina and Glide had RMSD values of 1.6516 and 0.893 A,
respectively, when compared to the crystallographic or reference structure. The RMSD
values obtained herein indicate the near accuracy pose prediction of AutoDock Vina and
Glide for ADAR?2 binders.

2.2.2. Molecular Docking via AutoDock Vina

A total of 25,131 compounds were successfully screened against the human ADAR2
protein. For each compound, AutoDock Vina generates up to nine conformers during
docking. The pose or conformation with the most negative binding energy was se-
lected as the best for each compound. The top 10% of the initial docking library (that
is 2520 compounds) were shortlisted for analysis. The bound ligand, IHP had a binding
energy of —8.6 kcal/mol when docked against the hADAR?2. For the TCM natural prod-
ucts, ZINC000095913861 had the most negative binding energy when docked against the
ADAR? protein with a binding energy of —12.2 kcal/mol. ZINC000044350981 had a bind-
ing energy of —11.4 kcal/mol, while ZINC000070450936 and ZINC000070454365 both had
a binding energy of —11.2 kcal/mol. Compounds ZINC000003203078, ZINC000085546044,
ZINC000085593200, ZINC000085594057, and ZINC000103536976 had a binding energy of
—11.1 kcal/mol.

The highest binding energy was observed to be —8.9 kcal/mol among the top 10%,
which is lower than the —7.0 kcal/mol threshold specified for AutoDock Vina to differen-
tiate between putative binders and non-binders of proteins [46]. The —7.0 threshold has
been shown to filter ~95% of non-inhibitors while passing ~98% of known inhibitors [46].
The more negative binding energies of the shortlisted compounds (—8.9 kcal/mol and
lesser) suggest that a greater number of the predicted ligands may be good ADAR2 binders.
Additionally, the IHP had the least binding affinity (highest binding energy) to the hADAR2
as compared to the top 10%.

2.2.3. Molecular Docking via Maestro

All 37,398 TCM compounds generated via LigPrep were screened against the ADAR?2 pro-
tein using Glide [47]. For compounds with two or more tautomers, the pose with the most neg-
ative binding energy was chosen. The control, IHP, had a binding energy of —7.97 kcal /mol.
ZINC000103569281 had the most negative binding energy of —9.892 kcal/mol, followed
by ZINC000013432666, ZINC000085488553, and ZINC000103584108 with docking scores of
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—9.718, —9.606, and —9.546 kcal/mol, respectively. Among the top 10%, the compounds
which had the highest binding energies (least affinity) with the ADAR2 protein had docking
scores of —6.10 kcal/mol.

Most of the top compounds were observed to have indole, naphthoquinone, coumarin,
furanocoumarin or benzofuran moieties in their structures. Compounds including
ZINC000030726422, ZINC000070450892, ZINC000070454387, ZINC000070455595, and
ZINC000085492822, among others were observed to have the indole moiety. Serotonin or
5-hydroxytryptamine (5-HT) and tryptophan also have the indole moiety. Tryptophan is
the only precursor of serotonin production in humans [48]. Tryptophan has been shown to
regulate mood and cognition [49]. Serotonin and tryptophan are known to contribute to
well-being and happiness [50-53]. Serotonin reduces anxiety and promotes good mood and
happiness by regulating brain function and cognition [54]. Serotonin also helps regulate the
precursor to melatonin, a major control hormone of the sleep cycle [55-58] and digestive
system regulation [49]. Selective serotonin reuptake inhibitors (SSRIs), including sertraline
and fluoxetine, have been shown to have positive effects on patients with neurological or
neurodevelopmental disorders including autism spectrum disorders, depression, anxiety,
and obsessive-compulsive disorder [59-62].

Compounds ZINC000014690026, ZINC000070455383, ZINC000085488553,
ZINC000085488571, and ZINC000085488602, among others had the benzofuran and/or
coumarin moieties in their structure. Coumarins have recently been explored for treating
neurological or brain disorders [63-67]. These chemical series need further exploration in
order to identify more potent and effective ADAR?2 inhibitors to increase our therapeutic
arsenal against ADAR2-implicated disorders. De novo design and lead optimization via
scaffold hopping, bioisosteric replacement, and other available methods will aid in identify-
ing more effective and potent anti-ADAR2 compounds from these chemical series [68-71].
New pharmacologic agents from these series may demonstrate novel mechanisms of action
with improved efficacy, tolerability and safety.

2.2.4. Shortlisting Compounds Based on Consensus Score

A total of 516 compounds were observed to be in the top 10% for both AutoDock Vina
and Maestro. A consensus docking score was calculated by determining the averages of
the AutoDock Vina binding energy and the Glide docking score of the top compounds.
The 516 compounds were then ranked based on the consensus score. The known ADAR2
binder, IHP, had a consensus score of —8.26 kcal/mol (Table 2). ZINC000049888963 had
the most negative consensus score of —9.58 kcal/mol followed by ZINC000044417732
(Table 2), ZINC000095909990, ZINC000095909350, and ZINC000085509666 with scores
of 9.42,-9.41, -9.34, and —-9.27 kcal /mol, respectively. Compounds ZINC000085505346,
ZINC000085950180 (Table 2), and ZINC000095909587 also had consensus scores of —9.24,
-9.19, and -9.13 kcal /mol, respectively. ZINC000085569204 had the least negative or highest
consensus score of —7.50 kcal/mol among the 516 shortlisted compounds.

The study analyzed the effect of molecular weight on the binding scores. No com-
pound with molecular weights 150 g/mol to 250 g/mol were found in the top 516 hits
(Figure 3). It was also observed that the compounds with molecular weights between
250 g/mol and 350 g/mol had lower binding affinity (higher binding energy) than those
with molecular weight above 350 g/mol (Figures 3 and S1A,B). All compounds with molec-
ular weight <350 g/mol had consensus docking scores higher than —8.5 kcal/mol (Figure 3).
Similar trends were observed for the AutoDock Vina and the Glide binding energy scores
of the top 516 compounds. For AutoDock Vina and Glide, no compound with molecular
weight <350 g/mol had binding energies lower than —10.4 (Figure S1A) and —7.7 kcal/mol
(Figure S1B), respectively.
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Table 2. Binding energies of IHP and some selected compounds with ADAR2. The interacting
residues are also shown. The glide docking and consensus scores presented here are rounded to
2 decimal places.

Compound

Binding Energy (kcal/mol)

Interacting Residues

AutoDock Vina Glide Consensus Score H-Bond Pi-Cation Salt Bridges
-~ - N Arg401, Leu532, Argd00, Argd01, Lys629
ZINC000044417732 10.9 7.95 9.42 Lys662 and Glu689 Arg400 and Lys662 and Lys662
-~ - N Arg401, Ser531 (2), Lys629, B
ZINC000085950180 10.5 7.88 9.19 Trp687 and Asp695 Lys662
-~ - -~ Argd01, Lys519, Lys629,
ZINC000085511995 10.9 7.27 9.08 Arg522, Lys629 and Trp687 Arg400 and Lys662 Lys662 and Lys690
B N - Arg401, Arg522, Lys629,
ZINC000085850673 10.5 7.24 8.87 Tyr658 and Lys690 Lys519 and Lys629. Lys519 and Lys690
-~ _ -~ Arg401 (2), Lys519 Arg400, Arg522 B
ZINC000085996580 11 6.62 8.81 and Lys690 and Lys662 (4)
Argd01, Ser531, Lys629,
ZINC000085734971 —10.6 —6.93 —8.76 Lys662 (2) and Asp695 Lys629 -
Met514, Arg522, Ser531,
ZINC000034517814 —9.4 —8.11 —8.75 Glu689 (2) and Lys690 - -
ZINC000014613520 9.9 ~7.39 —8.64 Argd0L, Ser53L, Arg522 and Lys662 Arg522
’ ’ . Lys662 and Trp687 & ¥ 8
-~ -~ -~ Argd01, Ser531, Arg522,
ZINC000095911588 9.4 7.86 8.63 Trp523 and Lys629 Lys662 Arg400
-~ - _ Tyr408, Lys629, Tyr658, ~ R
ZINC000085569519 10.1 6.74 8.42 Lys662 and Lys690
ZINC000008234342 9.7 ~7.08 ~8.39 Leu532 Arg400 and Lys662 Argd00, Argd0l
and Lys629
- -~ -~ Arg400 (2), Arg401 ~
ZINC000085569292 9.3 7.48 8.39 and Lys662 Lys519 and Lys690
Arg401 (2), Ser531,
ZINC000095911414 —10.1 —6.65 —8.38 Lys629 and Trp687 Arg400 and Lys662 -
Arg401, Ser531, Lys629,
ZINC000086050572 -9.8 —6.94 —8.37 Lys662 (2) and Asp695 - -
ZINC000014612330 -10.2 —6.51 —8.36 Arg401, Ser531 and Lys629 - -
B - - Arg400, Arg522 Arg400, Arg401
ZINC000014814624 10.0 6.57 8.28 Arg522, Ser531 and Lys690 and Lys662 and Lys629
Argd01 (2), Arg522
ZINC000004098700 -9.0 —7.50 —8.25 and Ser531 Arg400 and Lys662 Lys519
- N - Argd01, Arg522, Leu532, ~ R
ZINC000095912516 9.8 6.57 8.18 Lys629, Tyr638 and Glu689
ZINC000085488788 95 684 817 Argd01, Ser531 and Lys629 Lys519 Arga01, Lys629 (2)
and Lys662
Argd01, Arg522,
ZINC000070454227 -9.0 —7.34 —-8.17 Ser531 and Lys690 Lys662 Lys519 and Lys690
Asn391, Arg400
4 ! Arg401, Lys519, Arg522,
IHP 86 —797 826 Argd01 (2), Lys519, Ser531, - Lys629, Lys662, Lys672

Lys672, Trp687, Val688,

Glu689 and Lys690 and Lys690

2.3. ADAR?2-Ligand Interaction Profiling

The interaction profiles of the hADAR2 protein-ligand complexes for the shortlisted
compounds were determined using Maestro. The best docking conformation from the Glide
docking results were used to study the ADAR2-ligand interactions. IHP was predicted
to form 12 hydrogen bonds with residues Asn391, Arg400, Arg401 (2 H-bonds), Lys519
(2 H-bonds), Ser531, Lys672, Trp687, Val688, Glu689, and Lys690 of the ADAR?2 protein
(Figure 4A and Table 2). It also formed salt bridges with Arg401, Lys519, Arg522, Lys629,
Lys662, Lys672, and Lys690 (Figure 4A and Table 2). ZINC000049888963, which had
the most negative consensus docking score, interacted via 7 H-bonds with the ADAR2
including residues Arg400, Lys519, Trp523, GIn529, Leu532, and Lys690 (2 H-bonds). It
was also involved in 4 pi-cation interactions with Arg400, Arg522, and Lys629 (2 contacts).
ZINC000044417732 formed hydrogen bonds with Arg401, Leu532, Lys662, and Glu689; pi-
cation interactions with Arg400 and Lys662; and salt bridges with Arg400, Arg401, Lys629,
and Lys662 (Figure 4B and Table 2).

ZINC000095909990 formed 8 hydrogen bonds with residues Asn391, Tyr408, Met514,
Arg522, Lys629, Lys662, Val688, and Pro691. It also formed pi-cation interactions with Lys629
and Lys662, and four salt bridges with Arg400, Lys519 (2), and Lys690. ZINC000095909350
had four hydrogen bond interactions with residues Asp392, Ser531, His659, and Val688;
five pi-cation interactions with Arg400, Arg401, Lys519, Lys662, and Lys672; and five salt
bridges with residues Arg400, Arg401, Lys519, Lys629, and Lys662. ZINC000085509666
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interacted with ADAR?2 via 10 hydrogen bonds with residues Asn391, Leu532, GIn529,
Lys629, Tyr658, Lys662, Glu689 (3 H-bonds), and Lys690; 2 salt bridges with Lys519 and
Lys690; and formed a pi-cation with Arg400.

Consensus Docking Score Against Molecular Weight: Top 516
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Figure 3. Consensus docking score against the molecular weight plot of the top 516 shortlisted
compounds from molecular docking.

ZINC000085505346 interacted with ADAR?2 via hydrogen bonds with Arg400, Arg401 (2),
Trp523, GIn529, Leub32, Lys629, His659, and Trp687; pi-cation interaction with Arg522;
and salt bridges with Arg522, Lys672, and Glu689. Compound ZINC000085950180 formed
six hydrogen bonds with Arg401, Ser531 (2 H-bonds), Lys629, Trp687, and Asp695 and a pi-
cation interaction with Lys662 (Table 2). ZINC000095909587 was involved in 6 hydrogen bonds
with residues Arg522, Ser531, Lys629, Tyr668, Trp687, and Val688; and formed 2 salt bridges
with Lys519 and Lys690. Multiple hydrogen bonds existing in protein-ligand complexes
influence ligand binding affinity and contributes to ligand activity [72,73]. Residues Arg400,
Arg401, Lys519, Ser531, Leu532, Trp687, and Lys690 were observed to interact with most of
the ligands and may be crucial for ligand binding. The protein-ligand interaction profiles of
the potential lead compounds are shown in Figures 4B and S2A-H.

2.4. ADMET Prediction

The top 516 compounds were subjected to ADMET testing via SwissADME to predict
their pharmacokinetic profiles [74]. The compounds were assessed using Lipinski’s and
Veber’s rules [75-79]. Lipinski’s rule of five requires an orally active drug to have less than
two violations of four criteria: less than 5 hydrogen bond donors; less than 10 hydrogen
bond acceptors; molecular mass less than 500 Da; and an octanol-water partition coefficient
(logP) less than 5 [75,79]. Veber’s rule, on the other hand, requires compounds with good
oral bioavailability to have not more than 10 rotatable bonds and topological polar surface
area (TPSA) not more than 140 A2 [78]. Fluoxetine (antidepressant), nebularine (ADAR
inhibitor) and doxorubicin (anti-cancer) were used as controls for the ADMET prediction.
Fluoxetine and nebularine were predicted to not violate both Lipinski’s and Veber’s rules,
while doxorubicin had 3 and 1 Lipinski’s and Veber’s violations, respectively (Table 3).
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Figure 4. Conformation and protein-ligand interaction profiles of the binding pose with the most
negative binding energy of IHP (a,b) and ZINC000044417732 (c,d). For the interaction profiles, purple
arrows, red lines and combination of “red and blue” lines represent hydrogen bonds, pi-cation
interactions and salt-brides, respectively.

Table 3. Pharmacokinetic evaluation of IHP, fluoxetine, nebularine, doxorubicin, and the 9 potential
lead compounds. The consensus logP value (SwissADME) is reported in this table.

No of Lipinski’s No. of Veber’s

Compound MW (g/mol) logP o/w TPSA (A2) BBB Permeant GI Absorption ESOL Solubility Class Rule Violations Rule Violations
IHP 660.04 —-6.77 459.42 No Low High 3 2
ZINC000044417732 374.34 2.88 108.74 No High Moderate 0 0
ZINC000085950180 374.34 2.71 108.74 No High Moderate 0 0
ZINC000085511995 374.34 2.82 108.74 No High Moderate 0 0
ZINC000085850673 374.34 2.9 108.74 No High Moderate 0 0
ZINC000085996580 508.48 447 136.66 No Low Poor 1 0
ZINC000085734971 402.4 3.39 108.74 Yes High Moderate 0 0
ZINC000014612330 324.37 3.05 63.6 Yes High Moderate 0 0
ZINC000100513617 262.26 216 58.2 Yes High Moderate 0 0
ZINC000013462928 352.34 3.22 63.22 No High Moderate 0 0
Fluoxetine 309.33 4.32 21.26 Yes High Moderate 0 0
Nebularine 252.23 —1.16 113.52 No High Very 0 0
Doxorubicin 543.52 0.44 206.07 No Low Soluble 3 1

Compounds which violated two or more components of Lipinksi’s rule of five and/or
Veber’s rule were eliminated. A total of 343 and 447 compounds failed Lipinski’s and
Veber’s rules, respectively. Compound ZINC000049888963, which had the most negative
consensus docking score, failed both Lipinski’s and Veber’s rules with 3 and 1 violations, re-
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spectively. ZINC000049888963 had a TPSA of 216.58 A2, molecular weight of 594.52 g /mol,
13 hydrogen bond acceptors and 7 hydrogen bond donors. ZINC000044417732, the second
most negative compound with consensus score of —9.42 kcal/mol, passed both Lipinski’s
and Veber’s rules, having a TPSA of 108.74 A2; 6 and 2 H-bond acceptors and donors,
respectively; and a molecular weight of 374.34 g/mol. In total, 69 compounds passed both
Lipinski’s and Veber’s rules and were thus considered for further analysis. The molecular
weight of the 69 compounds ranged between 262 and 599 g/mol, while their TPSAs ranged
between 58 and 140 A2,

Most neuroactive and psychoactive drugs bypass the blood-brain barrier (BBB) to
be effective [80]. Thus the BBB permeability of the shortlisted compounds and controls
were predicted. Fluoxetine was predicted as BBB permeant while nebularine and dox-
orubicin were predicted as non-permeant (Table 3). Only four compounds, comprising
ZINC000013462928, ZINC000014612330, ZINC000100014196, and ZINC000100513617 were
predicted to permeate the blood-brain barrier, making these compound interesting candi-
dates to probe further. The BBB is a huge challenge for the development of neuroprotective
drugs [81]. However, studies have shown that there are other effective ways of administer-
ing drugs bypassing the BBB [81-84]. The intranasal route, which is a noninvasive delivery
route to bypass the barrier, can be exploited to administer compounds which cannot per-
meate the BBB [81,82]. Additionally, direct brain administration, which is an invasive
approach to target the brain region with therapeutic molecules, can also be considered [82].

OSIRIS Datawarrior version 5.5.0 was also employed to predict toxicity properties
including mutagenicity, tumorigenicity, irritancy and reproductive effects of the 69 short-
listed compounds [85] (Table S1). Datawarrior predicts the toxicity risk of compounds
by classifying them as “none”, “low” or “high” for each of the four toxicity properties.
Compounds that were predicted to possess low or high toxicity for more than one property
were eliminated. Moreover, compounds that were predicted to be either mutagenic or tu-
morigenic were also removed from the potential hit list. Mutagens and tumorigenic agents
were eliminated because ADAR?2 inhibition by death associated with protein 3 (DAP3)
has been reported to be involved in certain cancer type development and progression [86].
Down-regulation of ADAR? in lung cancers has been previously reported [87]. ADAR2 is a
tumor suppressor and its inhibition may promote tumor growth [88-90]. Thus, ADAR2
inhibitors with mutagenic or tumorigenic properties may promote or speed up neoplasm
due to ADAR?2 inhibition.

A total of 51, 64, 52 and 52 compounds were predicted to be non-mutagenic,
non-tumorigenic, non-irritant and exhibiting no reproductive effects, respectively (Table S1).
However, only 29 compounds, including the top 3 comprising ZINC000044417732,
ZINC000085950180 and ZINC000085511995, were predicted as non-mutagenic, non-tumorigenic,
non-irritant and with no reproductive effects (Table S1). Of the 4 compounds that were
predicted to be BBB permeants, 3 comprising ZINC000014612330, ZINC000100014196, and
ZINC000100513617 were predicted to be non-tumorigenic, non-mutagenic, non-irritant and had
no reproductive effects, while ZINC000013462928 was predicted to pose no toxicity risk except
for its high reproductive effect (Table S1).

A total of 13 compounds were predicted to have two or more toxicity risks and
were thus eliminated from the study. Moreover, a total of 9 compounds comprising
ZINC000085569519, ZINC000085569501, ZINC000003918875, ZINC000085569417,
ZINC000085569484, ZINC000085594490, ZINC000085569502, ZINC000085569474, and
ZINC000059588402 were predicted to have high mutagenic effects while 9 others posed low
mutagenic risks. The 9 compounds with low mutagenic risks include ZINC000014613520,
ZINC000014814624, ZINC000004098700, ZINC000095912516, ZINC000015214955,
ZINC000015254000, ZINC000095911983, ZINC000059587863, and ZINC000005714910. Fur-
thermore, two (ZINC000059588402 and ZINC000085569204) and three compounds
(ZINC000085594490, ZINC000103543244, and ZINC000059587863) were predicted to have
high and low tumorigenic effects, respectively, and were also eliminated from the study
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(Table S1). In all, 47 compounds passed the toxicity test and were considered as potential
lead compounds with insignificant safety and toxicity concerns (Table S1).

2.5. Structural Similarity Search and Prediction of Biological Activity of Shortlisted Compounds

The biological activity of the identified compounds were predicted using the Pre-
diction of Activity Spectra of Substances (PASS) by submitting the SMILES format of
the compounds as inputs [91-93]. PASS predicts the activity of a molecule based on the
similarity of the query with the structures of molecules available in its training dataset.
The probability “to be active” (Pa) provides an estimation for the likelihood of the query
compound to belong to sub-set of active compounds, whereas the probability “to be inac-
tive” (Pi) provides an estimation for the query to be similar to the inactive subset of PASS
training dataset. Compounds whose activities have Pa > Pi are considered likely to exhibit
those activities.

Four known drugs namely quercetin, nebularine, lovastatin, and simvastatin were
used as controls. Quercetin and nebularine, which are known adenosine deaminase (ADA)
inhibitors [94-98], were used as positive controls while lovastatin and simvastatin were the
negative controls. Lovastatin and simvastatin are both 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) reductase inhibitors which suppress cholesterol synthesis (ICs59 < 5 M) [99].
Both compounds did not inhibit ADA nor increase adenosine in hepatocytes, thus having
no effect on autophagy [99]. Quercetin on the other hand demonstrated ADA inhibition
with an ICsg of 170 uM (0.17 mM) in rats [94] while nebularine has been reported to
inhibit ADA with an ICsg of 90 uM [100]. Nebularine is also a known ADAR inhibitor [98].
Both lovastatin and simvastatin showed no deaminase inhibition properties by the PASS
predictions, supporting previous study that they may not be ADA inhibitors [99].

On the other hand, nebularine was predicted by PASS to be an inhibitor of AMP
deaminase 2 and 3, and 11 other deaminases including adenine (Pa: 0.942 and Pi: 0.000),
adenosine (Pa: 0.619 and Pi: 0.002), glucosamine-6-phosphate (Pa: 0.519 and Pi: 0.006),
cytosine (Pa: 0.486 and Pi: 0.001), guanine (Pa: 0.404 and Pi: 0.003), deoxycytidine
(Pa: 0.350 and Pi: 0.002), cytidine (Pa: 0.298 and Pi: 0.008), dCTP (Pa: 0.275 and Pi: 0.001),
dCMP (Pa: 0.193 and Pi: 0.001), blasticidin-S (Pa: 0.205 and Pi: 0.066), and AMP (Pa: 0.118
and Pi: 0.001) deaminases. Nebularine was also predicted to be antineoplastic (Pa: 0.702 and
Pi: 0.026) and antiviral (Pa: 0.886 Pi: 0.002). Quercetin was also predicted to be inhibitors
of 8 deaminases including pterin (Pa: 0.352 and Pi: 0.104), blasticidin-S (Pa: 0.213 and
Pi: 0.059), creatinine (Pa: 0.184 and Pi: 0.067), adenosine (Pa: 0.103 and Pi: 0.014), ornithine
cyclodeaminase (Pa: 0.165 and Pi: 0.113), cytidine (Pa: 0.101 and Pi: 0.079), deoxycytidine
(Pa: 0.093 and Pi: 0.070), and glucosamine-6-phosphate (Pa: 0.105 and Pi: 0.083) deami-
nases. Quercetin was also predicted as antineoplastic (Pa: 0.797 and Pi: 0.012) and antiviral
(Pa: 0.498 and Pi: 0.005). The relatively higher Pa values (and lower Pi) for nebularine
supports nebularine’s better ADA inhibition than quercetin.

ZINC000044417732, ZINC000085950180, and ZINC000085511995 were predicted as
inhibitors of various deaminases including ornithine cyclodeaminase, pterin, creatinine,
glucosamine-6-phosphate, cytosine, deoxycytidine and ATP deaminases. The ADAR2
also belongs to the deaminase class of proteins, implying the potential of these com-
pounds to inhibit the ADAR2. Furthermore, ZINC000014612330, ZINC000044417732,
ZINC000085950180, and ZINC000085511995 were predicted to be useful in the treatment of
acute neurologic disorders with Pa values of 0.627, 0.562, 0.562, and 0.442; and Pi values of
0.031,0.051, 0.051, and 0.116, respectively. ZINC000085511995 and ZINC000100513617 were
further predicted as antineurotic. Some of the compounds were predicted as neurotransmit-
ter uptake inhibitors. Neurotransmitter uptake inhibitors, such as the SSRI class of drugs
including sertraline and fluoxetine, have positive effects on depression, anxiety disorders,
and certain types of obsessive-compulsive disorder [59-61]. Sertraline and fluoxetine are
also beneficial for treating depression in epilepsy patients since they also lower the risk of
triggering seizures [101].
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ZINC000085511995 was predicted as an antidyskinetic, which might be relevant in
treating dyskinesia in most neurological disorders. Most of the compounds were also
predicted to be good for movement disorder treatment. Most neurological disorders
including schizophrenia and autism spectrum disorder, are characterized by movement
disorders [102-107]. The compounds were also predicted as kidney function stimulants
with Pa values of 0.524, 0.526, and 0.711 and Pi values of 0.082, 0.080, and 0.008, respectively.
Various studies have associated schizophrenia with high chronic kidney disease (CKD)
risk [108,109], therefore these compounds may be helpful in treating renal complications
associated with these disorders.

All the potential lead compounds, except ZINC000014612330 and ZINC000013462928, were
predicted as inhibitors of various enzymes involved in phosphoinositide processes including
inositol oxygenase, glycosylphosphatidylinositol phospholipase D, CDP-diacylglycerol-inositol
3-phosphatidyltransferase, glycosylphosphatidylinositol diacylglycerol-lyase, guanidinodeoxy-
scyllo-inositol-4-phosphatase, inositol-3-phosphate synthase, phosphatidylinositol diacylglycerol-
lyase and inositol 1,4,5-triphosphate 3-kinase. Since IHP is required for ADAR? activation [27,38],
inhibiting its production and transfer may help limit ADAR2 activity. ZINC000044417732,
ZINC000085950180, and ZINC000085511995 were predicted as apoptosis agonists with Pa values
of 0.837, 0.623 and 0.707; and Pi values of 0.005, 0.024 and 0.014, respectively. DAP3, an ADAR2
inhibitor has been previously reported to be involved in mitochondrial physiology and cell
apoptosis [110,111]. Moreover, reduced expression of ADAR1 and ADAR? have been reported
to increase apoptosis in a region-specific manner in the hippocampus, parietal cortex and sub-
ventricular zone of seizure-exposed brains in mouse [112].

Moreover, ZINC000044417732, ZINC000085950180, and ZINC000085511995 were
predicted as Pin1 inhibitors with Pa values of 0.699, 0.702, and 0.807; and Pi values of 0.007,
0.007, and 0.004, respectively. Previous studies have shown that ADAR2-Pin1 interactions
stabilizes ADAR?2 in the nucleus [113,114]. Additionally, nuclear interactions between
Pinl and ADAR2 were observed to increase as neurons develop or mature [114]. Pinl
is also required for the editing of expressed GluA2 transcripts in cell lines [113] and to
regulate ADAR?2 protein levels as well as catalytic activity [113]. Pinl is also known
to facilitate multiple cancer-driving processes [115], supporting the prediction of these
compounds as potential anti-cancer molecules. Aberrant A-to-I RNA editing has been
shown to be implicated in cancers [86,116]. DAP3, which is an ADAR?2 inhibitor, has
been reported to affect editing targets involved in cancer-related signaling pathways and
processes [86]. However, ZINC000044417732, ZINC000085950180, and ZINC000085511995
were predicted to be antineoplastics with Pa values of 0.839, 0.563 and 0.805; and Pi values of
0.008, 0.053 and 0.011, respectively. Furthermore, ZINC000044417732, ZINC000085950180,
ZINC000085511995, and ZINC000085850673 were predicted as antimutagenic with Pa
values of 0.793, 0.777, 0.845, and 0.795; and Pi of 0.004, 0.004, 0.003, and 0.004, respectively.
They were also predicted to be beneficial in treating preneoplastic conditions.

ZINC000085511995 (mamegakinone) was also predicted to be similar to vitamin K
with a Pa of 0.39 and a Pi of 0.002. Further structural similarity search via DrugBank
revealed that ZINC000085950180 (isozeylanone) is similar to phylloquinone (vitamin K1),
menatetrenone (vitamin K2), menaquinone-7, menaquinone-6 and menaquinone with
similarity scores of 0.75, 0.748, 0.748, 0.748, and 0.748, respectively. ZINC000085734971
was also predicted to be structurally similar to these compounds. All the aforementioned
compounds are naphthoquinones, a class of compounds widely known for their anti-cancer
properties [117-120]. Naphthoquinones have demonstrated remarkable applications in
medicinal chemistry owing to their good synthetic accessibility, making it possible to obtain
many chemical substances [121]. Compounds ZINC000085950180 and ZINC000085511995
are composed of two naphthoquinones each in their structures. High levels of vitamin K
has been shown to improve cognitive function and its deficiency may be associated with
an increased risk of cognitive decline and dementia in older adults [122,123].

ZINC000014612330 is structurally similar to lapachone with a score of 0.636. 3-lapachone
has been reported to attenuate cognitive impairment and neuroinflammation in an Alzheimer’s
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disease mouse model [124]. ZINC000034517814 is structurally similar to acteoside and echi-
nacoside, both with a similarity score of 0.752. Both compounds have been shown to be
beneficial in the treatment of neurological conditions including Parkinson’s and Alzheimer’s
diseases [125-127]. Echinacoside has been shown to selectively reverse dopaminergic neu-
ronal injury in rat models of Parkinson’s disease induced by rotenone [126]. However,
echinacoside and acteoside have significant pharmacokinetics concerns as they have very fast
absorption and elimination rates in rats [128]. In humans, echinacoside was not identified in
plasma samples after echinacea tablets were ingested [129]. Herein, SwissADME predicted
a bioavailability score of 0.17 for both echinacoside and acteoside, which corroborates the
poor bioavailability of both compounds [128,129]. However, ZINC000034517814 had a better
score of 0.55, suggesting that ZINC000034517814 has the best oral bioavailability compared to
echinacoside and acteoside [130].

ZINC000100014196 (indigo), ZINC000100513617 (indigo) and indirubin are isomers [131,132].
About 2.3 to 23.3 ng/kg of an indirubin derivative, and 7-bromoindirubin-3-oxime, has been
recently shown to prevent 3-amyloid (Af3) oligomer-induced impairments of spatial cogni-
tion and recognition in mice and has been suggested for the treatment of Alzheimer’s dis-
ease [131]. Its anti-cancer activity at an ICsps less than 35 uM has also been reported [132,133].
ZINC000013462928 is structurally similar to arctigenin and matairesinol with scores of 0.632
and 0.626, respectively. Both arctigenin and matairesinol have been reported to have neuro-
protective, anti-diabetic and anti-depressive activities [134-136]. The predicted biological
activities of the shortlisted compounds corroborate their potential anti-ADAR?2 activity.

2.6. Molecular Dynamics Simulations

This study investigated the structural conformation changes and atomic motions
by performing 100 ns MD simulations on the unbound protein and ten ADAR2-ligand
complexes. The protein-ligand complexes investigated include ADAR2 bound with
IHP, ZINC000044417732, ZINC000085950180, ZINC000085511995, ZINC000085850673,
ZINC000085996580, ZINC000085734971, ZINC000014612330, ZINC000100513617, and
ZINC000013462928. The top six compounds based on the most negative consensus docking
score and good toxicity profiles and three compounds that were predicted as BBB per-
meants (ZINC000085734971, ZINC000014612330, and ZINC000100513617) were selected
for the MD simulations. ZINC000100014196 (indigo) and ZINC000100513617 are isomers
and thus the latter was selected for the MD simulation due to its higher binding affinity.
The structural stability, folding and conformational fluctuations of the proteins caused by
ligand binding were investigated using the RMSD, radius of gyration (Rg) and the root
mean square fluctuation (RMSF) after the 100 ns simulations. Hydrogen bond analysis
throughout the 100 ns simulation period were performed for each complex. Snapshots
were also generated to assess the position of the ligands with respect to the ADAR?2 protein.

2.6.1. RMSD of ADAR2 and ADAR?2-Ligand Complexes

The RMSD measures the deviation of the final conformation of the protein’s backbone
with regards to the protein’s initial structural conformation [137]. RMSD provides insights
into the stability of a protein—a protein with lower RMSD tends to be more stable than
a protein with higher deviations in its backbone [137,138]. Herein, all structures reached
equilibrium after ~15 ns (Figures 5 and S3A). The unbound protein experienced minor
fluctuations until about 50 ns and then remained stable till the end of the 100 ns simulation
period with an average RMSD of 0.23 nm (Figure 5). The ADAR2-IHP (Figure 5) and the
ADAR2-ZINC000014612330 (Figure S3A) complexes were observed to be more stable than
the unbound protein throughout the simulation period, maintaining RMSD averages of
0.21 and 0.22 nm, respectively. Although the ADAR2-IHP complex showed the greatest
stability among all the structures, the ADAR2-ZINC000014612330 complex demonstrated
comparable stability (Figure S3A). The stability of the ADAR2-IHP is not surprising since
the IHP is a known binder of ADAR2 and is required for ADAR?2 activation [27,38].
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Figure 5. RMSD plot of the unbound ADAR2 and ADAR2-ligand complexes. The unbound protein,
ADAR2-THP, ZINC000044417732, ZINC000085950180, ZINC000085511995, ZINC000085850673, and
ZINC000085996580 complexes are colored black, red, green, blue, yellow, brown, and grey, respectively.

The ADAR2-ZINC000085511995 complex was mostly stable throughout the simu-
lation period. It reached relative equilibrium at around 10 ns (0.225 nm), maintained
stability till 75 ns where the RMSD rose to ~0.3 ns and fell to 0.25 nm (around 80 ns)
and remained stable till the end (Figure 5). The ADAR2-ZINC000100513617, ADAR-
ZINC000085734971, and ADAR2-ZINC000085850673 complexes experienced similar RMSD
trends (Figures 5 and S3A). The ADAR2-ZINC000100513617 complex rose to 0.227 nm at
around 50 ns and remained stable till the end of the simulation time with an average RMSD
of 0.23 nm (Figure S3A). The RMSD of ADAR2-ZINC000085850673 complex rose to 0.25 nm
at around 35 ns and maintained stability till the end of the simulation with an average
of 0.25 nm (Figure 5). The ADAR2-ZINC00008573491 complex rose to 0.25 nm at around
25 ns and remained stable till the end of the 100 ns simulation period (Figure S3A).

The ADAR2-ZINC000085950180, ADAR2-ZINC000013462928, and ADAR2-ZINC000085996580
complexes were the least stable among all the structures. The ADAR2-ZINC000085950180
complex rose to 0.2 nm at around 25 ns, then rose to 0.25 nm at 50 ns till about 80 ns and
then remained stable till the end of the 100 ns period with an average RMSD of 0.24 nm
(Figure 5). For the ADAR2-ZINC000085996580 complex, the RMSD experienced a gradual
rise till about 35 ns, maintained an average of 0.26 nm till about 70 ns, then rose to about
0.3 nm (Figure 5). The RMSD of the ADAR2-ZINC000013462928 complex rose to 0.25 nm
after 17 ns and remained stable till about 70 ns, where it experienced a rise to 0.3 nm
(around 80 ns) and maintained it till 100 ns (Figure S3A).

2.6.2. Radius of Gyration of ADAR2 and ADAR2-Ligand Complexes

The radius of gyration provides information about the stability, folding and compact-
ness of a protein, and can be further defined as the RMSD of atoms from the centroid of
a protein [139,140]. The Rg plots of all the structures (unbound protein and complexes)
revealed good stability and compactness of the ADAR2 protein. The Rg values of all the
systems ranged between 2.04 nm and 2.1 nm (Figures 6 and S3B), signifying their stable
folding [140]. The unbound protein maintained an average Rg of about 2.085 nm till about
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27 ns, then fell to 2.055 nm at around 40 ns, then it rose and maintained an average of 2.07 ns
until the end of the simulation (Figure 6). The IHP maintained an average Rg of 2.06 nm
throughout the simulation (Figure 6). The ADAR2-ZINC000044417732 complex was rel-
atively stable, maintaining an average of 2.075 nm throughout the simulation, although
a high rise in Rg (to about 2.095 nm) was observed between 50 and 60 ns (Figure 6). The
ADAR2-ZINC000085950180, ADAR2-ZINC000014612330 and ADAR2-ZINC000085850673
complexes demonstrated similar trends (Figures 6 and S3B). All three complexes were very
stable throughout the simulation period, maintaining an average of 2.065 nm. The Rg of
the ADAR2-ZINC000085734971 complex was also very stable until 80 ns with an average
of ~2.05 nm, where a rise to 2.06 nm was observed (Figure S3B).

Radius of gyration (total and around axes)
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Figure 6. Radius of gyration plot of the unbound ADAR2 and ADAR2-ligand complexes.
The unbound protein, ADAR2-IHP, ZINC000044417732, ZINC000085950180, ZINC000085511995,
ZINC000085850673, and ZINC000085996580 complexes are colored black, red, green, blue, yellow,
brown, and grey, respectively.

The Rg values of ADAR2-ZINC000085996580 complex fell until ~50 ns where a sharp
rise was observed (Figure 6). The Rg rose to ~2.09 averagely until 90 ns and then fell again
(Figure 6). The ADAR2-ZINC000100513617, ZINC000013462928, and ZINC000085511995
complexes also demonstrated fluctuations similar to that of the ADAR2-ZINC000085996580
complex. The ADAR2-ZINC000013462928 complex maintained quite a stable Rg with an
average of 2.075 nm until ~80 ns and then declined to an average of 2.06 nm until the
end of the 100 ns simulation time (Figure S3B). The Rg of the ADAR2-ZINC000100513617
complex, however, increased after 90 ns (Figure S3B). Collectively, all the complexes and
the unbound protein had relatively low Rg values, indicating that they were stable and
compact in their folding.

2.6.3. RMSF of ADAR?2-Ligand Complexes

Herein, the RMSF of the various complexes were evaluated to determine the ADAR2
residues involved in the different mobility in the RMSD plots [139]. The RMSF in the
binding cavity provides insights into the residues that make strong interactions with the
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ligand [139]. A high RMSF indicates the residues that do not make strong interaction, and
thus have higher mobility [139].

For all the complexes, fluctuations were observed at similar residue indexes. Major
fluctuations were observed at residue indexes 460480, 490-515, and 582-600 (Figure S3C).
Minor fluctuations were observed at residues 340-350, 360-370, 380-390, 415-430, 565-578,
620-630, and 650-665 (Figure S3C). ZINC000085996580 induced the highest fluctuations
on the ADAR? protein at residues Ala468 and GIn507 with RMSF values of 0.7276 and
0.7262 nm, respectively. For the ADAR2-ZINC000085996580 complex, residues Asp469,
Arg470, and Leu506 were also observed to have high fluctuations with values of 0.6178,
0.647, and 0.6638 nm, respectively.

Residue indexes 390-415, 440-450, 515-560, 595-620, 635-650, and 660-700 experienced
the least fluctuations, which is suggestive of their very strong interactions with the ligands
in the active site [139]. For residue indexes 390-415, the interactions with Arg400 and Arg401
could be the reason for the low RMSF values, while Lys519, Ser531 and Leu532 account for
the low fluctuations around the indexes 515-560. The interactions with residues Trp687,
Glu689 and Lys690 account for the low RMSF observed in the residues 660-700 region.

2.6.4. Snapshots and Hydrogen Bond Analysis of Complexes

Since RMSD of the complex is calculated based on the protein backbone, snapshots
were generated to verify the position of the ligands during the simulation [141]. Snapshots
of each complex during the 100 ns MD simulation were generated at 25 ns intervals. For
all the complexes, the ligands were tightly bound to the IHP binding site of the ADAR2.
Additionally, aligning the resulting structures with the initial structure (time = 0 ns) as ref-
erence, further corroborated the stability of the complexes throughout the MD simulations.
The RMSDs were determined for the structural alignment of each complex using the align
module in PyMOL.

The RMSD values between the structures at times 25, 50, 75, and 100 ns when aligned
to the initial structure (time = 0 ns) were 1.064, 1.161, 1.074, and 1.231 A, respectively, for
the ADAR2-IHP complex. For the ADAR2-ZINC000044417732 complex, RMSDs of 1.052,
1.264,1.395, and 1.631 A, respectively, were observed. For the ADAR2-ZINC000085950180
complex, 1.091, 1.064, 0.945 and 1.050 A, respectively, were the observed RMSDs. Moreover,
the ADAR2-ZINC000085511995 complex had RMSDs of 0.914, 0.932, 1.108, and 1.272 A,
respectively. The ADAR2-ZINC000085850673 structures at 25, 50, 75 and 100 ns also had
RMSD values of 0.991, 1.204, 1.196, and 1.189 A, respectively, when aligned to the initial
structure. The ADAR2-ZINC000085734971 complex had RMSD values of 1.082, 1.149, 1.001,
and 1.104, A, respectively. The ADAR2-ZINC000100513617 complex also demonstrated
stability with RMSD values of 1.359, 0.988, 0.996 and 1.292 A, respectively. The relatively
low RMSDs demonstrated by these complexes corroborate their good stability observed in
the RMSD plots (Figures 5 and S3A).

The ADAR2-ZINC000014612330 complex also had RMSDs of 1.332, 1.322, 1.393, and
1.355 A, when the initial structure was compared to the structures at times 25, 50, 75, and
100 ns, respectively. Although there were minor deviations from the starting structure,
the ADAR2-ZINCO000014612330 complex remained very stable after 50 ns (Figure S3A).
Aligning the structures at 75 and 100 ns to the 50 ns structure revealed RMSDs of 0.890 and
0.816 A, respectively, which are consistent with the RMSD plot (Figure S3A), implying that
the ADAR2-ZINC000014612330 complex remained stable after 50 ns.

For the ADAR2-ZINC000085996580 complex, RMSDs of 1.414, 1.420, 1.330, and 1.360 A
were obtained when the structures at times 25, 50, 75, and 100 ns, respectively, were
compared to the starting structure. Moreover, the ADAR2-ZINC000013462928 complex
at times 25, 50, 75, and 100 ns demonstrated RMSDs of 1.291, 1.359, 1.415, and 1.233 A,
respectively, when aligned to the 0 ns structure. The relatively high RMSDs observed for
ADAR2-ZINC000085996580 and ADAR2-ZINC000013462928 complexes (as compared to
the other complexes herein) are consistent with the RMSD plot (Figures 5 and S3A) where
the least stability (most deviation) was seen.
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This study also analyzed the number of hydrogen bond interactions between the
protein and each ligand during the MD simulations. Only hydrogen bond interactions
within 0.35 nm and with an angle of 30° were reported using the GROMACS “gmx hbond”
analysis (Figure 7). Snapshots of the complexes at 0 and 100 ns were visualized using
Maestro and protein-ligand interaction profiles were also determined. The predicted
number of hydrogen bonds via “gmx hbond” may be different from what is predicted via a
molecular interaction visualization tool due to the cut-off.
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Figure 7. Hydrogen bond analyses of each ADAR2-ligand complex throughout the 100 ns MD simulation.

For the ADAR2-IHP complex, 10 hydrogen bonds were within the 0.35 nm distance
and 30° angle threshold as predicted via GROMACS although 12 were identified from
the protein-ligand interaction profile. The 12 hydrogen bonds were formed with residues
Arg400 (2 H-bonds), Arg401 (2 H-bonds), Lys519 (2 H-bonds), Arg522, Tyr658, Trp687,
Val688, Glu689, and Lys690. At 4 ns, the hydrogen bond interactions increased to 14, after
which a decline in the number of hydrogen bonds was observed. At the end of the 100 ns
simulation, 8 hydrogen bonds with Thr513, Lys519, Tyr658, Lys662, Glu689 (2 H-bonds),
Lys690, and GIn694 were observed.

For the ADAR2-ZINC000013462928 complex, 3 hydrogen bonds were predicted by
GROMACS. However, only 2 hydrogen bonds with Met514 and Arg400 were seen using
Maestro at 0 ns. At 100 ns, 3 hydrogen bonds with Tyr408, Ser531, and Leu532 were
observed via Maestro while GROMACS predicted only one hydrogen bond. The hydrogen
bond interactions with Arg400 and Met514 were lost after the 100 ns period. For the
ADAR2-ZINC000014612330 complex, there was only one hydrogen bond with Ser531, prior
to the MD simulation. After the 100 ns simulations, the hydrogen bond with Ser531 was
lost and 3 new hydrogen bonds were formed with Arg401 and Trp523 (2 H-bonds) although
only one passed the 0.35 nm and 30° angle cut-off.

At the start of the simulation, ADAR2-ZINC000044417732 had 4 hydrogen bonds with
Arg401 and Lys662 (2 each) and at the end of the simulation, the complex maintained
the 4 hydrogen bonds. However, the contacts with Lys662 were lost and 2 new hydrogen
bonds with Asn391 and Tyr658 were formed. For ADAR2-ZINC000085511995, 4 hydrogen
bond contacts with Arg401, Lys519, Arg522, and Trp687 existed before the MD simulation.
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After the simulation, only 3 were observed: 1 with Asn391 and 2 with Lys519. The ADAR2-
ZINC000085734971 complex was predicted via “gmx hbond” to have 3 hydrogen bonds at
both the initial and final states. However, after visualizing with Maestro, 4 hydrogen bonds
with Ser531, Leu532, and Lys662 (2 bonds) were observed initially and 5 with residues
Tyr408, Ser531 (2 bonds), Leu532, and GIn669 were observed at the end of the simulation.
Compound ZINC000085850673 formed 3 hydrogen bonds with Met514, Lys519, and Tyr658
although 4 were predicted via GROMACS. After the simulation, 2 hydrogen bonds with
Lys519 and Arg522 were observed. Hydrogen bond interactions with Met514 and Tyr658
were lost at the end of the simulation.

The ADAR2-ZINC000085950180 complex had 3 hydrogen bonds with Ser531, Leu532,
and Asp695 initially and 3 hydrogen bonds with Arg401, Tyr408, and Asp695 after the
simulation (2 H-bonds were reported via “gmx hbond”). ZINC000085996580 was predicted
to form 3 hydrogen bonds with ADAR? at initial time, although only 1 bond with Ser532
was observed via Maestro. After the 100 ns MD simulation, 2 hydrogen bonds with Arg400
and GIn669 were observed. ZINC000100513617 formed 2 hydrogen bonds with Arg401
before the simulation (although 3 were predicted by “gmx hbond”) which were lost after
the simulation. Multiple hydrogen bonds between a protein and a ligand have been shown
to improve ligand binding and influence ligand activity [72,73]. However, the hydrogen
bonds existing between both the donor and receptor must be either weaker or stronger than
that between hydrogen and oxygen atoms in water, in order to influence ligand binding
affinity [73]. Apart from ZINC000100513617, all the potential leads maintained hydrogen
bonds with the ADAR?2 throughout the simulation.

Residues Arg400, Arg401, Lys519, Ser531, and Leu532 were observed to be involved
in hydrogen bond interactions with most of the potential lead compounds throughout
the MD simulations, which is consistent with the interaction profiles from the molecular
docking study.

2.7. Evaluating Potential Leads via MM/PBSA Calculation

The MM /PBSA method has become a more efficient and reliable approach to model
protein-ligand interactions. MM /PBSA provides reasonable approximations for free energy
calculations and is more reliable than the conventional molecular docking process, yielding
higher enrichment factors than docking [142]. MM /PBSA helps to prioritize compounds for
experimental testing [143]. The Gibbs free energy of binding (AGping)) can be determined
using Equation (1) [144,145].

AG(bind) = AG(complex) - [AG(receptor) + AG(ligancl)]r (1)

where AGcomplex), AG(protein) and AG(ligand) are the total free energies of the protein-ligand
complex, protein, and ligand, respectively.

Herein, the MM /PBSA approach was employed to determine the binding free energies
as well as the energy contributions per-residue of the ADAR2-ligand complexes. Ligand
structures of the top nine potential lead compounds and IHP are presented in Figure 8, while
those of the other compounds listed in Table 2 are shown in Figure S4. The other contribut-
ing energy terms, including van der Waals (vdW), electrostatic, polar solvation and solvent
accessible surface area (SASA) energies were also computed (Table 4). The vdW energy of
the complexes ranged between —138 and —177.93 with the ADAR2-IHP having the highest
vdW energy (—138.816 k] /mol) [Table 4]. ZINC000085734971 demonstrated the most nega-
tive vdW energy with —177.923 k] /mol, followed by ZINC000013462928 (—177.25 kJ /mol)
and ZINC000085996580 (—174.655 k] /mol) [Table 4]. For SASA energy, the values ranged
from —14.949 to —22.88 kJ /mol with ZINC000085996580 and ZINC000100513617 demon-
strating the most and least negative energy values, respectively (Table 4). SASA is linearly
related to the non-polar solvation energy [144,146,147]. The SASA term is usually small
and has little variations among similar ligands [144].

22



Int. ]. Mol. Sci. 2023, 24, 6795

A o HQ o
\P/
P
HO—P—OH 0 \\O
OH

WO/
S
il 20
o 0
Q. oo b OH
2p-
/F\/
HO' o]
Y

© i

IHP or IP6

ZINC000044417732 ZINC000085950180 ZINC000085511995 ZINC000085850673

ZINC000085996580

ZINC000085734971 ZINC000014612330 ZINC000100513617 ZINC000013462928

Figure 8. Chemical structures of IHP and the nine potential lead compounds.

Table 4. Contributing energy terms for the protein-ligand complexes determined via MM /PBSA
calculations. The energy values are presented as “energy =+ standard deviation”. All energy values
are in kJ/mol.

Compound vdW Electrostatic Energy Polar Solvation Energy SASA Energy Binding Energy
IHP —138.816 £ 2.243 —1597.111 + 7.065 883.140 + 5.474 —20.866 £ 0.095 —873.873 £ 6.225
ZINC000044417732 —164.45 £+ 1.303 —798.403 + 4.671 340.231 + 3.618 —19.937 £ 0.089 —642.856 + 3.746
ZINC000085950180 —172.457 £1.278 —66.957 £ 2.459 123.492 4- 2.987 —19.151 £ 0.101 —135.075 £ 3.285
ZINC000085511995 —157.3 £ 1.578 —1550.773 4 5.372 659.676 + 5.323 —19.816 £ 0.108 —1068.26 + 4.122
ZINC000085850673 —170.78 £ 1.79 —818.946 + 5.622 357.645 + 5.284 —18.914 £ 0.09 —650.863 £ 4.925
ZINC000085996580 —174.655 + 1.248 —87.798 £ 1.888 203.977 + 2.763 —22.88 4+ 0.144 —81.304 £ 2.269
ZINC000085734971 —177.923 +£1.177 —37.521 £ 2.675 141.105 &+ 3.714 —20.808 £ 0.093 —95.133 4 4.263
ZINC000014612330 —167.284 £+ 1.304 —774.68 £ 2.258 310.493 + 1.672 —17.154 £ 0.074 —648.56 £ 2.801
ZINC000100513617 —114.531 + 1.602 —764.552 + 3.591 326.488 + 4.91 —14.949 £ 0.093 —567.619 + 4.003
ZINC000013462928 —177.25 £1.238 —19.523 £ 1.104 56.374 £1.273 —18.245 £+ 0.108 —158.661 £ 1.669

The ADAR2-IHP complex had a binding energy of —873.873 k] /mol (Table 4). This
is expected since IHP is a strong binder of ADAR2. Previous studies have shown that
RNA binding neither alters the hydrogen bond network nor the binding of IHP in the
active site of ADAR?2 [27,38]. Interestingly, ZINC000085511995 demonstrated a more
negative binding energy to the ADAR?2 than IHP, with an energy value of —1068.26 k] /mol
(Table 4). ZINC000085511995 may function as an ADAR2 antagonist by first displacing
IHP (an ADAR?2 agonist) due to its more negative binding energy, which is suggestive of a
stronger attraction. Naloxone, a competitive antagonist of opiate receptors, functions in
a similar manner by selectively displacing agonists, such as morphine, thereby reversing
their actions [148,149]. ZINC000044417732, ZINC000085850673, ZINC000014612330, and
ZINC000100513617 also had comparable binding free energies of —642.856, —650.863,
—648.56, and —567.619 kJ /mol, respectively (Table 4). The relatively good binding energy
values of the potential lead compounds warrant the development and implementation of
a low throughput functional assay complemented by biochemical assays for GluA2 and
5-HT2CR, among others, in a neuronal culture system to ascertain their potency for treating
various neurological disorders.
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Per-Residue Energy Decomposition

The energetic contribution of each residue to the interaction with the shortlisted com-
pounds was investigated using the per-residue energy decomposition via g mmpbsa [146].
Understanding the binding modes of proteins with other molecules and elucidating the
hot-spot residues (residues directly involved in the interactions) could help in designing
drugs to disrupt proteins [150,151]. Hotspot residues have been suggested to contribute
more than 1 or 2 kcal/mol in protein-protein complexes [152]. However, for protein—
ligand complexes, hot-spot residues have been suggested to contribute energies greater
than 5 kJ /mol or less than —5 kJ/mol [153].

From the molecular interaction profiles, Arg400, Arg401, Lys519, Ser531, Leu532,
Trp687, Glu689, and Lys690 were predicted to be critical in ligand binding. Therefore,
we sought to investigate their importance in ligand binding via the energy decomposi-
tion method. For the ADAR2-IHP complex, several residues contributed more than the
+5 kJ/mol threshold. A total of 53 residues contributed favorably (less than —5 k] /mol)
to IHP binding. Arg400, Arg401, Lys519, Ser531, Leu532, Trp687, Glu689, and Lys690
contributed —51.4229, —73.4334, —74.3903, —1.9345, —2.1645, —3.9056, 113.0625, and
—83.6689 kJ/mol, respectively. Other residues worth mentioning are Arg522, Lys629,
Lys662, Lys672 and Asp695 which contributed —50.0431, —88.4847, —63.9655, —56.4605
and 91.1192 k] /mol, respectively, to IHP binding. This result corroborates previous studies
which report that IHP strongly and stably binds in the active site of ADAR2 and is not
influenced by RNA binding to the ADAR2 [27,38]. The extremely basic nature of the
ADAR? active site favors IHP binding which in turn stabilizes multiple lysine and arginine
residues [36,38].

The ADAR2-ZINC000085511995 complex, which had a binding free energy of
—1068.26 kJ /mol, experienced a lot of residues contributing energies above the &5 kJ /mol
threshold, comparable to the ADAR2-IHP complex. A total of 54 residues contributed
favorably to its binding in the active site of the ADAR?2. The predicted critical residues com-
prising Arg400, Arg401, Lys519, Ser531, Leu532, Trp687, Glu689, and Lys690 had energies of
—49.6330, —52.8445, —63.4549, —3.3215, —3.9087, —6.4576, 71.2105, and —83.5814 kJ/mol,
respectively. The multiple residues and their contribution energies involved in
ZINC000085511995 binding make ZINC000085511995 an interesting drug candidate to
consider for ADAR2.

The ADAR2-ZINC000044417732 complex also had several residues contributing above
the threshold. The critical residues, Arg400, Arg401, Lys519, Ser531, Leu532, Trp687,
Glu689, and Lys690 were observed to contribute energies of —35.9893, —50.7197, —38.7647,
—1.5284, —7.1948, —2.1630, 51.3166, and —34.4276 k] /mol, respectively. For the ADAR?2-
ZINC000085950180 complex, only residues Arg400, Arg401, Leu404, Glu509, Lys519,
Arg522, Leub32, Lys629, Leu632, Arg635, Lys662, Lys672, Glu689, Lys690, and Asp695
contributed above the threshold with energies of 6.9611, —8.1196, —6.0607, 8.0841, —5.3107,
—7.2416, —6.6838, —26.3468, —9.2015, —6.0062, —10.7480, —8.1484, 28.8698, —9.8404, and
30.7624 k] /mol, respectively. From the per-residue energy decomposition, residues Arg400,
Arg401, Lys519, Trp687, Glu689 and Lys690 seem to be very crucial in ligand binding in the
IHP binding site of ADAR?2 than Ser531 and Leu532. Future ADAR?2 drug initiatives may
consider developing drugs with higher specificity to these residues.

2.8. Re-Docking Predicted Hits against 5-HT2C Receptor

Ritanserin had the most negative binding energy of —12.7 kcal/mol followed
by ZINC000085996580 and ZINC000085850673 with binding energies of —11.5 and
—10.9 kcal/mol, respectively (Table S2). Ritanserin is a serotonin receptor antagonist, an
antidepressant and has anxiolytic properties. Ritanserin is also an antiparkinsonian agent
and has been shown to improve sleep [154-156]. Ritanserin improves motor deficits, includ-
ing akinesia in mouse and humans [157]. Significant success was recorded when ritanserin
(average dose of 13.5 mg/day) was administered to 10 patients with neuroleptic-induced
Parkinsonism for 2 to 4 days. Out of the 10 patients with akathisia, 8 responded positively,
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observing a drop in Hillside Akathisia Scale (HAS) baseline ratings from 16.4 (£6) to 7.4
(£5.2) after 3 days of treatment [158]. However, ritanserin has not been approved for
medical use due to safety and toxicity concerns, although it is widely used for research pur-
poses [159-161]. Thus, there is the need to develop more potent and less toxic biomolecules
that target serotonin receptors.

ZINC000085734971 had a binding energy of —10.6 kcal/mol, while both ZINC000085511995
and ZINC000085950180 had —10.5 kcal/mol. Both ZINC000044417732 and ZINC000014612330
also had binding energies of —10.3 kcal/mol while ZINC000013462928 and ZINC000100513617
had binding energies of —9.9 and —9.6 kcal/mol, respectively (Table S2). A previous study
docked compounds with the ethyl 2-(p-tolyloxy)acetate skeleton against the 5>-HT2CR (PDB ID:
6BQH) using AutoDock Vina and the compound with the best affinity had a binding energy
of —6.2 kcal/mol [162]. The strong binding affinities of the predicted leads could make them
potential 5-HT2CR modulators. The PASS predictions and safety profiles of the identified
molecules warrant further experimental studies to corroborate or validate their anti-ADAR2
and anti-schizophrenia properties. Further functional assays, both in a reduced system and in
cultured neurons, are required to determine with greater resolution the relative efficacy of the
predicted compounds on ADAR?2, 5-HT2CR and GluA2.

2.9. Origin and Source of the Potential Lead Compounds

The natural sources of the nine potential lead compounds were investigated from
various databases, including ZINC15 [163], PubChem [164,165], ChEMBL [166-168], LO-
TUS[169], KNApPSAcK [170,171], Natural Product Activity and Species Source (NPASS) [172],
and Indian Medicinal Plants, Phytochemistry And Therapeutics (IMPPAT) [173] as previ-
ously conducted [174]. The pharmacological activities of the plant sources were also probed
from the existing literature.

ZINC000044417732 (chitranone) has been isolated from the roots of Plumbago zeylan-
ica [175,176] and P. capensis [177], and stem bark and fruits of Diospyros maritima [178-180]
and D. kaki [180]. Chitranone has been previously reported to be cytotoxic against four cancer
cell lines including human oral epidermoid carcinoma (KB), human lung cancer (Lul),
hormone-dependent human prostate cancer (LNCaP), and human umbilical vein endothelial
cells (HUVEC) at ECs5 values of 0.3, 1.1, 2.2, and 2.1 pg/mL, respectively [178]. The antimi-
crobial activity of chitranone has also been reported previously [178]. ZINC000085950180
(isozeylanone) is also found in D. maritima [179,180], P. europaea [181], and P. zeylanica [182].
Organic extracts of P. zeylanica were shown to have strong bactericidal activity against
Helicobacter pylori, a type of bacteria associated with gastric cancer and peptic ulceration [183].

ZINC000085511995 (mamegakinone) has also been isolated from various Diospyros spp. [184],
includng D. batocana [185], D. obliquifolia [186], D. mollis [184], D. chamaethamnus [184], D. kaki [187],
D. lotus [188,189], D. lycioides [186], D. montana [189], D. usambarensis [190], and D. zomben-
sis [184]. Additionally, ZINC000085850673 (3,8'-Bi[2-methyl-5-hydroxy-1,4-naphthoquinone]
or 3,8'-biplumbagin) can be found in the fruit extract of D. maritima [179,180]. ZINC000085734971
(3,3/-Ethylidenebis(2-methyl-5-hydroxy-1,4-naphthoquinone) or ethylidene-3,3"-biplumbagin) can
be found in extracts of D. maritima [179,180]. D. kaki has been used to treat patients with mental
and physical complaints caused by trauma due to war, disaster, and burning [191].

ZINC000085996580 (lespedezol B2 or 8-[[2-(2,4-dihydroxyphenyl)-6-hydroxy-1-benzofuran-
3-yllmethyl]-6H-[1]benzofuro[3,2-c]chromene-3,9-diol) has been extracted from the stem of
Lespedeza homoloba [192]. Compounds derived from L. hormoloba were found to exhibit strong anti-
oxidative activity in the rat brain homogenate test against lipid peroxidation [192].
ZINC000014612330 ((4aR,12bR)-9-hydroxy-2,5,5-trimethyl-3 4,4a,12b-tetrahydronaphtho[3,2-
clisochromene-7,12-dione) and pyranokunthone A are isomers. Pyranokunthone A, obtained
from the root bark of Stereospermum kunthianum, demonstrated moderate activity against
two strains of Plasmodium falciparum comprising chloroquine-sensitive strain (ICsp of 11.7 pg/mL)
and chloroquine-resistant clone (ICsy > 25 ug/mL) while having insignificant toxicity on the
endothelial cell line ECV-304 (ICs > 200 pg/mL) [193].
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ZINC000100513617 (indigo) is found in the leaves and seeds of both Isatis tincto-
ria [194] and 1. indigotica [195], fruits of Couroupita guianensis [196], and leaves of Eupatorium
laeve [197]. Indigo and indirubin are widely known for their anti-inflammatory properties
as they have been used in Central Europe since ancient times [194,198]. Bisindigotin, a
derivative of indigo and indirubin, demonstrated a dose-dependent (0.1-5 pM) inhibition of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-induced ethoxyresorufin O-deethylase (EROD)
activity in human HepG2 hepatoma cells with an ICsj of 0.8 uM [195]. In addition to its
antipyretic, antiviral, anti-inflammatory, and anti-endotoxin properties, I. indigotica leaf
extracts inhibit human hepatoma cell growth [199]. Moreover, several compounds isolated
from I. indgotica and tinctoria have shown neuroprotective activities [200-204], thereby
warranting the experimental testing of indigo.

ZINC000013462928 (isohibalactone or BDBM512896 or 3’ 4’-bis(methylenedioxy)-lign-
7(E)-en-9,9'-olide) can be obtained from Hypoestes purpurea [205], Linum corymbulosum [206],
and leaves of Juniperus chinensis [207]. 3',4’-bis(methylenedioxy)-lign-7(E)-en-9,9"-olide
has a Z isomer [206] which is similar to cubebin. The anti-cancer, trypanocidal, anti-
inflammatory, analgesic, anti-proliferative and leishmanicidal activities of cubebin have
been highlighted in the literature [208,209]. Moreover, cubebin has been reported to have
neuroprotective properties, as pretreatment of mice with cubebin (25 and 50 mg/kg)
prevented scopolamine-induced learning and memory impairments [210]. Also, cubebin
inhibited acetylcholinesterase with an ICsy of 992 uM [210], making ZINC000013462928 an
interesting candidate to investigate for its neuroprotective and anti-ADAR?2 property.

Some of the topmost compounds, including ZINC000085511995, ZINC000085950180,
ZINC000044417732, ZINC000085850673, ZINC000085996580, and ZINC000085734971 are polyphe-
nols. Polyphenols are known for their antioxidant [211,212], anti-inflammatory [211,213], and
anti-cancer properties [214-216]. They also possess neuroprotective effects and help im-
prove cognitive function [217-219]. However, similar to all bioactive compounds, polyphe-
nols also have off-target interactions. One major off-target interaction of polyphenols is
their ability to bind and inhibit the activity of certain drug metabolizing enzymes [220,221].
Some polyphenols have also been reported to modulate estrogen receptors and may exhibit
estrogen-like effects [222-225]. Polyphenols also have the ability to interfere with nutrient
absorption and metabolism in the body, especially, chelating iron and zinc, thereby inhibit-
ing their absorption [226,227]. While this can be beneficial in preventing iron overload in
patients with hemochromatosis, it can also lead to iron deficiency anemia in individuals
with poor iron status.

Furthermore, polyphenols can also interact with the gut microbiota [228,229]. Some
polyphenols have been found to promote the growth of beneficial gut bacteria, thereby
improving gut health and immune function [230,231]. However, some polyphenols can
also inhibit the growth of certain pathogenic bacteria, which can alter the gut microbiota
composition and lead to negative effects [232,233]. Notwithstanding this, metal-phenolic
networks (MPNs) can help with precise drug delivery, improve the efficacy, and limit the
off-target toxicity of polyphenols as MPNs have negligible cytotoxicity [234].

3. Materials and Methods

Structure-based virtual screening (SBVS) was employed to identify potentially good
ADAR?2 binders with ADAR inhibitory activity (Figure 9). The study used IHP as a
control, which is a known binder and agonist of the ADAR?2 [27,38]. Two widely used
molecular docking programs, AutoDock Vina and Maestro, were used for the molecular
docking runs [47,235-237]. The top compounds found in both screening outputs were
selected for further analysis. The molecular interactions between the ADAR?2 and the
novel potential inhibitors were determined (Figure 9). Furthermore, pharmacokinetics
and toxicity profiling of the shortlisted compounds were performed to assess their drug-
likeness. The biological activities of the compounds were then predicted using the Bayesian
approach. The top potential lead compounds and the known binders were then subjected
to molecular dynamics simulations including the MM /PBSA computations (Figure 9).
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Figure 9. Schema detailing the step-by-step approach employed in this study to identify novel
potential ADAR?2 inhibitors.

3.1. Obtaining and Preparing Protein and Ligand Structures

The hADAR? structure was retrieved from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB) with corresponding PDB ID of 5ed2 [238,239].
The 5ed2 comprises a human ADAR?2 protein structure complex with inositol hexakispho-
sphate (also known as phytic acid, myo-inositol hexakisphosphate, InsP6, IP¢ or IHP),
bound to a double-stranded ribonucleic acid (dsRNA) [27]. The dsRNA, ligand (IHP) and
the Zinc atoms which were bound to the hADAR?2 protein were removed using PyMOL
(version 2.3.0). The resulting structure was processed using the Protein Preparation Wizard
in Maestro (Schrodinger, LLC, New York, NY, USA). Additionally, the OPLS4 force field
was employed to optimize protein energies and to remove any steric hindrance [240].

A total of 35,161 natural products from the Traditional Chinese Medicine (TCM)
database were obtained from TCM@Taiwan, the world’s largest non-commercial TCM
database, which is a catalog of ZINC15 database [163,241]. The compounds were pre-filtered
based on molecular weight as previously conducted [242]. Compounds with molecu-
lar weights below 150 g/mol and above 600 g/mol were eliminated. A total of 25,196
compounds had molecular weights within the threshold and were used for the study. The
ADAR?2-bound ligand (IHP) was extracted from the 5ed2 structure and used in the study
as a standard or control.

Ligand structures were prepared using the Ligand Preparation Wizard (LigPrep) in
Maestro. For the TCM library, a total of 37,398 compounds (some being conformers of the
25,196 pre-filtered library) were generated using LigPrep. Various ionic states, tautomeric
states and stereo chemistries were generated from each input ligand molecule at a pH of
7.0 £ 2.0 using Epik [243]. LigPrep optionally expands tautomeric and ionization states,
ring conformations, and stereoisomers to generate chemical diversity from the input struc-
tures, accounting for the increase in number of ligands. LigPrep also optimizes the output
structures for molecular docking in Maestro. For the bound ligand, IHP, 3 conformers
were generated.

3.2. Determining Binding Sites

A literature search was conducted to identify previously reported active sites of the
human ADAR?2. Moreover, CASTp 3.0 (http://sts.bioe.uic.edu/castp/calculation.html
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accessed on 14 July 2022) [244] was employed to predict potential binding cavities of the
hADAR?2. Binding site predictions which had no openings or were relatively small for
ligands to dock into were not considered.

3.3. Molecular Docking

Two molecular docking applications comprising Xglide (Glide Cross Docking) module
in Maestro [47,235] and AutoDock Vina [237] were employed to screen natural products-
derived compounds against the ADAR?2 protein. Molecular docking tools tend to differ in
their search and scoring algorithms, therefore, combining multiple docking tools compen-
sates for individual limitations [245-248]. A total of 25,196 pre-filtered TCM compounds
and IHP as control were used as the screening library.

For each docking tool, the top 10% (2520 compounds) of the total number of com-
pounds were shortlisted after the docking process based on the docking scores. Traditional
consensus scoring method was used to shortlist suitable compounds. In molecular docking,
choosing compounds based on consensus scoring from a variety of docking programs
produces a far higher predictive performance than using the docking scores from a single
docking program [44]. Thus, compounds which were found in the top 10% for both docking
tools were selected for further analysis.

3.3.1. Validation of Molecular Docking Protocols

Inhibitor identification has been greatly aided by molecular docking simulations,
which have allowed the prediction and investigation of potential protein-ligand interac-
tions [249]. However, the pose quality prediction of the available docking tools must be
assessed in order to attain higher performance. Thus, this study validated the ability of
the two docking programs to accurately predict conformations similar to the experimental
scenario as previously conducted [45,250-252]. The IHP was docked against the ADAR2
protein using both docking tools and the pose with the most negative binding energy
from each tool was structurally aligned with the conformation in the crystallographic
structure using the rigid module of LS-Align [253]. The RMSD values of the alignments
were then determined.

3.3.2. Molecular Docking via AutoDock Vina

The first step of the molecular docking run was performed using the AutoDock
Vina module in PyRx (version 0.9.2) [236,237]. The energy of the 25,196 pre-filtered TCM
compounds were minimized using the UFF force field, out of which 25,189 were successfully
converted to AutoDock’s compatible format, Protein Data Bank, Partial Charge (Q), and
Atom Type (T) (PDBQT). The docking process was performed with exhaustiveness set to
8, using grid box dimensions of 64.306 x 53.098 x 51.413 A% and the protein centered at
30.697 A, 27.166 A and 82.548 A.

3.3.3. Molecular Docking via XGlide (Maestro)

For the second phase of the molecular docking process, Glide Cross Docking (XGlide)
was employed [47,235]. For the grid generation, SiteMap [254] was used to locate active
sites which were used to determine the grid box. Default inner (10 x 10 x 10 A3 and
outer box sizes (26 x 26 x 26 A%) were used for the virtual screening. Ligand vdW scale
factor and cut-off for a ‘good’ RMSD were set to default (0.80 and 2.0 A, respectively).
The Standard Precision (SP) algorithm was used for the molecular docking run [235]. For
compounds with more than one tautomer, the docking pose with the most negative binding
energy was selected after the molecular docking process.

3.3.4. Shortlisting Compounds using Consensus Scoring

To facilitate compound selection, the consensus scoring approach was used. A previ-
ous study had success rates of ~82% when multiple docking tools, including AutoDock [255],
AutoDock Vina [237] and DOCKG®6 [256], were combined to identify inhibitors [44]. The

28



Int. ]. Mol. Sci. 2023, 24, 6795

accuracies of the individual docking tools were 55%, 64% and 58%, respectively [44], im-
plying a far greater success rate when multiple docking tools are used. The top 10% (2520)
of the initial pre-filtered library were shortlisted based on binding energy for further stud-
ies. Traditional consensus scoring was employed to rank the top compounds [257]—the
consensus score for each compound was obtained by averaging the docking scores for both
AutoDock Vina and Maestro (Glide).

3.4. Determining the Interactions between the ADAR2-Ligand Complexes

Protein-ligand interactions help us to understand the mechanisms of ligand binding,
which is crucial in drug design and development [258]. Ligand binding via specific molecu-
lar recognition can trigger protein activation or inactivation and affect protein function [259].
Thus, elucidating the mechanisms of binding and the residues involved in these interac-
tions is relevant for drug design. This study therefore visualized the molecular interactions
between the hADAR?2 protein and docked ligands (selected compounds) using Maestro.

3.5. Determining ADMET Properties

The pharmacokinetic profiles comprising absorption, distribution, metabolism, ex-
cretion (ADME) of the shortlisted compounds were determined using SwissADME [74].
OSIRIS Datawarrior 5.5.0 was also used to determine the toxicity risks of the compounds
by predicting their mutagenicity, tumorigenicity, irritancy and reproductive effects [85,260].
Compounds which were predicted to have more than one toxicity risk were ignored in this
study. Additionally, compounds that were predicted to be either tumorigenic or mutagenic
were eliminated.

3.6. Structural Similarity Search and Prediction of Biological Activity of Compounds

Prediction of Activity Spectra of Substances (PASS) was employed to predict the
biological activity of the identified compounds [91-93]. PASS, with average prediction
accuracy of ~95% based on leave-one-out cross validation (LOO CV) estimation, uses a
Bayesian approach to predict the possible biological activity of a molecule based on its struc-
ture [92]. Furthermore, similarity search of the shortlisted compounds was performed via
DrugBank [261,262] in order to identify structural analogs with relevant biological activity.

3.7. Molecular Dynamics Simulations

The unbound protein and selected ADAR2-ligand complexes were subjected to 100 ns
molecular dynamics (MD) simulations using the GROningen MAchine for Chemical Sim-
ulations (GROMACS) version 5.1.5. Ligand topologies of the compounds for OPLS force
field were generated using the LigParGen [263]. Each system was solvated in a cubic box
using the “TIP4P” water model and the OPLS/AA force field [264,265]. Either sodium
or chlorine ions were added to each system to neutralize the charges. The systems were
then subjected to constant-number, constant-volume and constant-temperature (NVT) and
isothermal-isobaric or constant-number, constant-pressure and constant-temperature (NPT)
ensembles, prior to the MD simulation. The RMSD, Rg and RMSF of each system were
analyzed after the MD simulations. Moreover, the number of hydrogen bonds during the
simulation was assessed for each system. Snapshots at 25 ns intervals (time step = 0, 25, 50,
75 and 100 ns) were generated for each complex.

3.8. Molecular Mechanics Poisson—Boltzmann Surface Area (MM/PBSA) Computation of
Potential Leads

The binding free energies and the other energy components including vdW, electro-
static, polar solvation and solvent accessible surface area (SASA) energies of each complex
were determined using the MM /PBSA method via the g_mmpbsa tool [146]. The energetic
contribution per-residue to ligand binding in the IHP binding site was also evaluated [146].
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3.9. Re-Docking Potential Leads against the 5-HT2CR

The identified potential leads were finally screened against the 5-Hydroxytryptamine
(or serotonin) 2C receptor (5-HT2CR) to evaluate their binding to the receptor using
AutoDock Vina. The 3D structure of 5-HT2CR in complex with ritanserin was retrieved
from RCSB PDB with corresponding ID 6BQH [266]. Ritanserin, which is a known antag-
onist and a strong binder of 5-HT2CR, was extracted from the complex and used as the
control for the molecular docking. Molecular docking was performed using the ritanserin
binding site with docking grid box dimensions of 25.0 x 25.0 x 43.0801246543 A% and the
protein centered at 40.5731 A, 33.1458 A and 52.5793299511 A.

4. Conclusions

This study carefully predicted potential ADAR?2 inhibitors which can be beneficial in
the treatment of various diseases including some cancers, viral infections and neurological
disorders. We employed two widely used molecular docking tools, namely AutoDock
Vina and Glide (Maestro, Schrodinger Suite) to predict the binding affinities of natural
compounds from the Chinese flora and fauna. The top nine shortlisted compounds had
favorable binding to the human ADAR? and 5-HT2C receptor and were predicted to have
insignificant toxicities. They also had favorable results when subjected to MD simula-
tions and MM /PBSA calculations. One of the potential leads, ZINC000085511995, had
higher binding free energy (—1068.26 k] /mol) to the ADAR2 than the known binder, IHP
(—873.873 k] /mol), after MM /PBSA computations. The biological activity predictions and
structural similarity search also corroborated the activity of the predicted compounds. The
identified biomolecules can help accelerate the pace of ADAR? research since they can be
potential tools for understanding the biology of RNA editing and as a starting point for the
development of potential therapeutic agents. Further experimental studies on the predicted
molecules are required to determine their anti-ADAR?2 activity. This study also observed
the presence of naphthoquinone, indole, furanocoumarin and benzofuran moieties in most
of the top compounds. Serotonin and tryptophan, which are beneficial in digestive regula-
tion, sleep cycle and improved mood, also have the indole moiety [48,49,53,55]. Moreover,
vitamin K, a naphthoquinone derivative, has been reported to improve cognitive func-
tion [122,123]. The identified chemical series are worthy of further experimental testing to
ascertain their potency for extensive medicinal chemistry and biological characterization.
These series may give rise to new putative ADAR?2 inhibitors which can be designed using
de novo/rational design, virtual focused combinatorial libraries (vFCL) generation, and in
silico screening of the vFCL.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the primary reason for cancer-related deaths
in the US. Genetic mutations, drug resistance, the involvement of multiple signaling pathways, cancer
stem cells (CSCs), and desmoplastic stroma, which hinders drug penetrance, contribute to poor
chemotherapeutic efficacy. Hence, there is a need to identify novel drugs with improved delivery to
improve treatment outcomes. Curcumin is one such compound that can inhibit multiple signaling
pathways and CSCs. However, curcumin’s clinical applicability for treating PDAC is limited because
of its poor solubility in water and metabolic instability. Hence, we developed a difluorinated curcumin
(CDF) analog that accumulates selectively in the pancreas and inhibits PDAC growth in vitro and
in vivo. In the present work, we developed its 2-hydroxy-propyl-f-cyclodextrin (HCD) inclusion
complex to increase its water solubility and hydrolytic stability. The CDFHCD inclusion complex
was characterized by spectroscopic, thermal, and microscopic techniques. The inclusion complex
exhibited increased aqueous solubility, hydrolytic stability, and antiproliferative activity compared to
parent CDE. Moreover, CDF and CDFHCD inhibited colony and spheroid formation, and induced
cell cycle and apoptosis in PDAC cell lines. Hence, CDFHCD self-assembly is an efficient approach
to increase water solubility and anticancer therapeutic efficacy, which now warrants advancement
towards a clinical proof of concept in PDAC patients.

Keywords: curcumin; difluorinated curcumin; CDF; pancreatic cancer; PDAC; 2-hydroxypropyl-f3-
cyclodextrin; cyclodextrin

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 4th highest cause of cancer-related
deaths in the US, with a poor five-year survival 11% [1,2]. PDAC is characterized by
rapid progression, invasiveness, and profound drug resistance, resulting in poor treatment
outcomes [1,2]. PDAC is expected to be the second leading reason for deaths associated
with cancer by the end of this decade [3]. Despite the extensive research conducted in diag-
nostic and therapeutic PDAC treatment, it remains a significant problem worldwide [4,5].
Moreover, the existence of germline and acquired genetic mutations such as KRAS, TP53,
CDK2NA, and SMAD4/DPC4 are associated with an even poorer prognosis [6]. The
existence of cancer stem cells (CSCs) [7], the occurrence of tumor-associated immune
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cells in the tumor microenvironment, the activation of multiple signaling pathways, and
desmoplastic stroma can result in drug resistance or cancer recurrence [8,9]. The current
chemotherapy for PDAC consists of gemcitabine combined with nab paclitaxel [10] or
5-fluorouracil/leucovorin with irinotecan and oxaliplatin (FOLFIRINOX) [11,12], which
only improves overall survival between 8.5 and 11 months with a response rate of
23-31% [10]. Hence, it is essential to identify novel targets that are more effective treatments
and that improve survival for PDAC patients.

Nature is a rich source of compounds called phytochemicals, which inhibit multiple
signaling pathways, multiple cell types, and CSCs and their signaling pathways [13,14].
Phytochemicals have gained wide attention in the last 20 years because of their excellent
safety profiles and ability to target several signaling pathways in cancer cells [13,14]. We
have synthesized and studied analogs of phytochemicals for their anti-cancer activities,
including curcumin [15], resveratrol [16-18], honokiol [19], plumbagin [20-22], cucurbitacin
B and I [23], celastrol [24], triptolide [24], chalcones [25], mangostin [26], and quinomycin
A [27]. We have summarized the biological activities of these phytochemicals and their
analogs against various cancers in recent review articles [13,14,28-35].

We selected curcumin from the plant Curcuma longa. Curcumin has been found to be
effective against various cancers; however, its poor bioavailability and poor water solubility
have limited its clinical utility [13,14,28-30]. To overcome these limitations, we developed
a new chemical analog of curcumin, 3,4-difluoro-benzo-curcumin, commonly known as
CDE. CDF showed superior bioavailability, effective delivery to and uptake into pancreatic
tissues, and the inhibition of the PDAC cell growth [36,37].

Cancer studies investigating CDF have demonstrated its effects on multiple cancer-
associated pathways and phenotypes. CDF significantly inhibited the sphere-forming
ability (pancospheres) of PDAC cells by down-regulating the cancer stem cell (CSC) mark-
ers EPCAM and CD44. CDF treatment inhibited tumor growth and the expression of
cyclooxygenase-2 and miR-21 in a mouse xenograft model, while increasing both PTEN
and miR-200. The up-regulation of miR-200 in tumors remained [38,39], and the reduction
in miR-21 resulted in the induction of PTEN [40]. The CDF compound inhibited VEGF
and IL-6 production and, when in hypoxic conditions, further reduced Nanog, Oct4, and
EZH2 expression and miR-210 and miR-21 levels in PDAC cells [41]. CDF inhibited cell
growth [42] in prostate cancer as well as chemo-resistant colon cancer cells by eradicating
CSCs [43]. It inhibits the growth of 5-Fluorouracil and oxaliplatin-resistant colon cancer
cells by down-regulating miR-21 levels and restoring PTEN levels with decreased p-Akt
levels [44—46]. Recent reports have also shown that CDF inhibits MMP9 expression and
activity in 549 and H1299 NSCLC cells [47]. Basak and coworkers [48] reported the anti-
cancer activity of CDF delivered via a liposomal formulation in cisplatin-resistant head
and neck squamous cell carcinoma CSCs. Recently, CDF-folic acid-conjugated polymeric
micelles have also been shown to have inhibitory effects on ovarian and cervical cancer
cells by inhibiting NF-kB and causing significant apoptosis [49].

Although CDF showed remarkable anticancer activity compared to curcumin in vitro,
poor water solubility and metabolic instability present significant barriers to advancing
this compound to clinical proof of concept. Cyclodextrin inclusion complexes have been
used to enhance the water solubility, improve the bioavailability and enhance the bio-
logical activity of several phytochemicals and their synthetic analogs [15,22,50]. Yallapu
and coworkers [51] have recently reported on the enhanced therapeutic activity of the
-cyclodextrin—-curcumin inclusion complex compared to free curcumin against prostate
cancer. Previously, pharmacokinetic studies conducted in our laboratory showed that
CDF-f-cyclodextrin conjugate increases the systemic bioavailability of CDF from 6 ng/mL
to 110 ng/mL, as well as tissue uptake from 300 ng/mL to 410 ng/mL in the serum and
the pancreas, respectively. Moreover, we could not detect CDF following four hours of
administration. In contrast, we noticed the CDF- 3-cyclodextrin inclusion complex at
35 ng/mL and 280 ng/mL in serum and the pancreas, respectively. These data indicated
that 3-cyclodextrin conjugation increased the solubility and stability of CDF in the blood

42



Int. ]. Mol. Sci. 2023, 24, 6336

and pancreas [15]. Although (3-cyclodextrin conjugates have been extensively used to im-
prove the solubility of the drugs, toxicities are associated with clinical use [52,53]. However,
the 2-hydroxypropyl derivative of 3-cyclodextrin (HCD) is well tolerated when dosed
orally and utilized in several approved drug products [54,55]. Hence, we prepared and
assessed the anticancer properties of the CDF 2-hydroxypropyl-p-cyclodextrin (HCD)
inclusion complex against PDAC cells.

2. Results and Discussion
2.1. Synthesis of CDF-2-Hydroxypropyl-Cyclodextrin (HCD) Inclusion Complex

CDF was synthesized and spectroscopically characterized per our previously reported
method [37]. Based on phase solubility studies, we described previously that CDF forms 1:2
complexes with 3-cyclodextrin derivatives [15]. Hence, we prepared the CDFHCD inclu-
sion complex in a 1:2 ratio using the kneading method and used it for further spectroscopic
characterization and biological assays.

2.2. Infra-Red Studies

Fourier Transform Infrared (FTIR) spectroscopy was used to study the interaction
of guest molecule CDF and HCD within the inclusion complex [56]. The CDF spectrum
(Figure 1A,B) showed absorption bands in the region 3439.19-3302.24 cm ™!, suggestive
of phenolic -OH stretching, while other bands were observed at 2596.97 (C-H, OCH3s),
1629.90-1593.25 (C=0, C=C), 1429.30 (C-H, olefinic), 1274.99 (C-F), 1184.33-1163.11 (Ar
C-0), and 1037.74-823.63 (C-O-C), respectively. HCD spectrum showed major peaks
at 3410.26-3329.25 and 2968.55-2926.11 of O-H and C-H bands, whereas 1410.01 and
1371.43 cm~! bands indicated the C-H stretches from CH, and CHj. Other peaks at
1330.93, 1151.54-1082.10, 1037.74, and 947.08 cm ! indicated the existence of skeletal
vibrations containing x-1,4 linkages of glucose and cyclodextrin. The FTIR spectra of the
CDFHCD inclusion complex showed lower or higher wavenumber shifts in the absorption
frequencies of major bands for HCD and CDF (Figure 1A,B), while the decreased sharpness
or disappearance of the peaks were indicative of the typical characteristics of inclusion
complex formation [57]. Within the CDFHCD complex itself, the peak of the phenolic
hydroxyl group appeared at 3439.19-3302.24 compared to HCD alone, which exhibited
peaks at 3410.26-3329.25 cm~!. Similarly, the C-H and C-C-H, C-O, and C-C peaks at
2596.97 and 854.49 were shifted to 2968.55-2926.11 cm ! and 844.85 cm ™!, respectively,
compared to HCD. The minor shifts in the FTIR peaks of HCD and CDF in the CDFHCD
complex indicated the successful formation of the CDFHCD inclusion complex [50,58].

2.3. Differential Scanning Calorimetric (DSC) Studies

Thermochemical analysis techniques are successfully used to examine the physical
state of the drug in polymer or inclusion complexes [59-61]. We used DSC to study
the thermal behavior of CDF and HCD in the CDFHCD inclusion complex (Figure 1C).
HCD and CDF showed a sharp endothermic peak at 81.44 °C (beginning at 33.56 and
ending at 123.96 °C) and 219.46 °C (beginning at 217.76 °C and ending at 222.06 °C),
respectively, because of their melting temperature. Within the CDFHCD complex, however,
the prominent melting peak of CDF at 219.46 °C disappeared, and a small peak appeared
at 199.78 (with onset at 198.38 °C and end at 213.62 °C). Moreover, the peak of HCD
was shifted from 81.44 °C to 74.75 °C (beginning at 27.94 °C and ending at 109.21 °C).
The shift in/disappearance of the endothermic peaks of CDF and HCD indicated the
successful formation of the CDFHCD complex [62,63] and demonstrated stronger solid-
state interactions [51].
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Figure 1. Spectroscopic and thermal Characterization of CDFHCD inclusion complex. (A). FTIR
spectra of 2-hydroxypropyl-p-cyclodextrin (HCD), CDF, and CDFHCD inclusion complex. (B). The
FTIR spectral assignments are summarized. (C). Differential scanning calorimetry (DSC) spectra of
HCD, CDEF, and CDFHCD inclusion complex.

2.4. Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy aids the study of the interactions between the drug and guest
molecule within the cyclodextrin cavity since the electronic and chemical surroundings of
the protons of both the guest and host molecules are affected during complex formation
and are reflected through the shifts in the 5 values of the protons [64]. In the present
study, the HCD protons undergo a considerable change to downfield (higher ppm) in the
CDFHCD inclusion complex, suggesting a weak interaction (Van der Waals forces and
hydrogen bonding) between HCD and CDF (Figure 2A) in the inner side of the HCD cavity.
The upfield shift of the protons located within the CDF and HCD cavities indicate a major
hydrophobic interaction [65]. An H!-NMR analysis of HCD exhibited extensive resonances
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overlap in the 3.20 to 3.80 ppm spectral region. It therefore only allowed the identification
of clusters of signals due to the different types of glycosidic or 2-hydroxypropyl protons,
which made it difficult to appropriately assign the protons; meanwhile, the appearance of
the methoxy protons of CDF in the CDFHCD spectra further complicated the assignments.
These peaks in the methoxy groups of the CDF were shifted from 3.798 to 3.788 ppm
(—0.010), and from 3.859 to 3.849 ppm (—0.010) after the formation of the inclusion complex,
respectively, suggesting the involvement of aromatic rings in the complexation of CDF
with HCD. The aromatic ring protons of CDF appeared at 6.77-7.64 ppm, which showed
an upfield shift in the region of 6.75-7.63 ppm in the CDFHCD spectra, suggesting their
involvement in the HCD complex formation. Nonetheless, the peaks of CDF between
6 and 8 ppm in the CDFHCD spectra were not clear enough to assign the shifts; this
was due to the merging and reduced multiplicity of the peaks, which is characteristic
of an inclusion complex [51,66,67]. These data indicated the successful formation of a
complex between CDF and HCD, while it can be proposed that both aromatic rings of CDF
participated in the inclusion of the HCD cavity.

A

Figure 2. Morphological characterization of CDFHCD complex and the interactions of the CDF within
the cyclodextrin cavity. (A). NMR spectra of 2- HCD, CDF, and CDFHCD inclusion complex.(B).
SEM images of 2- HCD, CDF, and CDFHCD inclusion complex. (C). The binding mode of CDF in the
cavity of HCD was proposed using molecular docking.
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2.5. Scanning Electron Microscopic (SEM) Studies

SEM was utilized to analyze the bulk surface morphology of the CDF, HCD, and
CDFHCD inclusion complexes (Figure 2B). The analysis indicated that HCD exhibited
amorphous, ‘shrunken’ spheres and flakes, while CDF showed rod-like-shaped or hexag-
onal crystalline structures. The CDFHCD inclusion complex did not show flakes or rod-
shaped crystals but presented irregularly shaped aggregates or clump formations. This
modification in the morphology of the CDFHCD inclusion complex has been ascribed
mainly to the inclusion of CDF in the HCD cavity. These data suggest the formation of the
CDFHCD inclusion complex [68].

2.6. Molecular Docking Studies

We used the molecular docking technique to further study the CDF’s binding mode
with the HCD cavity in the inclusion complex [15,58,69]. We found that CDF can interact
with HCD in a 1:2 ratio. The possible stable structure of the CDFHCD (1:2) interaction is
shown in Figure 2C. CDF was predicted to bind with HCD (1:2) with the binding energy
of —6.3 Kcal/mol, while the methoxy and hydroxyl groups on the aromatic ring were
found to interact with the HCD cavity via two hydrogen bonds (2.4 A) (Figure 2C). These
observations agree with the NMR study predictions described in previous reports [15].

2.7. Anticancer Activity
2.7.1. CDF and CDFHCD Inhibit the Proliferation of PDAC Cells

First, we studied the effects of CDF and CDFHCD (dose range 0-5 uM) on the pro-
liferation of PDAC cell lines based on their mutation, origin, and metastatic potential.
Both CDF and CDFHCD inhibited (time- and dose-dependent effects) the proliferation
of MiaPaCa-2 (KRAS®12C, p53R248W) Panc-1 (KRASS12P, p53R273H) Panc 01728 (patient-
derived cell line), and S2-007 (Metastatic) cells (Figure 3A). The ICsy values of CDF and
CDFHCD against PDAC cell lines at different time points are summarized (Figure 3B).
We observed the significant increase in the antiproliferative activity of CDF after HCD
inclusion complexation (Figure 3B, p < 0.05), which can be attributed to a higher water
solubility and a higher uptake of CDF into pancreatic cancer cells through the formation of
the cyclodextrin inclusion complex [15]. We then used the clonogenic assay to study the
long-lasting effects of CDF and CDFHCD on PDAC cell lines. MiaPaCa-2 and Panc-1 cells
were treated with CDF and CDFHCD at ICsp and %IC50 concentrations for 24 h and 48 h.
After 48 h, the cell culture media containing CDF or CDFHCD was replaced with fresh
drug-free media and grown for 10-14 days. Both CDF and CDFHCD treatment significantly
(p < 0.01) reduced the colony formation (both size and number) in MiaPaCa-2 and Panc-1
cells (p < 0.01) (Figure 4A-D), suggesting that the anticancer effects of CDF and CDFHCD
are non-reversible. Further, we evaluated the effect of CDF and CDFHCD on HPNE cells
(immortalized epithelial pancreatic ductal cell line) to characterize the cytotoxicity potential.
While CDF produced cytotoxicity in HPNE cells at a 1 uM concentration, CDFHCD did not
induce any toxicity up to a 5 uM concentration (Supplementary Figure S1). This suggests
the potentially lower cytotoxic effects on immortalized cells. However, more detailed
studies with different normal cell lines are needed in the future to evaluate this. Given the
greater efficacy of the CDFHCD inclusion complex, we used ICsy concentrations of CDF
and CDFHCD for further studies in order to understand whether there are differences in
their mechanism(s) regarding anticancer activity.
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Figure 3. CDF and CDFHCD inhibit the proliferation of PDAC cell lines. (A). PDAC cells (MiaPaCa-2,
Panc-1, Panc01728, and S2-007) were treated with increasing concentrations of CDF and CDFHCD
(0-5uM) for up to 72 h and studied using hexosaminidase assay. (B). The ICs5, values of the antiprolif-
erative activity are summarized in the tabular format as mean + SD.

2.7.2. CDF and CDFHCD Induce Cell Cycle Arrest

We studied the effects of CDF and CDFHCD on cell cycle progression using flow
cytometry. The treatment of CDF and its inclusion of complex CDFHCD caused a significant
(p < 0.01) increase in the number of cells in the sub-GO phase at 24 h and 48 h in PDAC
cell lines (Figures 5A,B and S2A,B). Moreover, the concentration of CDF that is equivalent
to CDFHCD produced less potent effects than CDFHCD. The overexpression of Cyclin
D1 plays a role in cancer progression and development [70] by controlling the cell cycle
progression. Hence, we performed the western blot analysis and observed the significant
(p < 0.01) downregulation of cyclin D1 after CDF and CDFHCD treatment (Figure 5C,D).
These data suggested that CDF and CDFHCD induce cell cycle arrest in PDAC cells.

2.7.3. CDF and CDFHCD Induce Apoptosis

The accumulation of cancer cells in a sub-GO0 stage after CDF and CDFHCD treatment
can result from DNA fragmentation, suggesting probable cytotoxic effects. To study this,
we utilized the Annexin V/PI assay with flow cytometry. We observed an increased cell
number over 48 h in the late apoptosis stage after CDF and CDFHCD treatment compared
to the control cells (Figures 6A and S3A). We observed CDF autofluorescence interfer-
ing in early apoptosis readings differentially; hence, we cannot decisively determine the
role that CDF and CDFHCD play in early apoptosis. We further confirmed apoptosis
using caspase 3/7 assays to examine the effector activity of caspase. CDF and CDFHCD
treatment increased the caspase 3/7 activity (Figure 6B, p < 0.01) in PDAC cells. Mech-
anistically, the western blot analysis showed the enhanced expression of cleaved PARP
protein (p < 0.05) in CDF and CDFHCD-treated cells (Figures 6C and S3B). The CDF and
CDFHCD treatment reduced the levels of the anti-apoptotic markers Mcl1 (p < 0.05) and Bcl2
(p < 0.01), while proapoptotic protein Bax expression was not significantly changed
(Figure 6C). A decrease in Bcl-2 levels is established as a mechanism of apoptosis in
cancer cells [71]. These data suggest the utility of CDF and CDFHCD in combination with

47



Int. ]. Mol. Sci. 2023, 24, 6336

the first-line chemotherapeutic drugs [72,73]. These data indicate that the CDF and its
inclusion in the CDFHCD complex can induce apoptosis in PDAC cells.
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Figure 4. CDF and CDFHCD inhibit the colony formation of PDAC cell lines. (A). MiaPaCa-2
and (C). Panc-1 cells were incubated with % IC50 and IC50 concentrations of CDF and CDFHCD for
48h and grown into colonies. Treatment with CDF and CDFHCD inhibited the number of colonies in
(B) MiaPaCa-2 and (D) Panc-1 cells (** p < 0.01).
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Figure 6. CDF and CDFHCD induce apoptosis. (A). Panc-1 cells were incubated with CDF and
CDFHCD, stained with Annexin V-FITC and PI, and examined by flow cytometry. (B). Caspase
3/7 assay showed increased caspase activity in MiaPaCa-2 and Panc-1 cells at 48 h after treatment
with CDF and CDFHCD (** p < 0.01). (C). PDAC cell lysates treated with CDF and CDFHCD were
analyzed by western blot to study the changes in the expression of apoptotic marker proteins, PARP,
Mcll, Bax, and Bcl2.

2.7.4. CDF and CDFHCD Inhibit the Spheroid Formation

Increasing evidence suggests that CSCs are involved in causing drug resistance, ag-
gressiveness, and recurrence in PDAC [74]. Several surface markers that mark CSCs,
including CD44, have been identified in PDAC [75]. Moreover, the overexpression of
CD44 induces the activation of cMyc, which in turn activates the MEK and ERK pathway
to inhibit apoptosis in cancer cells [76]. cMyc is also overexpressed in CSCs in order to
maintain the pluripotency [77], and its overexpression is involved in PDAC progression
and drug resistance [78]. Recent studies have also shown that doublecortin-like kinase
1 (DCLK1) is a novel PDAC CSC marker [79]. Hence, to completely eradicate cancer, it is
essential to understand CSCs’ growth and develop novel therapeutic agents that target
those mechanisms. It is reported that CSCs form spheroids in ultra-low attachment plates in
suspension culture. Hence, we used a spheroid formation assay to analyze the effect of CDF
and CDFHCD on CSCs. CDF and CDFHCD treatment reduced the spheroid formation (size
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and number) in MiaPaCa-2 and Panc-1 cells (Figure 7A,B). Moreover, CDF and CDFHCD
treatment downregulated the expression of CD44 (p < 0.01), DCLK1 (p < 0.01) and cMYC
(p <0.01) in MiaPaCa-2 and Panc-1 cells (Figures 7C and S4). These datasets showed that
CDF and CDFHCD inhibit spheroid growth and CSC marker protein expression.
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Figure 7. CDF and CDFHCD inhibit spheroid formation. (A). PDAC cells were grown in spheroid
media in ultra-low attachment plates and treated with %IC5O and ICsy concentrations of CDF
and CDF-HCD. After five days, the pancospheres were counted and imaged (10x magnification).
(B). CDF and CDFHCD inhibited the number of pancospheres (* p < 0.05, ** p < 0.01). (C). Cell
lysates from MiaPaCa-2 and Panc-1 cells treated with CDF and CDFHCD were examined by western
blot to study the changes in CEC marker proteins, CD44, cMyc, and DCLK1 expression.
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2.8. Hydrolytic Stability Study

Curcumin is prone to hydrolysis and is hydrolyzed to ferulic acid, feruloyl methane,
and vanillin [80]. Cyclodextrin drug inclusion complexes, however, have been reported
to improve the hydrolytic stability of guest drug molecules [81]. Hence, we performed
the hydrolytic stability study of CDF with and without HCD in PBS solution [82] to study
the hydrolysis of CDF. The UV-visible spectra of CDF showed hydrolysis from 15 min
to 1 h in PBS, as demonstrated by a reduction in the intensity of the absorption bands.
In comparison, we observed complete hydrolysis within 1 h (Figure 8A). CDF showed
resistance to hydrolysis up to 5 h in PBS with 10% HCD (Figure 8B). The binding constant
(Kp) of CDF in 10% HCD solution was calculated to be 4.50 + 0.27 x 10719 M~!, which
suggests the excellent stability of the complex for potential in vivo application. The study
indicated that HCD complexation improved the hydrolytic stability of CDF.
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Figure 8. Hydrolytic stability study of CDF in PBS without (A) and with (B) 10% HCD solution over
0-72 h.
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3. Materials and Methods
3.1. Synthesis of CDF

The difluorinated curcumin analog CDF was synthesized and characterized using
our previously published method [37]. The curcumin was separated from the mixture
of curcuminoids by column chromatography using dichloromethane and methanol in a
9:1 proportion (v/v). The first fraction was found to be curcumin and was used for further
reactions. The purified curcumin (1 mmol) was dissolved in methanol, and 3,4-difluoro-
benzaldehyde (1 mmol) was added dropwise to this reaction with constant stirring in the
presence of the catalytic amount of piperidine. The reaction was further stirred for 48 h
and was monitored by TLC. The purified fraction by column chromatography was dried
under a vacuum.

3.2. Preparation of Inclusion Complexes

We have previously shown that CDF forms a 1:2 complex with (3-cyclodextrin by using
phase solubility studies. We used the kneading method for making CDFHCD inclusion
complexes. CDF and HCD were mixed in the proportion of 1:2 molar concentrations in a
mortar for one hour by adding a mixture of methanol and deionized water (1:1) to get a
slurry-like uniformity using a pestle. The slurry was further dried in an oven. The dried
complex was used for further studies [15].

3.3. Infra-Red Studies

CDF, HCD, and CDFHCD were subjected to infra-red studies using the potassium
bromide disk method and using the Shimadzu Fourier Transform Infrared (FTIR)-8700
spectrophotometer. A transparent disk of CDF, HCD and CDFHCD was made by mixing
potassium bromide using high pressure that was applied by dyes. The resultant disk
was positioned in an IR spectrophotometer, and the spectrum was recorded from 4000 to
400 cm ™.

3.4. Differential Scanning Calorimetric (DSC)

CDE, HCD, and CDFHCD were studied using a DSC (Mettler Toledo, Switzerland).
Then, 2.5-5 & 0.5 mg of sample was positioned in sealed aluminum pans in the presence
of liquid nitrogen as a cooling agent. The thermograms were recorded by scanning from
20 to 300 °C at ten °C/min intervals.

3.5. Nuclear Magnetic Resonance Spectroscopy

The proton NMR spectra were recorded in DMSO-d6 by the BRUKER AV III (' H-NMR
500 MHz) spectrophotometer. The chemical shifts (5) were expressed in parts per million
(ppm) using residual solvent DMSO as a reference (2.50 ppm). The spectra were generated
using Bruker’s TOPSPIN-2.1 software. NMR experiments were conducted by setting the
scan numbers at 64, the relaxation delay at 1.0 s, and the pulse degree at 25 °C.

3.6. Molecular Docking Studies

The 3D structure of CDF was prepared using CORINA [83] software from smiles
that were further energy minimized in the PRODRG server [84]. The 3-CD was extracted
from the 3D structure of alpha-amylase (PDB id: 1JL8.pdb) and converted to HCD by
adding 2-hydroxypropyl groups. The HCD was then prepared for docking by adding polar
hydrogen and energy minimized. For studying CDFHCD interaction in a 1:2 ratio, the two
HCD molecules were prepared and energy minimized in VMD software 1.9.3 [85] and the
PRODRG server, respectively. Molecular docking was carried out to obtain the possible
binding modes for the CD-HCD complex using AutoDock Vina software version 1.2.3 [86].
The grid was created around the X, Y, and Z-axis (40 x 40 x 44) using the Lamarckian
Genetic Algorithm (LGA). The stable CDFHCD conformation was selected by considering
the lowermost binding energy and hydrogen bonds formed between CDF and HCD. The
CDFHCD complex was analyzed and visualized using Pymol software version 1.7.4 [87].
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3.7. Cell Culture

The PDAC cells MiaPaCa-2, Panc-1 (obtained from American Type Culture Collection),
Panc 01728 (a patient-derived cell line, a gift from Dr. Shrikant Anant’s lab), HPNE and
52-007 (a gift from Dr. Animesh Dhar laboratory) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM), supplemented with L-glutamine, 4.5 g/L of glucose, and sodium
pyruvate (Corning, Tewksbury, MA, USA). Finally, heat-inactivated fetal bovine serum
(10% concentration, FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic-antimycotic
solution (Corning, Tewksbury, MA, USA) were added to make complete media. PDAC cells
were grown in a 5% CO,-humidified at 37 °C. PDAC cell lines were within 20 passages and
validated by STR analysis. All methods followed the standard guidelines, regulations and
the manufacturer’s instructions.

3.8. Proliferation and Colony Formation Assays

For the proliferation and colony formation assays, 5 x 10% cells/well PDAC cells
(MiaPaCa-2, Panc-1, 52-007, P01728) were plated in 96-well plates and grown in complete
media. Cells were treated with increasing doses of CDF, CDFHCD, and the respective
controls (DMSO and HCD). A hexosaminidase assay field recorded the cell viability at
different times (24 h, 48 h, and 72 h) [88]. The percent of growth inhibition was calculated
by comparing cell viability with the controls, while ICsy values were calculated by plotting
a graph of % viability vs. concentration. The concentration that showed 50% cell viability
was considered an ICs( value. In total, 500 cells/well of PDAC cells were plated in complete
DMEM media for the colony formation assay. PDAC cells were treated with different doses
of CDF and CDF-HCD. Media was changed following 24 h and 48 h of CDF and CDFHCD
treatment to remove drug exposure. Further, these cells were grown and they formed
colonies for 10-12 days. The resulting colonies were washed and fixed using formalin
(10% solution). Further, formalin was aspirated, washed with PBS, and stained using a
staining solution (1% crystal violet solution in 10% ethanol). The plates containing colonies
were dried at room temperature, counted, and compared to untreated cells [23].

3.9. Cell Cycle Analysis by Flow Cytometry

For the cell cycle analysis, 5 x 10° PDAC cells/well (MiaPaCa-2 and Panc-1) were
plated in a 10 cm cell culture dish and treated with CDF and CDFHCD at indicated time
points. Cells were trypsinized, washed, resuspended in PBS, fixed using 70% ethanol in
PBS, and stored at 4 °C overnight after the indicated time points. These cells were further
permeabilized and stained with FxCycle™ PI/RNase staining solution (Invitrogen, Eugene,
OR, USA) at room temperature and subjected to flow cytometry. Flow cytometric analysis
was performed with a FACS Calibur analyzer (Becton Dickinson, Mountain, View, CA,
USA) and studied using BD FACSDiva 8.0.1 software (Verity Software House, Topsham,
ME, USA)

3.10. Apoptosis Assays

For the first assay, the Apo-one Homogeneous Caspase-3/7 Assay kit (Promega
Corporation, Madison, WI, USA) was used following the manufacturer’s instructions in
order to estimate caspase 3/7 activity in PDAC cells (MiaPaCa-2 and Panc-1) after CDF
and CDFHCD treatment. In the second assay, Annexin V/PI staining was performed and
studied using flow cytometry. Briefly, 1 x 10° PDAC cells were plated in 6-well plates. After
24 h of plating, PDAC cells (MiaPaCa-2 and Panc-1) were treated with vehicle control, CDF,
and CDFHCD at ICgy doses. At the end of the treatment, cells were washed and stained
with Annexin V-FITC antibody and propidium iodide (PI), as per the manufacturer’s
protocol, and were studied by flow cytometry.
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3.11. Spheroid Formation Assay

In total, 500 PCAC cells were plated in each well of the ultralow attachment plates
(Corning, Lowell, MA, USA). The spheroid media was composed of DMEM medium added
to FGF (20ng/mL), EGF (20ng/mL), heparin (4 ug/mL), pen/strep (1%) (Invitrogen), and
B27 (10mL in 500 mL of 50x), which was used for growing spheroids. Spheroids were
treated with vehicle, CDF, and CDFHCD at IC50 and %IC50 concentrations. Spheroids were
counted and imaged after five days.

3.12. Western Blot Analysis

For the western blot analysis, 5 x 10° cells PDAC cells were plated in 10 cm dishes.
After 24 h of plating, cells were treated with vehicle, CDF, and CDFHCD for 48 h at IC50
concentrations. Cell lysis was then performed in a protein lysis buffer and protease inhibitor
(ThermoScientific, Rockford, IL, USA) solution and sonicated to achieve complete lysis.
The resultant lysates were centrifugated at 6000 rpm for 10 mins at a cold temperature. The
protein estimation was performed using a BCA reagent (Pierce™ BCA Protein Assay Kit)
(ThermoScientific, Rockford, IL, USA), and 50 ug of protein for each group was used to
load into the gels. Protein lysates were separated using polyacrylamide gel electrophore-
sis and transferred onto Immobilion membranes (PVDE, Millipore, Bedford, MA, USA).
Post transfer, the membranes were removed from the transfer assembly, blocked using
5% milk for 1 h, washed, and probed with primary antibodies. The individual proteins were
identified using the chemiluminescence system (GE Health Care, Piscataway, NJ, USA).
The Bio-Rad ChemiDoc-XRS+ instrument quantified the data using image lab software and
recorded the protein levels. All antibodies (Cyclin D1 (CST#2922), Bax (CST#2772), Bcl2
(CST#4223), Bel-XL (CST#2762), Mcl-1 (CST#4572), PARP (CST#9542), CD44 (CST#3570),
and cMyc (CST#9402) were purchased from Cell Signaling Technology (Beverly, MA, USA),
and GAPDH (G-9) was purchased from Santa Cruz Biotech, Inc. (Santa Cruz, CA, USA). The
DCLK1 antibody was purchased from Sigma-Aldrich (Sigma#SAB4200186). The antibodies
were diluted per the manufacturer’s instructions (1:1000 dilution in 5% BSA in TBST).

3.13. Hydrolytic Stability Study

The hydrolytic stability study used the previously reported method [50]. The stock
solution of CDF was made in DMSQO. Then, 100 uL of the stock solution was added to
10 mL of the 10% (w/v) HCD in PBS and PBS alone, respectively. The absorption spectra
were recorded by taking aliquots at indicated intervals up to 72 h.

3.14. Statistical Analysis

All experiments were repeated three times, and the experiment values are shown as
the mean 4 SD. The experimental datasets were examined using an unpaired two-tailed
t-test comparing it to the control group. The western blot quantifications were analyzed
using a one-way ANOVA test, which was compared to the control group using GraphPad’s
Prism-9 (Boston, MA, USA). A p < 0.05 was chosen to be statistically significant.

4. Conclusions

In the present study, we successfully prepared and characterized the inclusion complex
of CDF with 2-hydroxypropyl-B-cyclodextrin, CDF-HCD. CDFHCD treatment demon-
strated greater anti-proliferative effects against PDAC cell lines compared to CDF treatment
alone. CDF and CDFHCD inhibited colony and spheroid formation, producing cell cycle
arrest and apoptosis in PDAC cell lines. Moreover, HCD improved the hydrolytic stability
of CDF. Future studies will be directed toward characterizing the ability of the COFHCD
inclusion complex to deliver sufficient CDF into PDAC tumors, the engagement of CDF
with the target(s) within PDAC cells, the effects on tumor development and progression, as
well as survival in validated mouse models of PDAC.
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Abstract: Tumor-associated carbonic anhydrases IX (CAIX) and XII (CAXII) have long been in the
spotlight as potential new targets for anti-cancer therapy. Recently, CAIX/CAXII specific inhibitor
SLC-0111 has passed clinical phase I study and showed differential response among patients with
colorectal cancer (CRC). CRC can be classified into four different consensus molecular subgroups
(CMS) showing unique expression patterns and molecular traits. We questioned whether there is a
CMS-related CAIX/CAXII expression pattern in CRC predicting response. As such, we analyzed
transcriptomic data of tumor samples for CA9/CA12 expression using Cancertool. Protein expression
pattern was examined in preclinical models comprising cell lines, spheroids and xenograft tumors
representing the CMS groups. Impact of CAIX/CAXII knockdown and SLC-0111 treatment was
investigated in 2D and 3D cell culture. The transcriptomic data revealed a characteristic CMS-
related CA9/CA12 expression pattern with pronounced co-expression of both CAs as a typical
feature of CMS3 tumors. Protein expression in spheroid- and xenograft tumor tissue clearly differed,
ranging from close to none (CMS1) to strong CAIX/CAXII co-expression in CMS3 models (HT29,
LS174T). Accordingly, response to SLC-0111 analyzed in the spheroid model ranged from no (CMS1)
to clear (CMS3), with moderate in CMS2 and mixed in CMS4. Furthermore, SLC-0111 positively
affected impact of single and combined chemotherapeutic treatment of CMS3 spheroids. In addition,
combined CAIX/CAXII knockdown and more effective treatment with SLC-0111 reduced clonogenic
survival of CMS3 modelling single cells. In conclusion, the preclinical data support the clinical
approach of targeted CAIX/CAXII inhibition by showing linkage of expression with response and
suggest that patients with CMS3-classified tumors would most benefit from such treatment.

Keywords: carbonic anhydrases; colorectal cancer; consensus molecular subtypes; CMS; SLC-0111;
targeted inhibition of carbonic anhydrases; chemotherapy

1. Introduction

Hypoxia in solid tumors has long been established as an essential factor for tumor
progression and tumor malignancy and, therefore, presents a promising strategy in tumor
therapy [1]. As intratumoral hypoxia leads to severe metabolic reprogramming, e.g., in
pathways such as the Krebs cycle, fatty acid synthesis and the respiratory chain, a metabolic
shift towards anaerobic glycolysis and excessive production of acidic metabolites such as
lactate and protons (H") is commonly observed in many different tumors in order to meet
the energy demands of the fast-growing tumor tissue, even in low-oxygen environments [2].
This metabolic reprogramming is partly induced via the hypoxia-inducible factor 1 alpha
(HIF1x) pathway, which supports the shift towards glycolysis but also plays a role in
several other key factors of tumor progression, e.g., invasion and metastasis, genomic
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instability and pH homeostasis [3]. Due to this metabolic shift, physiological homeostasis
between intracellular and extracellular space changes drastically inside the tumor as the
extracellular pH (pHe) is acidified towards a pH of below 7 while the intracellular pH (pHi)
slightly alkalinizes [4]. Alteration in pH, especially in the tumor microenvironment (TME),
is further supported by loss of tumor suppressor genes and overexpression of oncogenes,
inhibiting the physiological mechanism of pH homeostasis even further [2]. This disruption
in pH homeostasis is not exclusively found in highly hypoxic tissue as tumor cells in close
proximity to blood vessels exposed to only moderate levels of hypoxia also show strong
imbalance in pH homeostasis, therefore solidifying acidosis as a hypoxia-independent
factor driving tumor progression [5]. Tumor cells greatly benefit from this pH alteration as
an acidified pHe inhibits immune functions [6], supports selection of more malignant tumor
cells [7], supports degradation of the extracellular matrix [8], supports angiogenesis [9] and
inhibits efficacy of anti-tumor therapy as many drugs have pH-titrable groups [10-12]. Due
to the permanently slightly alkaline pHi, intracellular energy production remains largely
unaffected by excessive production of acidic metabolites, which aids tumor growth and
cell survival [13].

The dysregulated balance between pHi and pHe is maintained by complex machinery
consisting of several membrane transporters, e.g., Na* /H*-exchangers (NHEs) or sodium
bicarbonate cotransporters (NBCs), as well as membrane-associated carbonic anhydrases
IX and XII (CAIX/CAXII) and intracellular carbonic anhydrase II. Both the membrane
transporters and CAIX/CAXII are upregulated via HIF1o and form a functional complex,
a so called “Metabolon”, which facilitates extrusion of acidic metabolites, such as lactate,
in highly hypoxic and CO; in moderately hypoxic tumor tissue and ensures uptake of
bicarbonate (HCOs™), which is used to buffer intracellular protons [14-16]. As both
hypoxia and acidosis are essential factors driving tumor progression, both have already
been discussed as potential targets for anti-tumor therapy [9,17]. HIF1x especially has long
been a gene of interest as it is induced by both hypoxia and acidosis [18] and plays a role in
many aspects of tumor development. However, due to its physiological functions, direct
inhibition of HIF1« is impossible. Therefore, inhibition of HIF1« target genes seems to be a
better approach for anti-tumor therapy.

Two of those genes are CA9 [19,20] and CA12 [21,22], both zinc metalloenzymes
catalyzing reversible hydration of CO, to H* and HCO3 ™. In comparison to other carbonic
anhydrases, especially, expression of CAIX is low in healthy tissue but high in several
carcinomas, including carcinomas of the colon [23,24], breast [25], head and neck [26],
kidney [27] and bladder [28], making them an interesting target for anti-tumor therapy [29].
Aside from their described role in pH-regulation, CAIX and CAXII also play an important
role in chemotherapeutic resistance [30,31], tumor cell migration [32], tumorigenesis [33],
cell adhesion [34,35] as well as tumor growth and survival [36,37]. Furthermore, CAIX and
CAXII are prognostic markers in several carcinomas [38—45]. Due to their many functions
in cancer, several studies on inhibition of CAIX and CAXII have been conducted so far,
including development of monoclonal antibodies [46] and small-molecule inhibitors [47],
some of which have already entered clinical trials. One small-molecule inhibitor, SLC-
0111, an ureido-substituted benzenesulfonamide, has recently passed clinical phase I dose
escalation study and showed a promising safety and tolerability profile in patients with
previously treated advanced solid tumors [48]. Interestingly, one among four patients with
colorectal cancer exhibited stable disease for prolonged time.

Colorectal cancer (CRC) represents a heterogeneous disease both from a molecular and
clinical perspective. With the establishment of consensus molecular subtypes (CMS) by an
international consortium, CRC was classified into four different molecular subgroups and
an unclassified /mixed group showing distinguishing features: CMS1 (MSI immune, 14%),
hypermutated, microsatellite unstable and strong immune activation; CMS2 (canonical,
37%), epithelial, marked WNT and MYC signaling activation; CMS3 (metabolic, 13%),
epithelial and evident metabolic dysregulation; and CMS4 (mesenchymal, 23%), prominent
TGF-beta activation, stromal invasion and angiogenesis [49]. As the different subgroups
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are very much distinct from each other, several studies were conducted examining the dif-
ferences between those subgroups regarding different pathophysiological traits, including
chemotherapeutic efficacy [50], tumor location [51], local anti-tumor immune response [52],
tumor budding [53] and regarding their clinical predictive and prognostic value [54,55].
Notably, the CMS classification of CRC is recapitulated in preclinical model systems, en-
abling investigations to uncover new targets and test new therapy approaches [56-58].
Accordingly, we used our preclinical CRC models comprising cell lines, spheroids and
xenograft tumors, which were classified into the four different CMS groups by applying
the CMScaller [59].

The aim of this study was to analyze expression of CAIX and CAXII with special
respect to CMS classification of CRC and investigate their specific role regarding differential
tumor biological and therapeutic aspects.

2. Results
2.1. Differential Molecular-Subtype-Associated Expression of CA9 and CA12 in Colorectal Cancer

Based on the data of the phase 1 study showing differential response to CAIX/XII
specific inhibitor SLC-0111 among patients with colorectal cancer [48], we questioned
whether there is a characteristic differential expression pattern of both CAs in colorectal
tumors, which could explain the differential response. To this end, we used Cancertool [60]
to investigate gene expression of CA9 and CA12 in patient tumor samples. Cancertool is an
online bioinformatics platform performing expression-, correlation- and gene-enrichment
analyses based on seven different colorectal cancer transcriptomic datasets. Three of
the seven datasets also contain normal tissue. The summarized data established with
Cancertool are depicted in Figure 1. Compared to normal or normal-adjacent tissue, CA9
expression is increased in tumors, whereas CA12 is decreased, which were significant
in all three datasets (Figure 1a). In addition, CA9 expression positively correlated with
HIF1x expression in all seven datasets, although reaching statistical significance in only
one dataset (Figure 1b). Correlation analysis of CA12 with HIF1« showed a more varying
pattern among datasets yet with an overall positive correlation and with statistically
significant correlations in two datasets. This suggests, that not only CA9-, but also CA12
expression is associated with hypoxia in colorectal tumors. Analyzing the relationship of
both CAs directly revealed an overall positive correlation, reaching statistical significance
in three datasets (Figure 1b). Thus, CA9 and CA12 seem to have no complementary roles
in colorectal tumors but rather can also occur in a co-expressed manner.

To investigate CA9/CA12 expression depending on the molecular subtype, we em-
ployed the same CRC datasets and applied the CMScaller [59] to classify tumor samples
according to the CMS classification system. This resulted in a characteristic pattern of
expression, which was observed in all seven CRC datasets, exemplarily represented by two
datasets in Figure 1c (see Figure S1 in Supplementary Materials for the other five datasets).
CA9 was more expressed in CMS1/CMS3 tumors compared to CMS2/CMS4 tumors. CA12
showed the highest expression in CMS3 tumors, followed by CMS1 tumors. Thus, the
transcriptomic data revealed pronounced co-expression of both CAs as a typical feature of
CMS3- and CMS1 tumors. In addition, the characteristic relation between CA expression in
tumors versus normal tissue was reproduced (Figure 1c).
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Figure 1. Analyses of expression and correlation of CA9, CA12 and HIF1wx on transcriptomic levels in
patient tumor samples using Cancertool [60]. (a): Expression of CA9 and CA12 in relation to normal
or normal-adjacent tissue in 3 out of 7 CRC datasets. Other 4 datasets did not contain normal tissue
and could, therefore, not be included for this analysis. (N = normal tissue; N Adj = normal tissue

64



Int. ]. Mol. Sci. 2023, 24, 5797

adjacent to tumor; CRC = colorectal carcinoma) (b): Heat maps of correlation analyses based on HIF1 o
(left) and CA9 (right) in 7 datasets showing overall positive correlation of both CAs to HIF1x and
both CAs to each other with different stringency depending on datasets. (c): CMS-related expression
of CA9 and CA12. Depicted are 2 representative datasets (Colonomics, GSE44076; Marisa, GSE39582).
The other 5 datasets can be found in Figure S1 (Supplementary Materials). Tumor samples of each
dataset were classified using the CMScaller [59]. Schemes of (a,b) were created by Cancertool and
modified to improve the lettering. Heat maps: in every cell, the corresponding R and p-values of the
analysis are shown. The color of each cell represents its correlation R value, being red towards 1 and
blue towards —1. Correlations with p-value < 0.05 and IR| > 0.2 are indicated with (*).

2.2. Differential Expression of CAIX and CAXII in Preclinical Models Representing CMSs

To investigate CAIX/XII expression in tumor tissues on a protein level, we employed
our established preclinical CRC model comprising luciferase-expressing cell-line-derived
nude mouse xenograft tumors and spheroids representing the four molecular subtypes
according to the CMS classification system. Detailed characterization of the model, includ-
ing generation of the luciferase-expressing variants of cell lines, transcriptomic data and
CMS classification using the CMScaller [59], will be published in a separate paper. The
results of CMS classification were in accordance with wild-type CRC cell lines, which were
previously characterized in the study by Berg et al. [56]. Immunohistochemical analyses of
both CAs and hypoxia (pimonidazole) showed a characteristic expression pattern among
xenograft tumors of different CMSs. Figure 2 shows examples featuring each xenograft
tumor type (see Figure S2 in Supplementary Materials for original pictures with higher
quality, including additional images and selected images with higher magnification). In
tumors derived from cell line LOVO representing CMS1, expression of CAIX was low in
all examined tumors, and, if positive cells were found, they were associated with hypoxic
areas, especially in perinecrotic tissue. CAXII was found more frequently; however, in
contrast to CAIX, CAXII expression also occurred outside of hypoxic tissue, even adjacent
to vessels. In SW48 tumors (CMS1), CAIX expression was found in even fewer cells than in
LOVO tumors in three out of four tumors, while, in one of the four tumors, much stronger
expression of CA9 was found. If found, CAIX expression was associated with hypoxic
tissue. CAXII expression was not observed in any of the SW48 tumors. Overall, CMS1
tumors showed an undifferentiated phenotype and large portions of the tumors were
hypoxic, yet expression of CAIX was rare. CAXII expression occurred in one CMS1 tumor
but was not necessarily bound to hypoxic tissue. The rare CAIX protein expression was in
contrast to the transcriptomic data obtained from tumor samples (Figure 1c), whereas a
differential CAXII protein expression pattern among CMS1 tumors could be expected.

CMS2 tumors represented by xenografts from cell lines SW1463 and L.51034 frequently
showed a colonic-epithelium-like differentiation pattern and were overall less hypoxic
compared to the other tumor types, with hypoxic areas observed in some distance to the
blood vessels. CAIX staining in SW1463 tumors revealed nearly ubiquitous expression as
even tissue adjacent to vessels showed positive staining. Therefore, expression of CAIX
was not necessarily bound to hypoxic areas but was also found in non-hypoxic tissue.
CAXII-stained cells could be frequently found; however, the signal was confined to the
cytoplasmic compartment and was typically observed in colonic epithelial cells” building
ducts. In LS1034 tumors, CAIX expression was frequent but rarer when compared to
SW1463 as association of CAIX expression to hypoxia was stronger in L.51034 tumors. For
CAXII, we observed the same phenomenon as described for SW1463. Together, CMS2
tumors showed very frequent expression of CAIX, with expression being more spread
in SW1463 than in L51034 tumors. Expression of CAIX can be associated with hypoxia,
but both tumors also expressed CAIX in non-hypoxic tissue. Regarding CAXII, the clear
cytoplasmic signal exclusively observed in distinct cell types in CMS2 tumors might be
due to unspecific staining but could also be a specific feature of those cells. Otherwise,
cytoplasmic expression of CAXII is probably less relevant regarding the therapeutic impact
of CAIX/XII specific inhibitors. Strikingly, the overall strong CAIX protein expression
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in CMS2 xenograft tumors, in particular when compared to CMS1 tumors, was in clear
contrast to the transcriptomic data of tumor samples (Figure 1c).
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Figure 2. Inmunohistochemical analyses of expression of CAIX and CAXII and presence of hypoxia
(Hypoxyprobe, pimonidazole) in xenograft tumors representing different CMS. Staining was per-
formed on direct following slides to capture the same tumor areas for analyses. Original pictures
with higher quality, including selected images with higher magnification, can be found in Figure S2
(Supplementary Materials). LOVO (CMS1): CAIX expression is rare; positive cells are associated with
hypoxic perinecrotic areas (arrow). CAXII is more frequently found and can occur outside of hypoxic
tissue, even adjacent to vessels (arrows). SW48 (CMS1): CAIX is rare or absent despite hypoxia.
CAXII is not found. SW1463 (CMS2): CAIX is nearly ubiquitously expressed and is found bound to
hypoxic areas (arrow below) as well as independent of hypoxia (upper arrow). CAXII-positive cells
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can be found, but the signal is confined to the cytoplasmic compartment of colonic epithelial-like cells
building ducts (inserted picture). LS1034 (CMS2): CAIX expression is frequent but rarer compared to
SW1463 and more associated to hypoxia in comparison to SW1463 tumors. CAXII expression shows
the same phenomenon as described for SW1463 (not shown). HT29 (CMS3): CAIX expression is
nearly ubiquitous and is found in hypoxic and perinecrotic areas as well as in non-hypoxic areas,
even adjacent to vessels (inserted picture). CAXII expression is rarer than CAIX expression but is still
found widespread around the tumor mass and is particularly associated with morphological features
of goblet cells. Large areas with co-expression of both CAs occur frequently. LS174T (CMS3): CAIX
expression is widespread but rarer compared to HT29 tumors and is more associated to hypoxic
areas. CAXII is frequently expressed and especially found in tumor areas showing morphological
features of goblet cells. Areas with combined CAIX/CAXII expression are frequently found. HCT116
(CMS4): CAIX expression is strong, clearly associated with hypoxia and almost exclusively found
in perinecrotic tissue. CAXII expression is missing completely. SW480 (CMS4): CAIX expression is
exclusively found in hypoxic tissue. There is no CAXII expression. (Scale bar: 100 um).

CMS3 tumors represented by xenografts from cell lines HT29 and LS174T showed
pronounced differentiation propensity towards goblet-cell-like structures and were overall
more hypoxic compared to CMS2 tumors. In HT29 tumors, CAIX expression was nearly
ubiquitous. Most areas with expression of CAIX were also hypoxic, but expression of CAIX
was also found in non-hypoxic areas. CAXII expression was rarer than CAIX expression
but was still found widespread around the tumor mass. Expression of CAXII was almost
exclusively found in hypoxic tissue, especially in areas showing morphological features of
goblet- and secretory cells. Notably, in hypoxic areas, co-expression of both CAs could be
observed. In LS174T tumors, CAIX expression was widespread but rarer compared to HT29
tumors. Most of the CAIX-positive cells were found in hypoxic areas, although expression
was also found in non-hypoxic regions. In contrast to HT29, some areas, especially around
blood vessels, showed no CAIX expression at all. CAXII expression was rarer than CAIX
and almost exclusively found in tumor areas showing morphological features of goblet
cells. Some of the cells in those regions showed unclear CAXII signals, similar to the
phenomenon described for CMS2 tumors. Hypoxic areas were widespread but rarer than
in HT29 tumors. CAIX/CAXII co-expression occurred in hypoxic areas in accordance with
HT29 tumors. Thus, as a whole, CMS3 tumors showed the strongest expression of CAIX
and CAXII compared to all other types and were particular characterized by occurrence of
co-expression of both CAs in same areas and cells, a feature that could not be observed in
any tumor outside of the CMS group. Interestingly, the strong combined protein expression
of both CAs completely reflected the transcriptomic data (Figure 1c).

CMS4 tumors represented by xenograft tumors from cell lines HCT116 and SW480
showed an undifferentiated phenotype, and large portions of the tumors were hypoxic. In
HCT116 tumors, CAIX expression was strong but almost exclusively found in perinecrotic
tissue and, therefore, clearly associated with hypoxia. CAXII expression was not found
in any of the examined tumors. The tumors were also non-hypoxic apart from the areas
adjacent to necrosis. In SW480 tumors, CAIX expression was exclusively found in hypoxic
tissue. In contrast to HCT116, some of the perinecrotic tissue showed no expression of
CAIX. There was no CAXII expression in any of the examined tumors. Overall, CMS4
tumors showed strong and hypoxia-associated expression of CAIX on a protein level,
although lack of CAIX in some hypoxic areas could also be observed. The partly strong
expression of CAIX on the protein level in CMS4 tumors was not to be expected based on
the transcriptome data, especially when compared to CMS1 tumors (Figure 1c).

To summarize the data obtained in the preclinical CRC tumor models, it can be stated
that the models overall do reflect the specific characteristics of CRC regarding expression
of CAs and hypoxia provided by the transcriptomic data (Figure 1b); i.e., CAIX and CAXII
expression is largely positively correlated to hypoxia, even if not stringent, and both
CAs can be occur in a co-expressed manner (Figure 1b). However, considering molecular-
subtype-associated expression, there were clear differences between expression on a protein
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level in preclinical tumors and expression on a transcriptome level in the patient tumor
samples. This could be explained by the known fact that transcriptomic expression levels
must not necessarily be directly linked to proteomic expression levels and, as such, the high
CAIX gene expression level in CMS1 tumors does not necessarily need to translate into high
CAIX expression on a protein level. On the other hand, CA expression on transcriptome
level does clearly vary among each group and show overlapping areas. Therefore, some
of the used preclinical CMS-classified CRC tumor models probably do not reflect the
most typical CA expression pattern of the respective group, assuming that each CMS
group can be characterized by a specific CA protein expression pattern after all. Strikingly,
CMS3 xenograft tumors completely reflected a CAIX/XII expression pattern, which was
expected based on the transcriptomic data; hence, they are useful models representing
CMS3 group tumors.

2.3. CAIX/CAXII Expression Is Associated with Response to SLC-0111 in Tumor Spheroids

Next, we questioned whether the CAIX/XII protein expression patterns observed
in xenograft tumors are reproduced in their respective CMS-classified tumor spheroids
in vitro. Tumor spheroids are useful in vitro models representing several important aspects
of real tumor tissues, i.e., three-dimensional growth with structural organization and
physiologically relevant cell-cell and cell-matrix interactions, establishment of tumor
microenvironmental characteristics, such as nutrient gradients, hypoxia and acidosis, as
well as drug resistance mechanisms [61,62]. Immunohistochemical analyses of tumor
spheroid tissues largely reflected characteristics of xenograft tumors, except few variations.
For example, in LOVO spheroids (CMS1), CAXII expression was hardly found, while CAIX
was rare or absent in accordance with xenografts. In SW48 spheroids (CMS1), neither
CA was observed, nearly reflecting xenografts. Thus, these spheroids represent models
with rare or no CAIX/XII expression. Spheroids of SW1463 and LS1034 (CMS2) showed
CAIX expression, and the phenomenon of specific differentiated cells with cytoplasmic
CAXII signal could also be observed. Strong and combined expression of both CAs was
the typical feature of HT29 and LS174T spheroids (CMS3), clearly reflecting characteristics
of xenograft tumors. HCT116 spheroids (CMS4) showed typical strong CAIX expression
bound to hypoxia and adjacent to the core necrotic area. In SW480 spheroids (CMS4), CAIX
was ubiquitously expressed throughout the tissue; thus, the relation of CAIX expression
and tumor mass was much higher compared to xenograft tumors.

Using these representative models, we tested the impact of specific CAIX/XII inhibitor
SLC-0111 on tumor spheroid growth. To this end, we performed our established spheroid
cytotoxicity assay, which is based on stable luciferase expression of tumor cells, enabling
monitoring of spheroid growth and response to therapy. Calculated ICsq values derived
from dose-response curves are summarized in Table 1. There was a differential response
among models, reaching from completely insensitive (CMS1 spheroids) to clearly respond-
ing (CMS3 spheroids) when exposed to the reported peak plasma levels of SLC-0111 of
around 20 uM [48]. Differential response was clearly associated with differential CA expres-
sion. Interestingly, the SW480 model (CSM4) was almost as sensitive as our CMS3 models.
Together, the data obtained in spheroid models clearly suggest a CMS-related propensity to
respond to CA inhibition, with no (CMS1), moderate (CMS2), clear (CMS3), and moderate
to clear (CMS4) response. In addition, considering the ability of our preclinical CMS3
models to reflect transcriptomic pattern of CMS3 tumor samples, it can be assumed that
patients with CMS3 tumors would most benefit from treatment with CAIX/XII-specific
inhibitors such as SLC-0111. Conclusions with regard to the other CMS groups are not
possible at this point. It remains to be investigated whether they can also be characterized
by specific CA protein expression patterns. Nevertheless, based on the data obtained
in these preclinical models, response to CA inhibitors can be assumed in tumors with
substantial CAIX expression independent of the CMS.
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Table 1. Response of tumor spheroids to SLC-0111. ICsq values (uM) £ SD (n > 3).

LOVO SW48 SW1463 LS1034 HT29 LS174T HCT116 SW480
>100 98 £ 12 48 £12 56 £18 21 t4 19+4 57 +£7 23 t4
CMS1 CMS1 CMS2 CMS2 CMS3 CMS3 CMS4 CMS4

(a)

2.4. Role of CAIX/CAXII Expression for Clonogenic Survival in CMS3 Modeled Cells

The monolayer cultures of our models, analyzed by immunocytochemistry, largely
reflected the specific CAXII expression pattern observed in xenograft tumors and spheroids
as some LOVO cells and virtually all cells of HT29 and LS174T were positively stained.
As expected, the CAIX expression pattern was different. In CMS1 and CMS4 cell lines,
CAIX-positive cells were hardly found. HT29 (CMS3) and SW1463 (CMS2) showed strong
and ubiquitous expression of CAIX, whereas it was far less in LS174T (CMS3) and L51034
(CMS2). Notably, HT29 cells were characterized by virtually ubiquitous co-expression of
both CAs (Figure 3a), reflecting the most typical feature of CMS3 tumors already on the
monolayer level of cell culture. Therefore, it represents a sufficient model to study the
importance of expression and activity of both CAs for different tumor functions.

To this end, we analyzed the impact of knockdown or inhibition of CAs on ability
of cells to build colonies from single cells under adherent and non-adherent conditions,
i.e., colony-forming in six-well plates and single-spheroid-forming in 96-well plates. After
establishing stable knockdowns of each CA and of both combined, successful depletion was
controlled by means of Western blot analysis of protein lysates prepared from monolayer-
and spheroids culture (Figure 3b). Aside from the impact of knockdowns, treatment
of HT29 mock cells with CAIX/XII inhibitor SLC-0111 slightly reduced CAIX level but
showed no influence on CAXII levels. In the colony-forming assay, only small effects but
no significant changes in colony numbers could be observed in any of the knockdown
variants (Figure 3d). However, treatment with SLC-0111 resulted in significant decrease in
colony number in mock cells (Figure 3d). Mock cells treated with SLC-0111 also showed a
significant decrease in colony size, while none of the other knockdown variants showed
significant reduction in colony size (Figure 3e). The amount of spheroids formed from
single cells was significantly decreased in cells with combined CAIX/CAXII knockdown
as well as in mock cells treated with SLC-0111 (Figure 3c). Thus, combined reduction in
CAIX/CAXII expression affected clonogenic survival in part, whereas combined inhibition
of activity of CAs led to effective reduction in cell survival in each condition.

CAIX CAXII

Figure 3. Cont.
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Figure 3. Impact of CAIX/CAXII expression on tumor biological functions of HT29 cells (a): im-
munocytochemistry of monolayer culture showing ubiquitous expression of both CAIX (left) and
CAXII (right) (scale bar: 100 um). (b): Western blot analyses of CAIX/CAXII expression in mock
and knockdown cells. Two different ShARNAs were used for each CA. (¢): Spheroid forming from
single-cell level was significantly reduced in cells with the combined CAIX/CAXII knockdown
and mock cells treated with SLC-0111 (mean with SD, n > 3). (d): Significant reduction in colony
number in mock cells treated with SLC-0111 (mean with SD, n > 3). (e): Significant reduction in
colony size in mock cells treated with SLC-0111 (median with range, n > 3). The clonogenicity assay
and single-cell spheroid assay were repeated three or more times per condition in separate trials.
(*: p <£0.05,**: p <0.01).

2.5. Impact of CAIX/CAXII Expression on Chemotherapy in CMS3 Spheroids

Using the HT29 spheroid model, we investigated the impact of different knockdowns
and inhibition of CAIX/CAXII by means of co-treatment with SLC-0111 on efficacy of
chemotherapeutic drugs 5-fluorouracil (5-FU), irinotecan and oxaliplatin. There were no
significant differences in ICsy between mock cells and knockdown variants, although a
tendency of sensitization towards 5-FU and oxaliplatin could be concluded from slight
shifting of knockdown curves, in particular of the combined knockdown. The rather small
effects of knockdowns, already observed in the single-cell assays, could be explained by
probably sufficient residual expression of CAIX and CAXII despite knockdown resulting in
no substantial alteration of the microenvironment.

Co-treatment with SLC-0111 led to clear sensitizing effects towards chemotherapy
(Figure 4). For both oxaliplatin and irinotecan, a significant reduction in ICsy was achieved
by adding SLC-0111. Furthermore, analyses of selected and clinically relevant concen-
trations around the ICs values revealed a significant reduction in spheroid viability at
0.1 uM of oxaliplatin and at 0.1 uM as well as 1 uM of irinotecan. Clear, but not significant,
reduction in spheroid viability could also be observed at 1 uM of oxaliplatin. Together, this
showed that additional SLC-0111 treatment is capable of increasing cytotoxicity, especially
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at low concentrations of the chemotherapeutic agents (Figure 4a,b). Sensitizing effects
were also observed with regard to 5-FU, but the characteristic flattened course of curves
precluded clear calculation of ICsy values and their comparison.
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Figure 4. Impact of SLC-0111 co-treatment on chemotherapy in HT29 spheroids. (a): Co-treatment
of oxaliplatin and SLC-0111 results in significant decrease in ICsy value (1M, median with range,
n > 3) and cell viability at oxaliplatin concentration of 0.1 pM (mean with SD, n > 3). (b): Co-
treatment of irinotecan and SLC-0111 results in significant decrease in ICsy value (M, median with
range, n > 3) as well as cell viability at irinotecan concentrations of 0.1 uM and 1 uM, respectively
(both mean with SD, n > 3). (c): Additional treatment with 20 uM SLC-0111 results in significant
decrease in cell viability in spheroids treated with 0.1 pM irinotecan and 0.1 uM oxaliplatin as well as
spheroids treated with combinations of chemotherapeutic agents reflecting the FOLFOX (1 uM 5-FU;
0.1 pM Oxaliplatin) or FOLFIRI (1 uM 5-FU; 0.1 uM irinotecan) regimens (all mean with SD, n > 3).
(*: p <0.05, ***: p < 0.001).
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As standard protocols for chemotherapy of CRC consist of combination schemes
(FOLFOX: 5FU + oxaliplatin; FOLFIRI: 5FU + irinotecan), we furthermore investigated
impact of co-treatment with SLC-0111 on combination chemotherapy. For this purpose,
we used defined drug concentrations and analyzed dual and triple combinations of drugs
(Figure 4c). Co-treatment with SLC-0111 led to significant improvement in chemother-
apeutic efficacy in the dual therapy scheme, except for 5-FU, which was in accordance
with results obtained from calculations of dose-response curves. As expected, the triple
therapy regimens were also clearly more effective. Notably, a significant sensitizing effect
resulted from addition of SLC-0111. Together, this suggests that inhibition of CAIX/CAXII
by co-treatment with specific inhibitors can improve efficacy of chemotherapy independent
of the used therapy protocols.

3. Discussion

With the recent introduction of consensus molecular subgroups (CMS), the focus on
developing treatment strategies for a more individual and specific therapy for each patient
in addition to the already existing therapies is as urgent as ever before. Therefore, new
therapeutic targets have to be found and already existing ones have to be reexamined
for their usefulness for individual therapy. Two proteins belonging to the second of the
aforementioned categories are carbonic anhydrase IX and carbonic anhydrase XII. It is well
documented in the literature that cancer cells modify their tumor microenvironment as a
result of their otherwise unsustainable growth by changing extracellular pH values, leading
to several effects benefiting the tumor and hindering the anti-cancer therapy [2,5,9,10,14],
e.g., inhibition of immune function [6], selection of more malignant tumor cells [7], degrada-
tion of the extracellular matrix [8], angiogenesis [9] and reduction in efficacy of chemother-
apy [10]. Tumor-associated carbonic anhydrases CAIX and CAXII were discovered over
two decades ago [19,21]. Their unique niche in the enzyme family of the carbonic anhy-
drases has long made them interesting targets for anti-cancer therapy as their expression
in healthy tissue is by far not as widespread as the expression of other members of their
enzyme family, e.g., carbonic anhydrase II or IV. Their importance in creation and retention
of this unique microenvironment has already been reported on [14-16]. As such, our goal
in this study was to examine the potential of CAIX/CAXII inhibition for treatment of CRC.
In order to examine the expression patterns of CAIX/CAXII in the different CMS groups,
we analyzed the expression of the CAs in transcriptome data of human tumor samples and
standardized cell-line-derived preclinical models of the different CMS groups.

Analyzing the transcriptome data of both CA9 and CA12 in both healthy and cancerous
human tissue, we observed that CA12 was downregulated in CRC compared to healthy
tissue. This finding was consistent with previous literature [24,63]. The opposite was
observed for CA9 as CA9-expression increased in cancer tissue when compared to healthy
tissue [23,24]. It is important to note that expression of both CAs was highest in CMS3
compared to the other CMS groups. It is known that CMS3 tumors show an increase in
gene expression of goblet cell marker genes and show the highest amount of goblet cells
out of all CMS groups [64]. The goblet cells, along with other cells involved in secretion and
water absorption, also make up a large part of the cells showing CA expression in healthy
tissue of the large intestine [65]. Several authors have previously stated that expression of
tumor-associated CAs was likely to be linked to the origin of the cancer cell itself, among
other factors, which might also explain why expression of CAIX in both the models of
CMS2 and CMS3 was not exclusively found in hypoxic tissue [65,66].

While the transcriptome data were consistent with positive correlation of hypoxia
to CA expression, there were also significant differences in our findings between protein
and transcriptome level, as mentioned above: While patient tumor samples classified
into the CMS1 group showed the highest expression of CA9 and CA12 (together with
CMS3) on a transcriptome level, neither our immunohistochemical analysis of spheroid
and xenograft tumor tissue nor our analyses in the 2D models showed any abundance
of CA expression close to that of the CMS3 group. Aside from CMS], the transcriptome
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data for CMS2 tumors showed less expression of CA9, while the xenograft tumors showed
high abundance of expression of CAIX. This indicates that there is a complex multifactorial
mechanism behind regulation of CAIX and CAXII expression. Although HIF-1 plays
the major role in regulation of expression of CAIX and CAXII, it is far from the only
protein involved as other mechanisms, including MORC2 and non-coding RNA, were
reported on recently [66-70]. Additionally, di Fiore et al. recently reported on the currently
known posttranslational modification mechanisms of CAIX and CAXII and stated that
these modifications partly have a yet unknown impact on the function of CAIX/CAXII,
indicating that there may also be fluctuation in CAIX/CAXII efficacy present on a protein
level [71].

To our knowledge, no work has been published yet in which expression of CAIX
and CAXII in the different CMS groups of CRC was systematically analyzed by means
of immunohistochemistry. As described above, the individual strength of expression of
CAIX/CAXII varied from cell line to cell line, yet the pattern in which CAIX and CAXII
were expressed was close to the same when comparing the two cell lines of each CMS group
with each other. However, expression patterns greatly varied between the different CMS
groups, thus suggesting that the distinct molecular features that lead to classification of
CRC into different CMS groups also play a huge part in expression of carbonic anhydrase
IX and XII. We further validated our findings of differentiated expression with the help of
the 3D spheroid model, in which we were able to show that: (1) close to no differences in
expression patterns exist between the spheroid and xenograft model and (2) the spheroid
model itself as a basic 3D model already shows distinction from the results of our 2D models.
As such, the spheroid model proved to be a sufficient 3D model to assess the importance of
CAIX and CAXII for tumor function. It is important to note that this distinction is also due
to the different conditions the cancer cells are exposed to as, e.g., there is an abundance of
oxygen and nutrients in the 2D-models, which are not present in our 3D-models. Therefore,
the 2D- and 3D-models are to be compared with caution.

As described above, the effect of sole SLC-0111 treatment on spheroid viability differed
between the different cell models of CRC depending on the CMS group. While SLC-0111
treatment of SW48 and LOVO of CMS1 had no effect on spheroid viability, HT29 and LS174T
spheroids of CMS3 showed clear response to treatment with SLC-0111. The cytotoxic effects
on spheroid models of CMS2 and CMS4 were stronger than in CMS1 but weaker than
in CMS3. These findings led us to the conclusion that efficacy of SLC-0111 is very much
dependent on the expression status of CAIX and CAXII in the tumor mass as LOVO and
SW48 cells showed little to no expression of neither CAIX nor CAXII in both spheroids and
xenograft tumors. The findings in CMS1 also proved that SLC-0111 itself probably has no
effect on cell viability of cancer cells outside of inhibition of CAIX and CAXII. The ICs
value for these two models was outside the used concentrations in our assay, which already
far exceeded the dosage previously tested as safe for humans in a phase 1-study conducted
on SLC-0111 [48]. In sharp contrast, the HT29 and LS174T models, which we identified as
the tumor models with the strongest expression of CAIX and CAXII, showed the strongest
reduction in spheroid viability and, therefore, clear response to treatment with SLC-0111.
This further proved that SLC-0111 efficacy is closely linked to the CAIX/XII expression
status of the tumor.

These findings suggest that SLC-0111 could be a potent weapon for treatment of CRC,
but its usage is limited to tumors with high expression of CAIX and CAXII. Therefore,
a histopathological examination of the patient’s tumor or other procedures, such as PET
imaging [72,73], are necessary in order to deduce if therapy with a CAIX/XII inhibitor
such as SLC-0111 will be beneficial for the patient due to high expression of CAIX and/or
CAXIL These findings may explain the results of the CRC patients in the phase 1 study
for SLC-0111, in which only one of the enrolled CRC patients showed a period of stable
disease upon treatment with SLC-0111 [48], which could be due to a tumor with high
expression of CAIX and CAXII, most probably a CMS3 tumor. As such, our preclinical data
demonstrate the benefit of SLC-0111 treatment but also suggest that far from all patients
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would benefit from additional therapy with such a CA inhibitor. The findings also revealed
very differentiated expression of CAIX and CAXII in the different CMS groups, further
confirming that assessing the CMS groups in CRC patients is very important to provide
the patient with the most beneficial additional anti-tumor treatment, e.g., in the form of
SLC-0111 if the CAIX/CAXII expression in the tumor mass is high, as in a CMS3 tumor.
Interestingly, the described “metabolic dysregulation” signature of CMS3 tumors [49] could
explain the importance of CAIX/CAXII for these tumor types, resulting in pronounced
sensitivity towards inhibition of both CAs.

Aside from the aforementioned 3D models, we also used immunocytochemistry in
order to examine the expression status of CAIX and CAXII in the different CMS groups
on a 2D monolayer level. In these models, HT29 was the only cell line to show strong
staining for both CAIX and CAXIL Further, we observed several differences between our
2D- and 3D models. The most striking difference was observed for the LS174T cell line,
which showed only little expression of CAIX compared to HT29 in our monolayer models
but showed widespread expression in xenograft tumors. CAIX expression in the LS174T
cell line was mostly found in hypoxic tissue, and the monolayer model does not provide
a severely hypoxic environment; however, this alone cannot be the reason for the lack
of CAIX expression as HT29 cells showed a high abundance of CAIX in the 2D models
although also exhibiting a strong association between CAIX and hypoxic tissue. In addition,
both cell lines of CMS 4 showed close to no CAIX expression in our 2D models, although
expression was present in a moderate and sometimes even high abundance in both the
xenograft tumors and spheroids. We observed the opposite trend in the LOVO cell line
as we observed less expression of CAXII in 3D models but more expression of CAXII in
the monolayer culture. Therefore, we assume that expression of CAIX/CAXII is not only
influenced by oxygenation of the tissue but also relies on other factors, such as tumor
architecture, cell differentiation and cell-cell-interaction. These examples show that a 2D
approach of analyzing expression of CAIX and CAXII does not necessarily reflect the real
expression status in a tumor and that 3D models, therefore, appear to be more realistic
models of CA expression in the tumor mass.

As described above, HT29 cells were found to have the highest expression of CAIX
and CAXII in both our 2D- and 3D models; thus, they represent the most typical feature
of CMS3 tumors in vitro already. Therefore, we decided to use HT29 cells as our model
to examine the importance of CAIX and CAXII for tumor function. The effects of the
knockdowns of CAIX and CAXII were not significant in any of our trials. It is important
to note, however, that these knockdowns did have a negative effect on the tumor cells
in our single-cell spheroid assay and our clonogenicity assay, respectively. Therefore, we
concluded that reducing the expression of these genes by a certain amount had a negative
impact on tumor function, but not a significant one. Treating HT29 cells with CA inhibitor
SLC-0111, however, showed a significant impact on a variety of tumor functions. The ability
of HT29 cells regarding clonogenic survival on a monolayer level was impaired severely as
both number and size of the colonies were reduced by over 90%. Similar findings were also
reported by Parks et al., who showed that disruption of CAIX severely reduced clonogenic
proliferation in LS174T cells [13]. SLC-0111 treatment also resulted in a significant reduction
in spheroid forming in our single-cell spheroid assay. The assay was designed in order
to simulate metastasis at a single-cell stage, shortly after a cell implanted itself into the
new tissue. It is important to note that HT29 cells, in which both CAs were knocked down,
also showed significant reduction in ability of spheroid forming. This indicates that CIX
and CAXII may be especially important for cancer cells in the very early stages of cancer
development, in which cell—cell-interaction and surrounding soft tissue are limited or not
yet present and decreased protein expression or protein inhibition of CAIX/CAXII hinders
the cancer cell’s survival in that early stage. CRC is a special type of cancer regarding
metastasis as the latency between the diagnosis of the primary tumor and the appearance
of metastasis is relatively small [74]. Therefore, it is very important to further understand
the mechanisms behind the metastatic process and to continue to find marker and target
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proteins for metastasis in order to prevent the cancer from spreading out of its organ of
origin [75].

One of the largest challenges in the medicamentous approach of cancer treatment is
the resistance of tumors towards chemotherapeutic agents. Cancer cells are capable of
several mechanisms that can reduce chemotherapeutic efficacy. Alteration in extracellular
pH to more acidic values is commonly observed in chemotherapy-resistant tumors and
leads to reduced intracellular accumulation of the chemotherapeutic agent due to a shift in
the concentration gradient between the acid and base form of the drug [5,76]. The literature
has already reported on pH-dependent uptake of irinotecan, a drug commonly used in
medicamentous therapy of CRC [77]. Tumor-associated carbonic anhydrase IX and XII
play a major role in establishing this pH disbalance by forming a functional complex, a so
called “Metabolon”, which facilitates extrusion of acidic metabolites created in the cellular
metabolism to the extracellular space [5,15,16,78,79]. The literature has already shown that
disruption of the CAIX pathway leads to a reversal of the described pH-altering effect [80].
P-glycoprotein-mediated extrusion of chemotherapeutic agents has long been established
to be a mechanism by which tumor cells are able to avoid otherwise lethal concentrations
of chemotherapeutic therapy. Interestingly, CAXII has been reported to be associated
with p-glycoprotein (Pgp) in several tumors, and it was shown that chemotherapeutic
efficacy can be increased by means of CAXII inhibition [30,81-83]. Although HT29 cells
show high expression of CAXII, expression of Pgp in this cell line is low [81]. As such,
this manner of chemotherapeutic resistance plays a minor role at best in our HT29 model
but may play a major role in other tumors expressing CAXII, on which the literature has
already reported before [84,85]. Aside from the aforementioned mechanisms, there are
many more ways described in the literature by which CRC cells may be able to become
resistant against basic chemotherapeutic drugs 5-FU, irinotecan and oxaliplatin [86]. Our
findings in the co-treatment trials suggest that a combined treatment of SLC-0111 plus the
conventional chemotherapeutic agents could be beneficial in treating CRC if the tumor
presents itself with a high expression status of the tumor-associated carbonic anhydrases.
The increase in cytotoxicity was especially strong in the HT29 cells treated with irinotecan
and oxaliplatin as, without SLC-0111, both irinotecan and oxaliplatin only showed little
effect on cell viability in concentrations that might be administered to humans. These
findings proved that the combination of the normally used chemotherapeutic agents and
SLC-0111 is superior to chemotherapy alone in our model. Additive effects were observed
for 5-FU. Therefore, treatment with the commonly used FOLFOX or FOLFIRI regimens
in combination with SLC-0111 is entirely viable and showed a significant decrease in
spheroid viability in our combination treatment trials and might, therefore, be an option
for chemotherapeutic treatment of CRC if expression of CAIX and CAXII is high in the
patient’s tumor.

4. Materials and Methods
4.1. Transcriptomic Analyses of CRC Samples

In order to assess transcriptomic data of CA9 and CA12, as well as HIF1 o in human
tumor samples we used the platform Cancertool [60]. Cancertool is an online bioinformatic
platform performing expression-, correlation- and gene-enrichment analyses based on seven
different colorectal cancer transcriptomic datasets: Colonomics, GSE44076; Jorissen et al.,
GSE14333; Kemper et al., GSE33113; Laibe et al., GSE37892; Marisa et al., GSE39582;
Roepman et al., GSE42284; TCGA, cBioPortal. Detailed information about the data sources
and methods used by Cancertool can be found on the website: http://genomics.cicbiogune.
es/CANCERTOOL/index.html (accessed on 13 March 2023). In addition, using these
datasets, the patient’s tumor data were classified and separated into the CMS groups using
the CMScaller [59], in order to gain differentiated analysis on the expression patterns of both
CA9 and CA12 in the different CMS groups. The classification was performed accordingly
to the instructions provided on https://github.com/peterawe/CMScaller (accessed on
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13 March 2023). Boxplots were generated with BoxPlotR (http://shiny.chemgrid.org/
boxplotr/, (accessed on 13 March 2023)).

4.2. Preclinical Tumor Models

The preclinical CRC model used in this study was established in the context of a
separate study and comprises luciferase-expressing variants of the cell lines SW48, LOVO,
SW1463, LS1034, HT29, LS174T, HCT116 and SW480, derived nude mouse xenograft
tumors and spheroids representing the four molecular subtypes according to the CMS
classification system. Detailed characterization of the model including generation of the
luciferase-expressing variants of cell lines, transcriptomic data and CMS classification
using the CMScaller [59] will be published in a separate paper. CMS classification was
in accordance to the wild-type CRC cell lines, which were previously characterized by
Berg et al. [56]. The new generated luciferase-expressing cell lines were re-authenticated at
the DSMZ-German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig,
Germany) in 2020/2021.

The monolayer cells were cultivated in RPMI1640 medium (Sigma-Aldrich, St. Louis,
MO, USA), to which 10% fetal bovine serum (Biowest, Nuaillé, France) and 1% penicillin-
streptomycin (Sigma-Aldrich) was added. For generation of single tumor spheroids, tumor
cells resuspended in culture medium were seeded into 96-well plates, which were coated
before with 0.7% agarose (SeaKem® GTG™ Agarose, Lonza, Basel, Switzerland). Cell
lines HT29-Luc, DLD-1-Luc, LS174T-Luc, LS1034-Luc and SW1463-Luc were able to form
compact spheroids within 2 days. For the cell lines LOVO -Luc, SW48-Luc, COLO205-
Luc, HCT116-Luc and SW480-Luc, culture medium was supplemented with 10 pug/mL
collagen I (Ibidi GmbH, Grifelfing, Germany) to support spheroid formation. Completely
compacted spheroids were formed within 7 days.

Stable knockdowns of CA9 and CA12 in HT29 cells were generated by lentiviral
transduction using ready-to-use prepared virus particles from Sigma-Aldrich. The single
knockdowns KD 9.2”7, KD 9.5”7, KD 12.3”, KD 12.4”were obtained with puromycin
selection. As a control for the puromycin-based vectors, HT29 cells were transduced with
an empty puromycin vector (“Mock”). The vectors of the more potent knockdown of
CA9 (KD 9.2) and CA12 (KD 12.4) were chosen to be combined to double to generate a
combined CA9/CA12 knockdown. While the aforementioned KD 9.2 vector was used, for
the KD 12.4 knockdown a GFP labelled vector was used. FACS sorting was carried out at
the local facility (Core facility, Center for Basic Medical Research (ZMG) of the Medical
Faculty, Martin Luther University). As a control for the GFP-generated double-knockdown,
HT?29 mock cells were also transduced with the KD 12.4/GFP-vector (“Mock + KD 12.4”).
Therefore, in both the “KD9.2 + KD12.4”, as well as the “Mock + KD12.4” samples, CA12
was knocked down using the same GFP-vector. For the Mock + SLC-0111 group, the
aforementioned, puromycin-selected “Mock” cells were used.

4.3. Immunohistochemistry of Xenograft Tumors and Spheroids

The xenograft tumors samples used in this study for immunohistochemical analyses
were prepared in the context of a separate study during the generation of our preclinical
CRC model (see above). In order to be able to analyze intratumoral hypoxia, the mice
were treated with Hypoxyprobe™ (Hypoxyprobe, Inc., Burlington, MA, USA) 90 min
prior to tumor extraction. After extraction, the tumors/organs were fixated in formalin,
before they were processed using the Microm STP120 and then embedded in paraffin
using the Microm EC350-1 (both Thermo Fischer Scientific, Waltham, MA, USA). For
immunohistochemical analyses, the tumors were cut into 4 um wide samples. Following
deparaffinization and rehydration, the samples were first subjected to peroxidase-blocking
and then to protein-blocking. The used reagents were, if not stated otherwise, obtained
from Dako (Agilent Technologies, Santa Clara, CA, USA). For the latter a 3% BSA (Carl
Roth, Karlsruhe, Germany) in PBS solution was used. The samples were treated with
anti-CAIX, anti-CAXII (AB184006 1:1000 and AB195233 1:100; both Abcam, Cambridge,
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UK) or anti-PAb2627AP (1:200, Hypoxyprobe, Inc.) primary antibodies, diluted in a 1%
BSA in PBS solution, for three hours. They were then treated with biotinylated secondary
antibodies (SC-2491, diluted 1:800 in PBS; Santa Cruz Biotechnology, Dallas, TX, USA)
for one hour. After treatment with a Streptavidin-HRP-conjugate for 30 min, the samples
were exposed to the chromogen 3,3'-diaminobenzidine (DAB) for five minutes, before all
samples were stained with hematoxylin for one minute and then dehydrated. Images of
the samples were taken on an Axiolab microscope equipped with Axiocam 503 color (Zeiss
Group, Oberkochen, Germany).

4.4. Immunocytochemistry on Monolayer Culture

The used cells were seeded onto one well of a chamber slide (Nunc™ Lab-Tek™ II
Chamber Slide™ System, Thermo Fischer Scientific). After 24 h of incubation the medium
was removed and the plates were rinsed twice with PBS for two minutes each. The cells
were then fixated using methanol (Sigma-Aldrich) for 15 min. The methanol was then
washed away using PBS three times for 10 min, before the cells were treated with the
same 3% BSA in PBS to achieve protein blocking. After that the cells were incubated with
primary antibody (CAIX, AB184006 1:000 and CAXII, AB195233 1:175; both Abcam) diluted
in a 1% BSA in PBS solution for two hours at room temperature. Following the incubation
with the primary antibody, the plates were washed with a 1% BSA in PBS trice for 10 min
each to remove excess antibodies. In the following step the plates were incubated with
the secondary antibody (A-11036, 1:800, Thermo Fischer Scientific) diluted in PBS at room
temperature in the dark for one hour. Excess antibody was then removed by washing
the plates with PBS trice for 10 min each. During the washing steps, the plates were kept
in the dark. In the next step the cells were stained with 4’,6-diamidino-2-phenylindole
(DAP]I, Sigma-Aldrich, stock solution 1mg/mL), which was diluted 1:1000 in PBS before,
for three minutes. Following the staining process, the cells were washed twice with PBS for
5 min each in the dark. The plates were coated with mounting medium (Fluoromount-G™
Mounting Medium, Thermo Fischer Scientific) and then covered with a coverslip. Images
of the samples were taken using the BioRevo BZ-9000 (Keyence Deutschland GmbH,
Neu-Isenburg, Germany).

4.5. Protein isolation/Western Blot Analysis

Protein lysates of monolayer cells and spheroids were prepared using RIPA buffer. The
RIPA buffer further contained 100mM phenylmethylsulfonyl fluoride, 10mM dithiothreitol
(Bio-Rad Laboratories, Hercules, CA, USA), Protease-Inhibitor-Cocktail and Benzonase
(both Sigma-Aldrich). After incubation on ice for 45 min, the lysates were then centrifuged
at 15,000 g for 15 min at 4 °C. The protein concentration of the probes were then measured
using the Bio Photometer D30 (Eppendorf SE, Hamburg, Germany) via Bradford method.
The used Bradford reagent was obtained from Bio-Rad. The probes were adjusted to get
equal concentrations.

The used Western blot equipment was, if not stated otherwise, obtained from Bio-
Rad. Protein samples were separated using SDS-PAGE and subsequently transferred on
a nitrocellulose blotting membrane for overnight blotting. Blocking of the membranes
was accomplished using a 5% powdered milk (Carl Roth) in phosphate buffered saline
(PBS) with 0.1% Tween (Sigma-Aldrich) solution, which was also used for dilution of the
primary antibodies. The membranes were then treated with either anti-CAIX (M75 1:2000
(Bioscience Slovakia, Bratislava, Slovak Republic), anti-CAXII (AB195233 1:5000, Abcam)
or anti-GAPDH (14C10, 1:5000, Cell Signaling Technology, Danvers, MA, USA) primary
antibodies for two hours, before treatment with a horseradish-peroxidase (HRP) conjugated
secondary antibody (SC-2357 or SC-516102; Santa Cruz Biotechnology) took place for one
hour. The secondary antibodies were diluted 1:5000 in a 0.1% Tween in PBS solution, the
same solution, which was also used to wash the membranes between and after antibody
exposure. After treatment with a chemiluminescence detection reagent (ECL™ Western
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Blotting Detection Reagent, Sigma-Aldrich), images of the membranes were taken using
the ImageQuant LAS 4000 (Cytiva Europe GmbH, Freiburg, Germany).

4.6. Clonogenicity Assay

Cell suspensions were first diluted to 500 cells in 5 mL of RPMI medium. The cells
were then seeded onto six-well-plates. Ten days after seeding, the medium was removed
and the plates were rinsed with PBS. The colonies were then fixated for 10 min using
ethanol and afterwards stained with a 1% crystal violet (Sigma-Aldrich) in PBS solution
for 10 min as well. The number and size of the colonies were analyzed using Image] (8-bit
image; subtract background: 100 pixel, threshold: 212, analyze 3 particles: 40-3000, display
results, summarize, add to manager, exclude on edges).

4.7. Single-Cell Spheroid Assay

Cell suspension were diluted to 100 cells in 20 mL of RPMI-medium and then seeded
onto 96-well-plates (200 uL per well), which were previously coated with an 0.7% agarose
(SeaKem GTG Agarose, Lonza Group, Basel, Switzerland) in PBS solution, in order to
inhibit adhesion and therefore guarantee spheroid forming starting at a single-cell level.
The formed spheroids were counted after 15 days.

4.8. Spheroid Cytotoxicity Assay

The cells were seeded onto a 0.7% agarose-coated, 96-well-plates and were incubated
for two or seven days, depending on the model, to allow the undisturbed forming of
compact spheroids, before treatment with chemotherapeutic agents/SLC-0111 was carried
out. For the SLC-0111 response trial, the different spheroid models were exposed to the
carbonic anhydrase inhibitor SLC-0111 (SLC-0111, Hycultec GmbH, Beutelsbach, Germany)
at increasing concentrations (0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0 uM). For the co-
treatment trials, spheroids were treated with SLC-0111 and one chemotherapeutic agent.
Both drugs were diluted in 50 pL RPMI, and, while the chemotherapeutic agent was
used in increasingly high concentrations (0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0 uM
for oxaliplatin and irinotecan; 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, 100.0, 300.0, 1000.0 uM for 5-
fluorouracil (5-FU)), SLC-0111 was used in a concentration of 20 uM for all wells. Spheroids
only treated with SLC-0111 served as a control to examine the sole efficacy of the CA
inhibitor. The control group was treated with RPMI, in which DMSO was diluted, so that it
could serve as a negative control for the effect of DMSO on cell viability. For the combination
treatment with single doses, chemotherapeutic agents were used in a concentration of 1 uM
for oxaliplatin and irinotecan or 10 uM for 5-FU. Spheroids were either treated with a
monotherapy of one chemotherapeutic agent or a dual-therapy consisting of both agents
(FOLFOX/FOLFIRI regiment). Each of the treatments served as an individual control group
for the spheroids treated with the monotherapy/dual-therapy plus 20 uM of SLC-0111.

To measure and quantify the viability of the treated spheroids, 20 puL of D-luciferin
(PerkinElmer, Waltham, MA, USA), diluted 1:1000 in RPMI-medium, was added to all wells
7 days after start of treatments. After 15 min of incubation in the dark, measurements were
carried out on a Microplate Reader Tecan Spark (Tecan Group, Méannedorf, Schwitzerland)
using luminescence measurement with an exposure time of 1000 ms/well. The mean value
of the eight values of each column was calculated and all values are given as % of untreated
control. At least 3 independent experiments were performed and summarized as mean
values with standard deviation.

4.9. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 8. The used p-value format
for all analyses was NEJM. For the clonogenicity assay, the absolute values of colony
numbers and colony size were examined for statistical significance by means of ordinary
one-way ANOVA (assumed Gaussian distribution; assumed equal SDs) using the mock
group as control for follow-up testing for statistical significance. Ordinary one-way ANOVA
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(assumed Gaussian distribution; assumed equal SDs) was also used for the single-cell
spheroid assay, comparing the absolute values of each treatment to the control group
mock. For the SLC-0111 response trial, an extrapolated curve was calculated via equation:
[inhibitor] vs. response - variable slope to calculate the different IC5y values of each trial.
The mean values and the SD of all measured ICsy values were then calculated for each
spheroid model. For the co-treatment trials, ICsj values in both the control and the inhibitor
group were calculated via equation: [inhibitor] vs. normalized response - variable slope.
The ICsq values of both groups (Gaussian distribution assumed) were then compared using
a Welch test or an unpaired t-test, depending if the variances were significantly different or
not. Additionally, the relative viability of the spheroids in the control and inhibitor groups
were compared at two different chemotherapeutic concentrations. The concentration was
chosen closest to the peak plasma concentration of the respective agent in vivo (10 uM
5-FU; 1 uM irinotecan/oxaliplatin) and the second concentration was chosen at 10% of
the first concentration (1 uM 5-FU; 0.1 uM irinotecan/oxaliplatin). The relative spheroid
viability was compared using a Welch test or an unpaired t-test, as described above. For
the combination treatment, the control groups and their respective inhibitor groups were
compared to each other using traditional one-way ANOVA (assumed Gaussian distribution;
assumed equal SDs).

5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.
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Abstract: Inspired by the vascular-disrupting agent combretastatin A-4 and recently published
anticancer active N-heterocyclic carbene (NHC) complexes of Au(l), a series of new iodidogold(I)—-
NHC complexes was synthesized and characterized. The iodidogold(I) complexes were synthesized
by a route involving van Leusen imidazole formation and N-alkylation, followed by complexation
with Ag,O, transmetalation with chloro(dimethylsulfide)gold(I) [Au(DMS)Cl], and anion exchange
with KI. The target complexes were characterized by IR spectroscopy, 'H and '3C NMR spectroscopy,
and mass spectrometry. The structure of 6¢ was validated via single-crystal X-ray diffraction. A
preliminary anticancer screening of the complexes using two esophageal adenocarcinoma cell lines
showed promising nanomolar activities for certain iodidogold(I) complexes accompanied with
apoptosis induction, as well as c-Myc and cyclin D1 suppression in esophageal adenocarcinoma cells
treated with the most promising derivative 6b.

Keywords: gold; carbene ligands; metal-based drugs; anticancer agents; esophageal cancer

1. Introduction

Esophageal cancer (EC) ranks seventh worldwide in terms of incidence (604,100 new
cases) and sixth in overall mortality (544,076 deaths) [1]. Especially high morbidity and
mortality rates for esophageal cancer are observed in East, Central, and South Asia, South
and East Africa, and Northwest Europe. Moreover, these alarming numbers are expected
to rise by 35-37% until 2030 [2]. Considering the poor prognosis of EC patients, frequently
resulting from late diagnoses, this tumor is a considerable health issue for developed and
developing countries [2,3]. EC is a rapidly growing cancer with a poor five-year survival
rate of <20% [4]. The biology of EC is hardly understood compared to other cancers and
typically shows extremely aggressive clinical features upon diagnosis [5]. Hence, it is one
of the most challenging cancers to treat [6]. EC is divided into two histological subtypes
[squamous cell carcinoma (ESCC) and adenocarcinoma (EAC)], which have diverse etiolo-
gies. ESCC is the most common EC worldwide, while EAC accounts for roughly two-thirds
of EC cases in western countries [7]. The incidence of EAC is rapidly increasing across high-
income countries due to obesity, an increase in gastroesophageal reflux disease (GERD),
and Barrett’s esophagus (BE) [8]. Current treatment options for esophageal cancer include
endoscopic and surgical treatments and chemoradiotherapy based on platinum complexes
such as cisplatin [9,10]. Recently, the combination of platinum-based chemo(radio)therapy
with immune checkpoint inhibitors revealed promising results in patients suffering from
EC [11]. Thus, platinum complexes continue to be highly relevant for the management of
EC, and metal-based drugs with other metals than platinum may have great potential for
the treatment of this disease in the future.
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While platinum complexes are clinically applied for the treatment of various solid
tumors, gold complexes such as auranofin (1a) are being used for the treatment of rheuma-
toid arthritis (“chrysotherapy”) (Figure 1) [12]. However, as early as 1986, auranofin was
investigated as an active compound in a study with esophageal carcinoma [13]. Auranofin
revealed anticancer properties in preclinical studies based on its considerable inhibition of
thioredoxin reductase (TrxR) associated with oxidative stress by the formation of reactive
oxygen species (ROS), leading to increased apoptosis induction [12]. In addition, auranofin
was described as an inhibitor of proteasomal deubiquitinase in cancer cells [13,14]. The
mitochondrial Mia40/CHCHD4 pathway playing a crucial role in the oxidation of freshly
imported cysteine-rich proteins in mitochondria was identified as a target of auranofin in
fungi, which might be relevant in vigorously proliferating cancer cells too [15,16]. Further-
more, derivatives of auranofin with improved anticancer properties were described [17,18].
Recent developments in the field of auranofin-derived gold compounds led to highly active
thiolatopurine complexes showing strong DNA damaging effects aside from TrxR inhibi-
tion, apoptosis induction, ROS formation, and antiangiogenic effects [19]. Advances in the
research of N-heterocyclic carbene (NHC) gold complexes established a prospering class of
metal-based drugs, which showed eminent anticancer activities based on TrxR inhibition
and DNA interaction, adding well to the currently available arsenal of anticancer platinum
complexes and the leading gold(I) complex auranofin [20-24]. Another emphasis was laid
on the investigation of the effects on cytoskeletal structures, especially actin filaments and
microtubules, by gold(I)-NHC complexes with 4,5-diarylimidazole-2-ylidene ligands de-
rived from the tubulin-binding natural product combretastatin A-4 [25-27]. Meanwhile, the
disruption of the actin cytoskeleton was described for cancer cells treated with auranofin
too [28]. Recently, the relevance of the iodido ligand of neutral 4,5-dianisylimidazole-
2-ylidene—-iodidogold(I) complexes was proved, which revealed promising in vitro and
in vivo antihepatoma activities of the iodido complex 1b when compared with analogous
gold(I)-NHC complexes bearing halo ligands (bromido), pseudohalo ligands (isocyanato),
or acetato ligands (Figure 1) [29].

OMe
OAc ( O
0] \ N
AcO 7
¢ S_AUL_PJ I‘AU1_<\ |
OAc ) N
OAc K O
1a (Auranofin) 1b OMe

Figure 1. Structures of auranofin (1a) and the NHC—gold(I) complex 1b.

With iodido being the optimal ligand for neutral 4,5-dianisylimidazol-2-ylidene-gold(I)
complexes in hepatoma, subtle changes in the 4,5-dianisylimidazole-based NHC ligand
might lead to iodidogold(I) complexes with improved activities against various tumor
entities. This work studied the impact of various alterations of the NHC ligand of 1b on
the activity against invasive EAC cells.

2. Results
2.1. Chemistry

The synthesis of the new iodidogold(l) complexes 6a—n was carried out following
procedures from the literature (Scheme 1) [25-27,29]. The TosMIC reagent 2 was prepared
as described before [30]. Reagent 2 was treated with EtNH; and the corresponding aryl
aldehyde to form the 1-ethyl-4,5-diarylimidazoles 3. N-Alkylation with ethyl iodide led to
the imidazolium iodides 4. The reaction of 4 with Ag,O followed by transmetalation of the
NHC-silver(I) intermediates with chloro(dimethylsulfide)gold(I) [Au(DMS)C]] resulted in
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the chloridogold(I) complexes 5. Finally, the chlorido ligands of 5 were replaced by iodido
ligands upon reaction with KI, thus, generating the target complexes 6a—n.

OMe OMe
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k [ TR K | TR
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Residues:

a:R=4-F h: R =3,4-(MeO),

b: R =4-Cl i R=3-F, 4-MeO

c: R=4-Br j: R=3-Br, 4-MeO

d: R=4-1 k: R=3,4,5-(MeO);
e:R=35F, 1. R=3-Cl4,5-(MeO),
f: R=3,5-Cl; m:R = 3-Br, 4,5-(MeO),
g: R=3,5-Br, n: R=3-],4,5-(MeO),

Scheme 1. Reagents and conditions: (i) aryl aldehyde, 2M EtNH, /THF, AcOH, K,COs;, EtOH/DME,
reflux, 7 h; (ii) Etl, MeCN, reflux, 24 h; (iii) (a) AgrO, CHCly, r.t., 24 h, (b) [Au(DMS)Cl], CH,Cly, r.t.,
24 h; (iv) KI, acetone, r.t., 24 h.

In addition to the diethylimidazol-2-ylidene complexes 1b and 6a-o, the new 1b-
analogous dimethylimidazol-2-ylidene complex 6o was prepared from the known chlori-
dogold(I) precursor 50 for comparison purposes (Scheme 2) [24].
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Scheme 2. Reagents and conditions: (i) KI, acetone, r.t., 24 h.

The stability of complexes 5e and 6e was studied by 'H NMR spectroscopy in DMSO-
dg upon addition of 5% D,O (Figure 2). After 24 h, new signals of the N-ethyl groups
appeared, which grew with prolonged incubation. These new signals can be assigned to
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DMSO coordination and hydrolysis products of the iodidogold(I) complexes. However,
the gold complexes possess considerable stability in aqueous solvents even after longer
incubation since only a tiny fraction of complexes underwent hydrolysis by that time.

[l w | 1 |
_d W ' L ‘L
| | " . l 3%
| |
OMe
Ha D,0 |DMSO-d; |CH.CH, |,
1e ) NCH: 1 ‘
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ppm /8
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0,0 |omMsod, (cHcH, |

i ooy | L e

Figure 2. 'H-NMR spectra of 5e (top) and 6e (bottom) in DMSO-dg after 0 h (red), +5% D,O 0 h
(yellow), 24 h (green), 48 h (blue), and 72 h (purple) with assignment. The hydrolysis product is given
as a percentage averaged from the integrals of the additional peaks. These were set in a 1:1 ratio to
the product peaks, assuming the same number of protons and approximately the same molar mass.

Single crystals suitable for X-ray diffraction structure elucidation were obtained via
slow diffusion of n-hexane into a saturated solution of 6¢ in CHCl3 at 4 °C. The 6c crystal-
lizes in the monoclinic space group P2y /n with Z = 4. A plot of the molecular structure of
6¢ is given in Figure 3A. The linearity of the I-Au-C vector and the bond distance between
Au and the carbene carbon are well in agreement with values from the literature [31].
Selected bond lengths and angles are given in the caption of Figure 3; crystallographic
details are assembled in Table 1. A view along crystallographic axis a reveals the formation
of pseudo-dimers in a head-to-tail arrangement with a short Au-Au non-bonded contact of
d(Au-Au) = 3.806 A (Figure 3B).

88



Int. ]. Mol. Sci. 2023, 24, 5738

Figure 3. (A) Crystal structure of the iodidogold(I) complex 6¢. Selected bond lengths (A) and angles
(°): Aul-I1, 2.5567(6); Aul-C3, 2.002(7); N1-C3, 1.351(8); N2-C3, 1.342(8); C3-Aul-I1, 174.30(18); N2-
C3-Aul, 128.4(5); N1-C3-Aul, 126.4(4); N2-C3-N1, 104.9(6); (B) pseudo-dimer of 6¢ viewed along
crystallographic axis a (ellipsoids plotted at 50% probability); positional disorder in one of the complex
modules causes an apparent overlap of methoxy and bromo substituents; crystallographic data of the
structure have been deposited at the Cambridge Crystallographic Data Centre: CCDC-2235874.

Table 1. Crystallographic data of the iodidogold complex 6c.

6¢
CCDC number 2235874
Sum formula C20.16 H21.47 Au Br0.84 IN2 O1.16
M/gmol ! 701.56
Crystal system monoclinic
Space group P2;/n (Nr. 14)
Crystal description Pale yellow block
Crystal size/mm 0.24 x 0.16 x 0.13
a/A 9.8361(3)
b/A 13.1351(6)
/A 16.7031(5)
w/° 90
B/° 101.576(2)
v/° 90
V/AS 2114.11(13)
Z 4
Pcaleulated /§CM > 2.204
w/mm~! 10.020
Orange/° 2.7-28.7
Radiation Mo-K (0.71073 A)
T/K 170(2)
Measured reflections 16653
Independent reflections 5028
Reflections with I > 2 s(I) 3475
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Table 1. Cont.

6¢
Rint 0.078
Restraints and parameters 18 and 268
Ry [F?>25 (F?)] 0.0440
WRy(F?) 0.0980
GooF (5) 0.980
Presidual (largest peak and hole)/eA 3 0.920, —1.884

2.2. Activity against Esophageal Cancer

Initially, the antiproliferative activities of complexes 6a—o against cell lines (FLO-1 and
SK-GT-4) were evaluated using the hexosaminidase assay (Table 2 and Figure 4A). The
known iodido complex 1b and the chlorido complexes 5a—g were analyzed for comparison.
Except for complex 61, all iodidogold(I) complexes 6 exhibited moderate to high activities
against FLO-1 cells, while the SK-GT-4 cells were less sensitive in most cases. Complexes
6b, 6i, and 6m were the most active compounds that inhibited the growth of EAC cells in a
dose- and time-dependent manner, with ICs values in the nanomolar concentration range
of 0.26-0.4 uM and 0.12-0.45 uM in the cases of SK-GT-4 and FLO-1, respectively. These
complexes were also distinctly more active than the known complex 1b. In analogy to the
high activity of the 4-chlorophenyl derivative 6b, which was the most active compound of
this series, the 3,5-dichlorophenyl derivative 6f was distinctly more active against the SK-
GT-4 cells than its close congeners 6e and 6g. In contrast, the 3-chloro-4,5-dimethoxyphenyl
analog 61 was inactive. The chloridogold(I) complexes 5 were generally less active than
their iodidogold(I) analogs, except for complexes 5a and 5g, which were more active
against SK-GT-4 cells than the iodido complexes 6a and 6g. In addition, complex 60, the
N,N-dimethyl analog of 6k, was more active than 6k.

Table 2. Inhibitory activities (ICsy values) of compounds 5a—-g and 6a-o. Complex 1b served as
positive control. ICs values are presented in uM concentrations at the 72 h time-point.

Compound SK-GT-4 FLO-1
1b 1.31 £0.39 0.95 +0.15
5a 39+071 1.5+0.17
5b >40 29.8 £0.52
5¢ >40 27.33 +0.83
5d >40 29.2 £0.52
5e >40 28.13 £0.83
5f >40 45+0.28
5g 23.2£0.92 4.78 £0.35
6a 15.33 £+ 8.96 0.51 £ 0.01
6b 0.26 +0.09 0.12 +£0.01
6¢ >10 0.5 £0.02
6d 1.1 £0.06 0.58 &+ 0.07
6e >10 1.0 £0.06
6f 3.78 £ 1.25 0.9 +0.04
6g 23.53 +7.71 1.4 4+0.10
6h 7.4 £ 0.50 0.55 £ 0.03
61 0.325 4+ 0.06 0.3 +£0.02
6j 1.2 £0.08 0.625 £+ 0.06
6k 13.4 +4.10 4.07 £2.21
6l >10 >10
6m 0.4 +0.04 0.45 £+ 0.09
6n 92+171 0.95 £ 0.03
60 29+0.26 1.43 £0.25
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Figure 4. Gold complexes 6b, 6d, and 6i inhibited the proliferation and colony formation in EAC
cell lines. (A) Gold complexes inhibited the proliferation of SK-GT-4 and FLO-1 cells in a time-
and dose-dependent manner. Gold complexes (semi-ICsy and ICsy concentrations) inhibited colony
formation both in size (B) and number (C) in EAC cell lines. ** p < 0.01.

Compounds 6b, 6d, and 6i were selected for further evaluation of their inhibitory
activity against EAC cell lines (SK-GT-4 and FLO-1). The colony formation was performed
to understand the long-term effect of these gold complexes on EAC cells. Complex 6b
showed the strongest colony formation suppression (i.e., reduced colony size and number)
at ICsp and semi-ICs concentrations. It completely inhibited colony formation in terms of
size and number (p < 0.01) at its ICsg dose after treatment for 72 h (Figure 4B,C). In addition,
at ICsg doses, the colony formation was almost completely inhibited by complex 6i, while
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6d was less inhibitory. These data suggested that the anticancer effects of the tested gold
complexes are irreversible.

Several studies showed cancer stem cells (CSCs) are involved in tumor initiation,
aggressiveness, and drug resistance in EAC. Hence, targeting CSCs is an attractive strategy
to treat [32]. It was observed that CSCs form spheroids in ultra-low attachment plates.
Hence, we used a spheroid formation assay to assess the effects of gold complexes on EAC
CSCs. The complexes 6b, 6d, and 6i inhibited spheroid formation (both size and numbers)
by EAC cells (Figure 5A,B). Complexes 6b and 6d showed the strongest inhibitory effects on
spheroids. Next, the highly antiproliferative complexes 6b, 6d, and 6i (IC5) concentration,
72 h time-point) were selected and tested for their effects on the cell cycle of EAC cells using
flow cytometry (Figure 6A-D). All three compounds induced cell cycle arrest in SK-GT-4
and FLO-1 cells. Specifically, treatment with compounds 6b and 6d induced GO-G1 cell
cycle arrest in SK-GT-4 cells (p < 0.01), while compound 6i led to accumulation of FLO-1
cells in the sub-GO phase of the cell cycle. The accumulation of cells in the sub-G0 phase
after gold complex treatment can be the consequence of fragmented DNA, indicating the
cytotoxic effects on EAC cell lines. To understand the mechanistic changes in proteins due
to cell cycle arrest, we performed a Western blot to study the levels of cyclin D1 and cMyc.
Cyclin D1 is known to drive cell cycle progression, while c-Myc regulates cyclin D1 to induce
proliferation and tumor growth [33]. Moreover, these complexes suppressed the expression
of c-Myc and cyclin D1, which is in line with their strong cell death/apoptosis induction
(Figure 6E). Hence, we further studied the ability of 6b, 6d, and 6i (ICsy concentration) to
induce apoptosis in EAC cell lines using the Annexin V/PI assay and flow cytometry. Cell
populations treated with the gold complexes (ICsy concentration) for 72 h showed increased
percentages of apoptotic (especially late apoptotic) and necrotic cells when compared with
untreated control populations (Figure 7A-D, p < 0.01). In line with this finding, the number
of viable cells was reduced in the treated populations. The Western blot analysis showed
that all three gold(I) complexes (ICs concentration) increased cleaved PARP as a sign of
apoptosis after 72 h. The expression of the anti-apoptotic factors Bcl-XL, Bcl-2, and Mcl-1
was suppressed in cells treated with the gold complexes. No significant differences in
pro-apoptotic Bax expression were observed compared to untreated cells (Figure 7E). These
data suggest that gold complexes induced apoptosis by inhibiting the apoptotic proteins
involved in cancer cell survival and, hence, can be used in the combination with current
chemotherapeutic agents.

6i 6d 6b

Control

FLO-1

SK-GT-4

E

Figure 5. Cont.
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Figure 5. Inhibition of EAC cell spheroid formation by test compounds 6b, 6d, and 6i (IC5p concen-
trations). The gold complexes reduced (A) size and (B) number of spheroids. The spheroids were
photographed at 10 x magnification. * p < 0.05, ** p < 0.01.
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Figure 6. Gold complexes induced cell cycle arrest in EAC cells. (A-D) Gold complexes 6b, 6d, and 6i
(IC50 concentrations) induced G0-G1 cell cycle arrest in SK-GT-4 cells. (E) Gold complexes 6b, 6d, and 6i
(IC50 concentrations) inhibited cyclin D1 and c-Myc expression in SK-GT-4 and FLO-1 cells. ** p < 0.01.
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Figure 7. Gold complexes induced apoptosis in EAC cells. (A-D) Gold complexes 6b, 6d, and 6i
(IC50 concentrations) induced late-phase apoptosis in SK-GT-4 and FLO-1 cells, as assessed by an
Annexin-PI assay using flow cytometry. (E) Cell lysates from EAC cells, when treated with complexes
6b, 6d, and 6i (ICs5y concentrations), showed significant cleavage of PARP compared to untreated
controls. The treatment also reduced anti-apoptotic markers Bcl-XL, Mcl-1, and Bcl-2. * p < 0.05,
**p <0.01.
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3. Discussion

New derivatives of the published 4,5-dianisylimidazol-2-ylidene-iodidogold(I) com-
plex 1b were prepared by changing the modification of one of the ligand’s anisyl residues.
The synthesis of the new iodidogold(I)-NHC complexes 6a—o was straightforward and
based on previously published works by our groups and by Bian and coworkers [25-27,29].
In this way, many highly antitumoral iodidogold(I)-NHC complexes were identified. The
antiproliferative activities of several new iodidogold(I) complexes against two invasive
EAC cell lines were superior to the activity of the known complex 1b. They were also
much more active than their chloridogold(I) precursors. Neutral chloridogold(I)-NHC com-
plexes were often reported to be less anticancer active than analogous cationic NHC—gold(I)
complexes [34,35]. Chloridogold-NHC complexes were casually developed as selective
antiparasitic agents due to their relatively low toxicity to human cells [36]. However,
with the exchange of the chlorido ligand for an iodido ligand, the cytotoxicity of neutral
iodidogold(I) complexes reached excellent ICs values in cancer cells, being in the active
concentration range of known cationic triphenylphosphinogold(I)-NHC complexes and
biscarbene-gold(I) complexes. Future studies will reveal how far neutral iodidogold(I)—-
NHC complexes and cationic NHC-gold(I) complexes differ in their performance in cancers
in terms of activity, cellular localization/accumulation, and mechanisms of action. Nev-
ertheless, it is noteworthy that, already, slight modifications of one of the phenyl rings of
the 4-anisyl-5-arylimidazole-based NHC ligand system applied in this study can lead to
strong changes in the anticancer activity of the tested iodidogold(I) complexes. For instance,
while the 4-bromophenyl derivative 6¢c was virtually inactive against the SK-GT-4 cells,
its close 4-chlorophenyl analog 6b is the most active complex identified in this study. In
addition, while complexes 1b, 6b, 6d, 6i, and 6m showed high antiproliferative activities
against FLO-1 cells and SK-GT-4 cells, the FLO-1 cells were much more sensitive to certain
complexes such as 6a, 6¢, 6e and 6g than the SK-GT-4 cells. FLO-1 cells are p53-mutant cells,
and the gold complexes may take advantage of the absence of p53, the “guardian of the
genome”, to kill the FLO-1 cells. Analogously, higher sensitivities of p53-knockout HCT-116
colon carcinoma cells, when compared with p53-wildtype HCT-116 cells, were observed
only recently for various NHC-gold(I) complexes and phosphinogold(I) complexes [19,35].

Apoptosis is strongly induced by the most promising iodidogold(I) complex 6b. This
is in line with previous reports about the induction of apoptosis by auranofin (1a) and
complex 1b in tumor cells [12,29]. The downregulation of Mcl-1 was described before in
association with apoptosis induction in FLO-1 and SK-GT-4 cells [37]. In contrast to the
described G2/M arrest of HepG2 hepatoma cells caused by 1b, the new complexes 6b, 6d,
and 6i exhibited no cell cycle arrest in EAC cells. Instead, high sub-G1 levels generated by
these complexes indicate a strong preference to induce cell death. The observed suppression
of cyclin D1 and c-Myc by the complexes 6b, 6d, and 6i might prohibit the ability of treated
cells to enter the proper cell cycle, including mitosis, and directly paves the way to the
induction of cell death instead. Both factors are relevant for EAC progression in FLO-1
cells [38,39]. In addition, the suppression of c-Myc and/or cyclin D1 is important for the
treatment of other cancer diseases, which broadens the therapeutic scope of the newly
discovered gold complexes [40,41].

The suppression of the formation of colonies and spheroids by EAC cells by complexes
6b, 6d, and 6i is another positive attribute. The downregulation of the stem cell marker
CD44 is a hint at an efficient targeting of esophageal cancer stem-like cells (CSCs) and the
inhibition of mesenchymal features of EAC cells associated with metastasis formation [42].
EMT reversal in FLO-1 and SK-GT-4 EAC cells can also suppress paracrine effects and the
production of exosomes [43].

Since platinum complexes are crucial components of currently applied clinical thera-
pies of EAC, future studies with gold(I)-NHC complexes will probably shed more light on
common and distinctive modes of action of platinum and gold complexes. The binding
to cysteine and selenocysteine proteins (e.g., thioredoxin reductase) may play a role in
the mode of action of the new iodidogold(I) complexes. The relevance of selenium was
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also highlighted by the suppression of selenium-binding protein 1 as a sign of EAC forma-
tion [44]. The combination of gold complexes with HDAC inhibitors might be promising
when considering the known effects of HDAC inhibition on thioredoxin and thioredoxin-
interacting protein in EAC [45,46]. In addition, aurora kinase inhibitors revealed promising
anticancer effects in combination with docetaxel or cisplatin in p53-mutant FLO-1 cells.
Thus, they might also be suitable combination partners for the treatment of EAC together
with active iodidogold(I)-NHC complexes [47,48]. c-Myc inhibitors might also be suitable
combination partners [40]. Moreover, our groups have recently identified highly active
c-Myb inhibitors [49-51]. This transcription factor was found to be upregulated in EAC and
crucial for the immune escape of EAC cells via the miR-145-5p /SPOP /PD-L1 axis [52-54].
Hence, a combination of 6b with a potent c-Myb inhibitor seems worth being investigated
in EAC cells.

4. Materials and Methods
4.1. General Procedures

Column chromatography: silica gel 60 (230-400 mesh, Merck, Darmstadt, Germany).
Melting points (uncorrected), Electrothermal 9100 (Thermo Fisher Scientific, Geel, Belgium);
IR spectra, Perkin-Elmer Spectrum One FT-IR spectrophotometer with ATR sampling unit
(Perkin-Elmer, Rodgau, Germany); NMR spectra, Bruker Avance 300/500 spectrometer
(Bruker, Billerica, MA, USA); chemical shifts () are given in parts per million (ppm)
downfield from tetramethylsilane as internal standard; mass spectra, Thermo Finnigan
MAT 8500 (EI, Thermo Finnigan, San Jose, CA, USA).

4.2. Materials

Starting compounds and reagents were obtained from abcr (Karlsruhe, Germany),
Sigma-Aldrich (Darmstadt, Germany) and TCI (Zwijndrecht, Belgium). Compound 1b was
prepared according to a literature procedure, and analytical data of the newly prepared
compound were in line with published data [24]. The known intermediates 3k-m and
4k-m, 5k, and 50 were also prepared following procedures from the literature [25-27].

4.3. Synthesis
4.3.1. Synthesis of Imidazoles 3—Typical Procedure

Benzaldehyde derivatives (1.00 equiv.) were dissolved in EtOH (15.0 mL/mmol).
Then, 2 M EtNH2/THEF (5.00 equiv.) and AcOH (10.0 equiv.) were added, and the reaction
mixture was stirred under reflux for 2 h. After cooling to room temperature, the anisyl-
TosMIC reagent 2 (1.50 equiv.) was dissolved in DME (5.00 mL/mmol) and added to the
reaction mixture together with K2CO3 (4.00 equiv.). The reaction mixture was then stirred
again under reflux for 5 h. The solvent was evaporated, and the residue was taken up in
ethyl acetate and water. The organic phase was washed with brine, dried over MgSO4,
and filtered, and the filtrate was removed in vacuum. The residue was purified by column
chromatography (silica gel 60). The products were obtained as yellow to off-white solids or
oils with yields of 55-100%.

3a: yield: 100% (quant.); R¢ = 0.22 (ethyl acetate); 'H NMR (500 MHz, CDCl3) & 7.62
(s, 1H, H*), 7.43 (t, | = 1.9 Hz, 1H, H*"), 7.36 (dt, | = 8.9 Hz, 2.6 Hz, 2H, H*"), 7.23 (d,
J=19Hz, 2H, H*), 6.80 (dt, | = 8.9 Hz, 2.6 Hz, 2H, H*"), 3.84 (q, ] = 7.3 Hz, 2H, NCH,),
3.78 (s, 3H, OCHj3), 1.30 (t, ] = 7.3 Hz, 3H, CH,CHj3); 13C NMR (126 MHz, CDCl3) & 162.84
(d, Jc-r = 248.8 Hz, C?), 158.57 (NCN), 139.25 (C?"), 136.55 (C?"), 135.59 (C?"), 134.20 (C*),
132.70 (d, Jc-r = 8.6 Hz, C?T), 129.12 (C?"), 128.81 (C?"), 127.99 (C?"), 126.62 (C"), 124.39 (C*"),
116.23 (d, Jc.r = 21.7 Hz, C?"), 113.81 (C=C), 55.22 (OCH3), 40.31 (NCHy), 16.42 (CH,CH3).

3b: yield: 100% (quant.); R¢ = 0.21 (ethyl acetate); 'H NMR (500 MHz, CDCl3) § 7.61 (s,
1H, H*"), 7.43 (dq, ] = 8.8, 2.3 Hz, 2H, H¥"), 7.38-7.34 (m, 2H, H*"), 7.28 (d, ] =2.0 Hz, 1H,
H), 6.78-6.75 (m, 2H, H*"), 3.82 (q, ] = 7.3 Hz, 2H, NCH,), 3.76 (s, 3H, OCH3), 1.28-1.25
(m, 3H CH,CHj3); 13C NMR (126 MHz, CDCl3) § 158.31 (NCN), 138.56 (C?"), 136.18 (C27),
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134.64 (C?), 132.15 (C?), 132.11 (C?"), 129.58 (C?"), 129.41 (C?r), 127.87 (C?), 127.60 (C?"),
127.16 (C?T), 125.97 (C?T), 113.52 (C=C) 55.19 (OCH3), 40.14 (NCH,), 16.46 (CH,CH3).

3c: yield: 79%; R¢ = 0.20 (ethyl acetate); 'H NMR (500 MHz, CDCl3) § 7.60-7.58 (m,
2H, H?), 7.38-7.34 (m, 2H, H?"), 7.23-7.19 (m, 2H, H?"), 6.78-6.76 (m, 2H, H*"), 3.85-3.81 (m,
2H, NCH,), 3.77 (s, 3H, OCH3), 1.29-1.25 (m, 3H CH,CH3); *C NMR (126 MHz, CDCl5)
5 158.33 (NCN), 136.22 (C?), 132.42 (C?7), 132.36 (C?T), 132.12 (C?), 127.88 (C?"), 127.59
(Car), 122.86 (C?r), 114.50, 113.67 (C=C), 55.19 (OCHj3), 40.15 (NCH,), 16.51 (CH,CH3),
16.47 (CH,CH3).

3d: yield: 79%; R¢ = 0.18 (ethyl acetate); IH NMR (500 MHz, CDCl3) § 7.79-7.75
(m, 2H, H®"), 7.38-7.34 (m, 2H, H®"), 7.09-7.04 (m, 2H, H®"), 6.79-6.75 (m, 2H, H®"), 3.82
(q,] = 7.3 Hz, 2H, NCH,), 3.76 (s, 3H, OCH3), 1.25 (t, ] = 7.3 Hz, 4H CH,CHj3); *C NMR
(126 MHz, CDCl3) 5 158.33 (NCN), 138.29 (C?"), 136.25 (C?), 132.56 (C?"), 130.63 (C?"), 127.91
(€2, 127.13 (C?7), 126.08 (C?), 113.68 (C=C), 55.20 (OCH3), 40.15 (NCH>), 16.48 (CH,CH3).

3e: yield: 64%; Ry = 0.24 (ethyl acetate); 'H NMR (500 MHz, CDCl3) 6 7.61 (s, 1H,
H®), 7.38-7.34 (m, 2H, H*"), 6.87 (dq, ] = 6.0, 1.6 Hz, 2H, H¥), 6.80-6.77 (m, 2H, H¥),
3.86 (q, ] = 7.3 Hz, 2H, NCHo), 3.78 (s, 3H, OCH3), 1.29 (t, ] = 7.3 Hz, 3H CH,CHj3); 13C
NMR (126 MHz, CDCl3) & 164.23 (dd, Jc.r = 250,2, 13.2 Hz), 162.24 (d, Jc.r = 13.2 Hz),
158.54 (NCN), 139.13 (C?"), 136.54 (C?), 134.30 (t, Jc.r = 10.2 Hz, C?), 128.04 (C?"), 126.71
(C?), 113.84-113.66 (m, C?), 104.25 (t, Jc.r = 25.2 Hz), 55.21 (OCHj3;), 40.29 (NCHy),
16.42 (CH,CH3).

3f: yield: 55%; R¢ = 0.29 (ethyl acetate); 'H NMR (500 MHz, CDCl3) & 7.62 (s, 1H, H*),
743 (t,] =19 Hz, 1H, H?"), 7.38-7.33 (m, 2H, H*"), 7.23 (d, ] = 1.9 Hz, 2H, H?"), 6.83-6.77 (m,
2H, H*"), 3.84 (q, ] =7.3 Hz, 2H, NCH>), 3.78 (s, 3H, OCH3), 1.30 (t, ] = 7.3 Hz, 3H CH,CH3);
13C NMR (126 MHz, CDCl3) § 158.57 (NCN), 139.25 (C?%), 136.55 (C?), 135.59 (C?*), 134.20
(C2), 129.12 (€C?r), 128.81 (Ca), 127.99 (C?r), 126.62 (C?"), 124.39 (C?"), 113.81 (C=C), 55.22
(OCH3), 40.31 (NCHy), 16.42 (CH,CH3).

3g: yield: 64%; R¢ = 0.25 (ethyl acetate); 'H NMR (500 MHz, CDCl3) § 7.74 (t, ] = 1.8
Hz, 1H, H¥), 7.61 (s, 1H, H*), 7.43 (d, | = 1.8 Hz, 2H, H¥), 7.39-7.34 (m, 2H, H¥), 6.84-6.77
(m, 2H, H%"), 3.84 (q, ] = 7.3 Hz, 2H, NCH>), 3.78 (s, 3H, OCH3), 1.30 (t, ] = 7.3 Hz, 3H
CH,CHj3); 13C NMR (126 MHz, CDCl3) § 158.57 (NCN), 139.28 (C?), 136.54 (C2*), 134.77
(Ca), 134.23 (C?r), 132.38 (C?r), 127.97 (C?), 126.61 (C?), 124.17 (C?), 123.44 (C?), 113.82
(C=Q), 55.23 (OCH3), 40.31 (NCHy), 16.42 (CH,CH3).

3h: yield: 76%; R¢ = 0.27 (ethyl acetate); vmax(ATR)/ cm—1 2935, 2836, 1612, 1582, 1559,
1518, 1500, 1462, 1414, 1338, 1317, 1294, 1242, 1167, 1137, 1105, 1024, 953, 865, 835, 815,
798, 765, 743, 663; 'TH NMR (300 MHz, CDCl3) § 7.53 (s, 1H, H*), 7.39 (d, ] = 8.9 Hz, 2H,
H), 6.9-6.8 (m, 2H, H?"), 6.77 (s, 1H, H?"), 6.70 (d, ] = 8.9 Hz, 2H, H"), 3.89 (s, 3H, OCH3),
3.8-3.7 (m, 5H, NCH,, OCHj3), 3.69 (s, 3H, OCH3), 1.22 (t, ] = 7.3 Hz, 3H, CH,CH3); 13C
NMR (75.5 MHz, CDCl3) 6 157.9 (C?), 149.1 (C?"), 137.6 (C?"), 135.4 (C?), 131.9 (C?), 1284
(Cr), 127.4 (Car), 127.0 (Ca%), 123.2 (C%), 114.3 (C), 113.6 (C%), 113.4 (C), 111.4 (C), 55.8
(OCH3), 55.7 (OCH3), 55.0 (OCH3), 39.8 (NCH,), 16.3 (CH,CH3); m/z (%) 338 (100) [M*],
323 (27), 308 (23).

3i: yield: 70%; R¢ = 0.28 (ethyl acetate); vmax(ATR)/cm ™! 2976, 2938, 2838, 1615, 1580,
1520, 1499, 1462, 1442, 1422, 1339, 1299, 1267, 1245, 1213, 1174, 1132, 1105, 1024, 953, 880,
835, 818, 799, 761, 744, 706, 662; 'H NMR (300 MHz, CDCl3) § 7.54 (s, 1H, H*"), 7.35 (d,
] =9.0 Hz, 2H, H®"), 7.1-7.0 (m, 3H, H*"), 6.72 (d, ] = 9.0 Hz, 2H, H?"), 3.89 (s, 3H, OCH3),
3.76 (q,] = 7.3 Hz, 2H, NCH,), 3.71 (s, 3H, OCH3), 1.22 (t, ] = 7.3 Hz, 3H, CH,CH3); 13C
NMR (75.5 MHz, CDCl3) 4 158.1 (C?"), 153.8-150.5 (m, C?), 147.8 (C?"), 138.2 (C?"), 135.7
(C?), 132.0 (C?), 127.9-127.3 (m, C?), 127.0 (C?), 125.7 (C?), 123.4 (C?), 118.4-118.2
(m, C?), 114.4 (C?"), 113.6-113.4 (m, C?"), 56.0 (OCH3), 55.0 (OCHz3), 39.9 (NCH,), 16.3
(CH,CHg); m/z (%) 326 (100) [M*], 311 (43), 119 (17).

3j: yield: 50%; R¢ = 0.31 (ethyl acetate); Vmax(ATR)/ cm ! 3117, 3066, 3019, 2981, 2942,
2902, 2839, 1612, 1577, 1560, 1512, 1485, 1462, 1386, 1372, 1343, 1308, 1285, 1242, 1194, 1173,
1147, 1118, 1104, 1056, 1043, 1025, 1018, 951, 900, 834, 819, 808, 796, 744, 703, 676, 653; 'H
NMR (300 MHz, CDCls) & 7.55 (s, 1H, H*"), 7.51 (s, 1H, H¥), 7.4-7.3 (m, 2H, H¥), 7.3-7.2
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(m, 1H, H"), 7.0-6.9 (m, 1H, H"), 6.8-6.7 (m, 2H, H"), 3.92 (s, 3H, OCH3), 3.9-3.7 (m, 5H,
NCH,, OCH3), 1.3-1.2 (m, 3H, CH,CH3); 13C NMR (75.5 MHz, CDCl) § 159.7 (C?r), 158.2
(Ca%, 156.0 (C2T), 138.3 (C2r), 135.8 (C7), 135.5 (C?F), 135.3 (C), 132.0 (C), 131.3 (C),
127.6 (Ca%), 127.2 (C), 125.5 (C2%), 124.5 (Car), 114.4 (C), 113.6 (C¥), 113.5 (C), 112.1
(Car), 112.0 (C27), 56.2 (OCH3), 55.1 (OCHs), 40.0 (NCH,), 16.4 (CH,CHs); m/z (%) 388 (100)
[M*], 386 (100) [M*], 375 (25), 373 (27), 308 (92), 293 (34), 119 (42).

3n: yield: 64%; R; = 0.30 (ethyl acetate); Umax(ATR)/cm ™1 2959, 2930, 2844, 1611, 1595,
1557, 1541, 1513, 1463, 1445, 1425, 1408, 1393, 1355, 1334, 1315, 1295, 1273, 1247, 1236, 1197,
1182, 1155, 1108, 1073, 1024, 1000, 955, 873, 856, 844, 826, 797, 754, 742, 712, 687, 660; 'H
NMR (300 MHz, CDCl3) § 7.57 (s, 1H, H®"), 7.40 (d, ] = 9.0 Hz, 2H, H"), 7.34 (s, 1H, H™"),
6.8-6.7 (m, 3H, H™), 3.90 (s, 3H, OCH3), 3.82 (q, ] = 7.3 Hz, 2H, NCH,), 3.76 (s, 3H, OCH3),
3.73 (s, 3H, OCH3), 1.29 (t, ] = 7.3 Hz, 3H, CH,CHj3); 13C NMR (75.5 MHz, CDCls) § 158.3
(Car), 152.7 (C2r), 149.1 (Car), 138.3 (C2F), 135.9 (Car), 132.3 (C2F), 132.0 (Car), 128.8 (C), 127.7
(Car), 127.1 (C3%), 125.4 (C37), 115.4 (C37), 114.4 (C37), 113.6 (C31), 92.7 (C%), 60.5 (OCHg),
56.0 (OCH3), 55.1 (OCHjs), 40.1 (NCHy), 16.5 (CH,CHa); m/z (%) 464 (1) [M*], 330 (2), 239
(12), 210 (12), 135 (83), 57 (98), 43 (100).

4.3.2. Synthesis of Diethylimidazolium Iodides 4—Typical Procedure

Imidazoles 3 (1.00 equiv.) were dissolved in acetonitrile (60.0 mL/mmol) and treated
with ethyl iodide (55.0 equiv.). The reaction mixture was stirred at 85 °C for 24-70 h. The
reaction was concentrated in vacuum, and the residue was dissolved in a small amount of
CH,Cl, and dropped into Et,0, leading to the precipitation of the product. The solvent
was decanted, and the residue was dried in vacuum. The products were obtained as brown
or off-white solids or oils in yields of 74-91%.

4a: yield: 100% (quant.); '"H NMR (500 MHz, CDCl3) & 10.28 (s, 1H, NCHN), 7.33-7.29
(m, 2H, H?"), 7.22-7.18 (m, 2H, H®"), 7.11-7.07 (m, 2H, H¥), 6.91-6.87 (m, 2H, H%"), 4.27
(dq,J =7.3,4.7 Hz, 4H, NCHy), 3.79 (s, 3H, OCH3), 1.50 (dt, ] = 7.4, 1.6 Hz, 6H, CH,CH3);
13C NMR (126 MHz, CDCl3) § 163.61 (d, Jc.r = 252.0 Hz, C2%), 161.02 (NCN), 132.78 (d,
Jc-r = 8.6 Hz, C?r), 131.98 (C?"), 116.62 (d, Jc.r = 21.8 Hz, C?"), 114.78 (C=C), 55.41 (OCH3),
43.48 (vd, ] = 14.5 Hz, NCH)), 15.75 (CH,CHj3).

4b: yield: 85%; 'H NMR (500 MHz, CDCl3) § 10.29 (s, 1H, NCHN), 7.38-7.35 (m, 2H,
H®), 7.28-7.25 (m, 2H, H*"), 7.22-7.19 (m, 2H, H*"), 6.91-6.87 (m, 2H, H?"), 4.30-4.22 (m,
4H, NCH,), 3.79 (s, 3H, OCH3), 1.50 (dt, ] = 7.3, 3.9 Hz, 6H, CH,CH3); 13C NMR (126 MHz,
CDCl3) 6 161.08 (NCN), 136.71 (C?), 132.00 (d, | = 2.3 Hz, C?), 129.64 (C?"), 123.60 (C?"),
116.35 (C?r), 114.83 (C=C), 55.42 (OCH3), 43.57 (vd, ] = 22.7 Hz, NCH,), 15.78 (CH,CH3).

4c: yield: 91%; 'H NMR (500 MHz, CDCl3) § 10.30 (s, 1H, NCHN), 7.54-7.51 (m, 2H,
H?®),7.22-7.18 (m, 4H, H¥), 6.91-6.89 (m, 2H, H¥"), 4.29-4.25 (m, 4H, NCH), 3.79 (s, 3H,
OCHj3), 1.52-1.48 (m, 6H, CH,CH3); 13C NMR (126 MHz, CDCl3) 5 161.09 (NCN), 132.60
(€Car), 132.17 (C¥), 132.00 (C?r), 131.92 (C?r), 125.03 (C?), 124.09 (C¥), 114.84 (C=C), 114.74
(C=C), 55.42 (OCHj3), 43.66 (NCH,), 43.47 (NCH,), 15.78 (CH,CH3).

4d: yield: 80%; 'H NMR (500 MHz, CDCl3) & 10.27 (s, 1H, NCHN), 7.74-7.71 (m,
2H, Har), 7.23-7.17 (m, 2H, H¥), 7.07-7.02 (m, 2H, H™), 6.89 (dd, ] = 8.8, 3.6 Hz, 2H,
H), 4.30-4.23 (m, 4H, NCH,), 3.79 (s, 3H, OCH3), 1.66-1.30 (m, 6H, CH,CH3); *C NMR
(126 MHz, CDCl3) 6 161.08 (NCN), 138.50 (C?r), 132.16 (C?), 132.01 (C?), 131.92 (C?),
124.65 (C?), 114.84 (C=C), 114.74 (C=C), 55.43 (OCH3), 43.56 (vd, | = 23.6 Hz, NCH)),
15.79 (CH,CH).

4e: yield: 74%; '"H NMR (500 MHz, CDCl3) 6 10.27 (s, 1H, NCHN), 7.23-7.18 (m, 2H,
H?), 6.90-6.81 (m, 5H, H*"), 4.24 (dq, | = 23.8, 7.3 Hz, 4H, NCH,), 3.76 (s, 3H, OCH3), 1.48
(dt, ] = 18.7, 7.3 Hz, 6H, CH,CH3); *C NMR (126 MHz, CDCl3) § 169.95 (s, C*), 162,9 (dd,
Jc-r =251.1,13.2 Hz, C?®) 160.58 (NCN), 131.71 (C?), 130.92 (s, C?), 128.48 (s, C?"), 118.73
(s, C?), 114.61 (C=C), 114.26-113.91 (m, C?), 105.81 (t, Jc.r = 25.0 Hz, C?"), 55.44 (OCH3),
43.71 (vd, ] = 32.2 Hz, NCH)), 15.72 (CH,CHj3).

4f: yield: 70%; 'H NMR (500 MHz, CDCl3) § 10.38 (s, 1H, NCHN), 7.44 (t, ] = 1.9 Hz,
1H, H®), 7.27-7.23 (m, 4H, H%"), 6.97-6.93 (m, 2H, H*"), 4.29 (dq, ] = 9.3, 7.3 Hz, 4H, NCH),),
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3.83 (s, 3H, OCH3), 1.57 (t, ] = 7.3 Hz, 3H, CH,CH3), 1.52 (t, ] = 7.3 Hz, 3H, CH,CHj3); 13C
NMR (126 MHz, CDCl3) & 161.30 (NCN), 136.00 (C2"), 132.87 (C2%), 131.99 (C?), 130.76 (C?%),
129.00 (C?%), 128.18 (Ca7), 115.83 (C?r), 114.97 (C=C), 55.46 (OCH3), 43.71 (vd, | = 27.7 Hz,
NCH,), 15.77 (CH,CHj3), 15.75 (CH,CH3).

4g: yield: 89%; 'H NMR (500 MHz, CDCl3) & 10.36 (s, 1H, NCHN), 7.74 (t, ] = 1.8 Hz,
1H, H?"), 7.42 (s, 2H, H*), 7.25-7.22 (m, 2H, H¥), 6.96-6.92 (m, 2H, H¥"), 4.27 (p, ] = 7.2 Hz,
4H, NCH,), 3.82 (s, 3H, OCH3), 1.55 (t, ] = 7.3 Hz, 3H, CH,CH3), 1.50 (t, ] = 7.3 Hz, 3H,
CH,CHj3); 13C NMR (126 MHz, CDCl3) § 161.30 (NCN), 136.21 (C?%), 132.88 (C?7), 132.21
(Car), 131.98 (C2r), 128.68 (C%), 123.71 (C2"), 115.82 (C=C), 114.98 (C=C), 55.46 (OCH3), 43.70
(vd, ] = 25.9 Hz, NCH,), 15.77 (CH,CH3), 15.74 (CH,CHj3).

4h: yield: 100% (quant.); vmax(ATR)/cm~! 3438, 3128, 2978, 2937, 2837, 1609, 1596,
1559, 1521, 1507, 1462, 1428, 1386, 1350, 1293, 1250, 1230, 1177, 1139, 1111, 1091, 1019, 883,
840, 805, 765, 740; 'TH NMR (300 MHz, CDCl3) § 10.03 (s, 1H, H*"), 7.16 (d, ] = 8.8 Hz, 2H,
H), 6.9-6.8 (m, 4H, H®"), 6.71 (s, 1H, H¥), 4.3-4.1 (m, 4H, NCH,), 3.79 (s, 3H, OCH3), 3.72
(s, 3H, OCH3), 3.68 (s, 3H, OCH3), 1.5-1.3 (m, 6H, CH,CHj3); 13C NMR (75.5 MHz, CDCl3)
§ 160.6 (C2r), 150.2 (C2r), 149.0 (C?r), 134.8 (C?r), 131.8 (C?r), 131.5 (C?r), 131.4 (C?r), 123.3
(Cr), 116.9 (C?7), 116.7 (C?r), 114.5 (C2T), 113.2 (C?"), 111.2 (C?), 56.0 (OCH3), 55.7 (OCH3),
55.2 (OCH3), 43.3 (NCH)), 43.1 (NCH)), 15.6 (CH,CH3); m/z (%) 352 (13), 338 (100), 323
(32), 308 (16), 156 (16), 142 (42), 127 (23).

4i: yield: 100% (quant.); vmax(ATR)/cm ™! 3452, 3128, 2979, 2935, 2839, 1616, 1601,
1559, 1524, 1508, 1439, 1387, 1351, 1294, 1272, 1251, 1216, 1177, 1133, 1111, 1091, 1041, 1019,
896, 840, 806, 761, 742; "H NMR (300 MHz, CDCl3) & 10.04 (s, 1H, H*), 7.16 (d, ] = 8.8 Hz,
2H, H¥"), 7.1-6.9 (m, 3H, H*"), 6.83 (d, ] = 8.8 Hz, 2H, H¥), 4.3-4.1 (m, 4H, NCH,), 3.81 (s,
3H, OCH3), 3.72 (s, 3H, OCH3), 1.5-1.4 (m, 6H, CH,CH3); 1*C NMR (75.5 MHz, CDCl3) &
160.8 (C?), 153.4-150.1 (m, C?"), 149.1 (C?), 135.0 (C?"), 131.9-131.7 (m, C?), 130.3 (C?"),
127.9-127.3 (m, C?), 127.3 (C?"), 118.0-117.8 (m, C?"), 116.9 (C?"), 116.3 (C?T), 114.5 (C*),
113.7 (C?), 56.1 (OCH3), 55.2 (OCH3), 43.3 (NCH,), 43.2 (NCH,), 15.6 (CH,CH3), 15.5
(CH,CHg); m/z (%) 355 (3) [M*], 340 (13), 326 (100), 311 (53), 142 (24), 127 (17).

4j: yield: 100% (quant.); vmax(ATR)/cm ™! 3437, 3128, 2977, 2935, 2838, 1608, 1593,
1559, 1518, 1497, 1456, 1386, 1350, 1290, 1250, 1176, 1111, 1091, 1050, 1040, 1017, 964, 915,
846, 829, 805, 771, 743, 721, 682, 655; TH NMR (300 MHz, CDCl3) 6 10.08 (s, 1H, H"), 7.40
(s, 1H, H*), 7.3-7.1 (m, 3H, H¥), 6.9-6.8 (m, 3H, H¥"), 4.2-4.1 (m, 4H, NCH>), 3.82 (s, 3H,
OCHj3), 3.73 (s, 3H, H"), 1.5-1.4 (m, 6H, CH,CH3); 13C NMR (75.5 MHz, CDCl3) 5 160.8
(C2r), 160.7 (C2r), 157.1 (C2r), 135.1 (C?T), 134.9 (C), 134.7 (C), 132.0 (C?), 131.7 (C),
131.5 (Cr), 131.4 (C?), 130.2 (C2*), 118.1 (C), 116.7 (C*), 116.3 (C?r), 114.6 (C?r), 114.5
(C2r), 112.2 (C?r), 112.0 (C?), 56.3 (OCH3), 55.2 (OCH3), 43.3 (NCH,), 43.1 (NCH)), 15.6
(CH,CHz), 15.5 (CH,CHz); m/z (%) 418 (3) [M*], 416 (3) [M*], 402 (17), 400 (16), 388 (63),
386 (67), 373 (37), 371 (34), 308 (43), 142 (100), 127 (53).

4n: yield: 100% (quant.); Vmax(ATR)/ cm 1 2973, 2937, 2837, 1606, 1549, 1515, 1482,
1462, 1413, 1397, 1351, 1293, 1250, 1177, 1149, 1110, 1091, 1022, 998, 892, 840, 799, 775, 724,
687; TH NMR (300 MHz, CDCl3) & 10.05 (s, 1H, H*), 7.3-7.2 (m, 3H, H*"), 6.9-6.8 (m, 3H,
H?), 4.3-4.1 (m, 4H, NCH,), 3.77 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 1.50
(t,] = 7.3 Hz, 3H, CH,CHj3), 1.43 (t, ] = 7.3 Hz, 3H, CH,CH3); 13C NMR (75.5 MHz, CDCl3)
5 160.9 (C?r), 152.5 (C?r), 150.1 (C?r), 135.3 (C?r), 132.2 (C?r), 131.8 (C?r), 131.5 (C?r), 129.9
(C2r), 122.6 (C7), 116.4 (C?), 115.5 (C?T), 114.4 (C2r), 114.1 (C?%), 92.5 (C), 60.5 (OCH3),
56.4 (OCH3), 55.2 (OCH3), 43.5 (NCH,), 43.2 (NCH),), 15.6 (CH,CHj3), 15.4 (CH,CH3); m/z
(%) 464 (1) [M*], 330 (2), 239 (12), 210 (12), 135 (83), 57 (98), 43 (100).

4.3.3. Synthesis of Chloridogold(I) Complexes 5—Typical Procedure

Imidazolium salts 4 (1.00 equiv.) were dissolved in CH,Cl, (30 mL/mmol) and Ag,O
(0.60 equiv.) was added. The reaction mixture was stirred at room temperature for 6 h at r.t.
in the dark. Thereupon, AuCl(SMe2) (1.10 equiv.) was added, and the reaction mixture was
stirred at room temperature for 24 h in the dark. The mixture was filtered through Celite®,
the filtrate was concentrated in vacuum, and the product was recrystallized from CH,Cl,/
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n-pentane or CHyCly /n-hexane. The products were obtained as colorless or off-white solids
or gums in yields of 72-96%.

5a: yield: 96%; mp 140 °C; vmax(ATR)/cm~! 2971, 2839, 1635, 1599, 1574, 1519, 1503,
1459, 1414, 1371, 1344, 1315, 1291, 1247, 1221, 1175, 1157, 1109, 1095, 1055, 1026, 1014, 960,
834, 821, 810, 788, 738, 724, 691, 658; '"H NMR (500 MHz, CDCl3) § 7.30-7.16 (m, 2H, H?"),
7.12-7.08 (m, 2H, H?"), 7.07-7.03 (m, 2H, H%"), 6.89-6.85 (m, 2H, H*"), 4.16 (dq, ] =7.2 Hz, 3.8
Hz, 4H, NCH,), 3.80 (s, 3H, OCH3), 1.29 (t, ] = 7.2 Hz, 6H, CH,CH3); '3C NMR (125 MHz,
CDCl3) 6 169.1 (NCN), 163.2 (d, Jc.p = 245.7 Hz, C?), 160.4 (C?"), 132.6 (d, Jc.r = 8.5 Hz,
Car), 131.9 (Car), 131.4 (C?a), 130.0 (C?), 124.0 (C?r), 119.5 (C?*), 116.4 (C?"), 116.2 (C?"), 114.5
(C=0C), 55.42 (OCH3), 44.49 (NCH,), 44.43 (NCH,), 17.05 (CH,CH3); m/z (%) 568 (34) [M*],
566 (100) [M*], 521 (83) [M™—Cl], 519 (48), 492 (17), 323 (52) [M*-AuCl].

5b: yield: 84%; mp 186 °C; vmax(ATR)/cm~! 2994, 2971, 2928, 2838, 1635, 1608, 1591,
1574, 1514, 1489, 1459, 1442, 1406, 1365, 1344, 1315, 1290, 1247, 1174, 1108, 1091, 1056, 1028,
1013, 963, 841, 831, 810, 791, 733, 722, 710, 690; 'H NMR (500 MHz, CDCl3) § 7.35-7.31
(m, 2H, H®"), 7.15-7.12 (m, 2H, H?"), 7.12-7.08 (m, 2H, H?"), 6.90-6.83 (m, 2H, H*"), 4.17
(vdq,J =11 Hz, 7.3 Hz, 4H, NCH>), 3.80 (s, 3H, OCH3), 1.29 (t, ] = 7.1 Hz, 6H, CH,CH3);
13C NMR (125 MHz, CDCl3) § 169.4 (NCN), 160.5 (C?%), 135.7 (C?r), 131.9 (C?"), 131.8 (C?"),
131.5 (C?), 129.8 (C?r), 129.4 (Ca), 126.5 (C?*), 119.4 (C?), 114.6 (C=C), 55.43 (OCH3), 44.55
(NCH,), 17.06 (CH,CH3); m/z (%) 574 (71) [M*], 572 (100) [M™*], 537 (72) [M*—Cl], 535 (74),
339 (62) [MT-AuCl].

5¢: yield: 87%; mp. 183 °C; vmax(ATR)/cm~! 2972, 2828, 2837, 1634, 1606, 1587, 1573,
1513, 1487, 1459, 1405, 1390, 1365, 1314, 1289, 1246, 1174, 1108, 1085, 1071, 1055, 1027, 1009,
963, 840, 829, 809, 789, 736, 723, 704, 690; 'H NMR (500 MHz, CDCl3) § 7.51-7.47 (m, 2H,
HAr), 7.12-7.04 (m, 4H, H™), 6.87 (dd, | = 9.3 Hz, 7.5 Hz, 2H, H™), 417 (dq, ] = 12.8 Hz,
7.2 Hz, 4H, NCH), 3.80 (s, 3H, OCH3), 1.29 (dt, ] = 7.2 Hz, 1.7 Hz, 6H, CH,CH3); *C NMR
(125 MHz, CDCl3) 4 169.5 (NCN), 160.5 (C?), 132.3 (C?), 132.1 (C?), 131.9 (C?"), 131.4 (C?7),
129.8 (Car), 127.0 (C?r), 119.3 (C?), 114.6 (C=C), 114.4 (C=C), 55.43 (OCH3), 44.56 (NCH,C),
44.44 (NCH,), 17.07 (CH,CHg); m/z (%) 618 (100) [M*], 616 (72) [M*], 583 (64) [M*-Cl], 581
(86) [M*-C1], 383 (42) [M*-AuCl], 134 (41).

5d: yield: 86%; mp 188 °C; vmax(ATR)/cm~! 2998, 2970, 2931, 2833, 1635, 1608, 1573,
1512, 1482, 1461, 1414, 1387, 1346, 1315, 1290, 1245, 1175, 1109, 1082, 1061, 1028, 1005, 841,
801, 736, 722, 692; 'H NMR (500 MHz, CDCl3) § 7.71-7.66 (m, 2H, H%), 7.11-7.08 (m, 2H,
H%), 6.94-6.91 (m, 2H, H*"), 6.90-6.86 (m, 2H, H*"), 4.17 (dq, ] = 14 Hz, 7.2 Hz, 4H, NCH,),
3.80 (s, 3H, OCH3), 1.29 (dt, ] = 7.2 Hz, 3.2 Hz, 6H, CH,CH3); 3C NMR (125 MHz, CDCls)
5169.5 (NCN), 160.5 (C?), 138.3 (Car), 132.1 (C?"), 131.9 (C?), 131.4 (C?"), 130.0, 127.5 (C?),
119.3 (C&), 114.5 (C=C), 114.4 (C=C), 55.43 (OCH3), 44.56 (NCH,), 44.44 (NCH,), 17.04
(CH,CHg); m/z (%) 666 (37) [M*], 664 (100) [M*], 629 (62) [M*-Cl], 431 (27) [MT-AuCl]

5e: yield: 72%; mp 205 °C; Umax(ATR)/cm ™1 3974, 2928, 2840, 1618, 1590, 1516, 1463,
1433, 1416, 1366, 1345, 1326, 1292, 1274, 1252, 1176, 1117, 1092, 1053, 1029, 986, 868, 836,
812,787, 766, 687; 'H NMR (500 MHz, CDCl3) § 7.13-7.08 (m, 2H, H?"), 6.93-6.88 (m, 2H,
H®), 6.83 (tt, | = 8.8 Hz, 2.3 Hz, 1H, H¥), 6.76-6.72 (m, 2H, H*"), 422 (q, ] = 7.2 Hz, 2H,
NCHy), 4.15 (q, 3] = 7.2 Hz, 2H, NCH,), 3.82 (s, 3H, OCH3), 1.31 (dt, ] = 14 Hz, 7.2 Hz, 6H,
CH,CH3); 3C NMR (125 MHz, CDCl3) 6 170.1 (NCN), 162.9 (dd, Jc.r = 245.7 Hz, 12.6 Hz,
Car), 160.7 (C3), 131.9 (C?), 131.8 (C?a), 131.0 (C?r), 128.6 (Ca), 118.9 (C?"), 114.7 (C=C),
113.9 (C=C), 55.47 (OCH3), 44.73 (NCHy), 44.52 (NCH,), 17.07 (CH,CH3); m/z (%) 576 (33)
[M*], 574 (100) [M*], 539 (67) [M™-Cl], 341 (42) [M*-AuCl].

5f: yield: 87%; mp 260 °C; Umax(ATR)/cm ™! 3064, 2974, 2928, 2837, 1640, 1609, 1583,
1558, 1515, 1461, 1440, 1416, 1378, 1345, 1309, 1293, 1254, 1176, 1132, 1119, 1103, 1032, 974,
867, 851, 831, 803, 746, 685; 'H NMR (500 MHz, CDCl3) & 7.37 (t, ] = 1.9 Hz, 1H, H"),
7.13-7.09 (m, 4H, H"), 6.94-6.88 (m, 2H, H*"), 4.17 (vdq, ] =20 Hz, 7.2 Hz, 4H, NCH), 3.82
(s, 3H, OCH3), 1.31 (vdt, ] = 17 Hz, 7.1 Hz, 6H, CH,CH3); 13C NMR (125 MHz, CDCl3) &
170.1 (NCN), 160.7 (C?), 135.7 (C?"), 132.1 (C?), 131.8 (C?"), 131.0 (C?"), 129.8 (C?), 128.9
(Car), 128.2 (C?), 118.7 (C?), 114.7 (C=C), 55.48 (OCH3), 44.73 (NCH,), 44.53 (NCH,), 17.14
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(CH,CH3), 17.03 (CH,CH3); m/z (%) 610 (32) [M*], 608 (100) [M*], 606 (97) [M*], 573 (33)
[M*—Cl1], 571 (74) [M*—Cl], 569 (46), 375 (26) [M*—AuCl], 373 (41) [M*-AuCl].

5g: yield: 92%; mp 266 °C; Umax(ATR)/cm~! 3068, 2972, 2928, 2840, 1604, 1578, 1542,
1514, 1461, 1412, 1376, 1345, 1293, 1254, 1176, 1032, 972, 865, 846, 808, 751, 736, 684; 'H
NMR (500 MHz, CDCl3) 6 7.67 (t, ] = 1.7 Hz, 1H, H*), 7.30 (d, ] = 1.7 Hz, 2H, H*"), 7.14-7.07
(m, 2H, H¥), 6.95-6.89 (m, 2H, H"), 4.16 (vdq, ] = 18.6 Hz, 7.0 Hz, 4H, NCH,), 3.82 (s, 3H,
OCHj3), 1.31 (vdt, ] = 20 Hz, 7.2 Hz, 6H, CH,CH3); 1*C NMR (125 MHz, CDCl3) $ 170.0
(NCN), 160.7 (C2T), 135.2 (C?r), 132.2 (C?r), 131.9 (C2r), 131.4 (C2r), 128.1 (Cr), 123.5 (C2),
119.7 (C2r), 115.7 (C=C), 55.49 (OCH3), 44.72 (NCH,), 44.53 (NCH>), 17.15 (CH,CHj3), 17.03
(CH,CH3); m/z (%) 698 (75) [M*], 696 (100) [M*], 694 (44) [M*], 663 (35) [M*—Cl], 661 (87)
[M*—Cl1], 650 (68), 463 (30) [M*—AuCl], 134 (24).

5h: yield: 94%; mp > 100 °C (dec.); Umax(ATR)/cm ™! 2963, 2934, 2836, 1610, 1597, 1520,
1506, 1461, 1417, 1377, 1346, 1324, 1291, 1251, 1171, 1139, 1110, 1089, 1022, 974, 886, 839, 809,
764,737, 694; "TH NMR (300 MHz, CDCl3) § 7.2-7.1 (m, 2H, H?"), 6.9-6.7 (m, 4H, H™), 6.61
(s, 1H, H™), 4.2-4.1 (m, 4H, NCH,), 3.85 (3 H, s, OCH3), 3.78 (3 H, s, OCH3), 3.73 (3 H, s,
OCH3), 1.4-1.2 (m, 6H, CH,CH3); 3C NMR (75.5 MHz, CDCl3) § 168.7 (NCN), 160.2 (C),
149.7 (Cr), 148.9 (C2r), 131.9 (C?), 131.7 (C?%), 130.9 (C2"), 123.3 (C?), 120.1(C?"), 119.9 (Ca7),
114.4 (C7), 114.3 (C?%), 113.3 (C?%), 111.2 (C?), 55.9 (OCH3), 55.8 (OCH3), 55.3 (OCH3), 44.3
(NCHy,), 44.2 (NCH,), 17.0 (CH,CH3), 16.9 (CH,CH3); m/z (%) 600 (35) [M*], 598 (100)
[M*], 563 (23) [M*—Cl], 561 (17) [M*—Cl], 365 (26), 50 (24).

5i: yield: 94%; mp >120 °C (dec.); Umax(ATR)/cm ™1 2977, 2935, 2840, 1617, 1599, 1575,
1522, 1506, 1459, 1434, 1405, 1380, 1342, 1291, 1272, 1249, 1180, 1135, 1108, 1090, 1048,
1022, 976, 896, 872, 840, 827, 808, 781, 761, 736, 696, 'H NMR (300 MHz, CDCl3) 5 7.08 (d,
] = 8.8 Hz, 2H, H™), 6.9-6.8 (m, 5H, H"), 4.2-4.1 (m, 4H, NCH), 3.86 (s, 3H, OCH3), 3.79 (s,
3H, OCH3), 1.4-1.3 (m, 6H, CH,CH3); '3C NMR (75.5 MHz, CDCl3) & 169.0 (NCN), 160.3
(Car), 150.6-153.3 (m, C%), 148.3 (C2T), 131.8-131.7 (m, C?7), 131.2 (C?"), 126.9-126.8 (m, C),
120.3 (Cr), 119.4 (C?r), 118.3-118.0 (m, C?r), 114.5-114.3 (m, C?r), 113.4 (C?), 56.1 (OCH3),
55.3 (OCH3), 44.3 (NCH,), 16.9 (CH,CH3); m/z (%) 588 (34) [M*], 586 (100) [M*], 551 (34)
[M*—Cl], 549 (31) [M*—Cl], 353 (44) [M*—AuCl], 50 (26).

5j: yield: 73%; vmax(ATR)/cm ™1 2969, 2837, 1608, 1593, 1516, 1495, 1460, 1411, 1378,
1345, 1288, 1249, 1176, 1109, 1089, 1050, 1021, 888, 848, 832, 809, 721, 682; 'H NMR (300 MHz,
CDCl3) 5 7.40 (1 H, s, H*), 7.1-7.0 (m, 3H, H*"), 6.9-6.8 (m, 3H, H®"), 4.2-4.1 (m, 4H, NCH?2),
3.87 (s, 3H, OCHj3), 3.79 (s, 3H, OCH3), 1.3-1.2 (m, 6H, CH,CH3); 3C NMR (75.5 MHz,
CDCl3) § 169.0 (NCN), 160.3 (C2%), 156.7 (C2%), 135.1 (C2"), 131.9 (C2"), 131.8 (C2'), 131.3
(C2r), 131.0 (C?r), 129.3 (C2r), 121.2 (C?7), 119.4 (C¥), 114.4 (C*), 114.3 (C?), 112.0 (C),
111.8 (C), 56.3 (OCH3), 55.3 (OCH3), 44.3 (NCH,), 17.0 (CH,CHj3), 16.9 (CH,CH3); m/z
(%) 648 (66) [M*], 646 (48) [M*], 611 (20) [M*—Cl], 570 (36), 568 (100), 533 (28), 531 (26), 335
(41), 135 (24), 50 (36).

51: yield: 75%; mp >110 °C (dec.); Umax(ATR)/cm ™! 2973, 2938, 2833, 1608, 1563, 1515,
1492, 1461, 1411, 1319, 1293, 1252, 1175, 1109, 1091, 1043, 1003, 901, 835, 812, 755, 709; 'H
NMR (300 MHz, CDCl3)  7.11 (d, ] = 8.8 Hz, 2H, H™), 6.88 (d, ] = 8.8 Hz, 2H, H"), 6.85 (s,
1H, H™), 6.54 (s, 1H, H*), 4.2-4.1 (m, 4H, NCH,), 3.85 (s, 3H, OCH3), 3.80 (s, 3H, OCHj3),
3.70 (s, 3H, OCH3), 1.34 (t, ] = 7.2 Hz, 3H, CH,CH3), 1.28 (t, ] = 7.2 Hz, 3H, CH,CHj3); 13C
NMR (75.5 MHz, CDCl3) § 169.3 (NCN), 160.4 (C?%), 153.8 (C%), 146.2 (C?"), 131.8 (C™),
131.2 (C7), 129.6 (Cr), 128.7 (C2r), 123.9 (C2r), 119.3 (C2*), 114.5 (C?r), 114.3 (C?7), 113.2
(C?r), 60.8 (OCH3), 56.2 (OCH3), 55.3 (OCH3), 44.5 (NCH,), 44.3 (NCH)), 17.1 (CH,CH3),
16.9 (CH,CH3); m/z (%) 634 (36) [M*], 632 (59) [M*], 586 (100), 567 (33), 549 (34), 353 (52),
134 (33), 50 (100).

5m: yield: 84%; mp >100 °C (dec.); Umax(ATR)/cm ™1 2970, 2934, 2833, 1607, 1589, 1555,
1514, 1488, 1461, 1410, 1346, 1319, 1292, 1250, 1176, 1156, 1110, 1090, 1027, 998, 896, 840, 810,
754, 699, 662; 'H NMR (300 MHz, CDCl3) § 7.11 (d, ] = 8.8 Hz, 2H, H?"), 7.02 (s, 1H, H™),
6.89 (d, ] = 8.8 Hz, 2H, H™), 6.57 (s, 1H, H¥"), 4.2—4.1 (m, 4H, NCH,), 3.84 (s, 3H, OCH3),
3.80 (s, 3H, OCH3), 3.69 (s, 3H, OCHj3), 1.4-1.2 (m, 6H, CH,CH3); 3C NMR (75.5 MHz,
CDCl3) § 169.3 (NCN), 160.4 (C2%), 153.6 (C2%), 147.2 (C?*), 131.7 (C?"), 131.3 (C?*), 129.4
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(C%), 126.6 (Ca%), 124.6 (C), 119.3 (Car), 118.0 (Cr), 114.5 (C7), 113.9 (Cr), 60.7 (OCH3),
56.1 (OCH3), 55.3 (OCH3), 44.5 (NCHy), 44.3 (NCHy), 17.1 (CH,CHs), 16.9 (CH,CHz); m/z
(%) 678 (100) [M*], 676 (73) [M*], 643 (67) [M*~Cl], 641 (76) [M*~Cl], 445 (14) [M*-AuCl],
443 (14) [M*-AuCl], 50 (50).

5n: yield: 50%; mp >100 °C (dec.); Umax(ATR)/cm ! 2970, 2933, 2835, 1606, 1585, 1513,
1482, 1460, 1408, 1345, 1317, 1291, 1249, 1176, 1153, 1109, 1089, 1025, 997, 894, 839, 800, 752,
692, 659; 'TH NMR (300 MHz, CDCls) 5 7.23 (s, 1H, H"), 7.11 (d, ] = 8.8 Hz, 2H, H), 6.88 (d,
] = 8.8 Hz, 2H, H™), 6.59 (s, 1H, H™), 4.2-4.1 (m, 4H, NCH,), 3.82 (s, 3H, OCH3), 3.79 (s,
3H, OCHj3), 3.67 (s, 3H, OCHj), 1.4-1.2 (m, 6H, CH,CH3); 13C NMR (75.5 MHz, CDCl3)
169.2 (NCN), 160.4 (Car), 152.4 (C), 149.7 (C3%), 132.2 (C?r), 131.9 (C?r), 131.2 (C37), 129.2
(Car), 125.4 (Car), 119.3 (Car), 115.0 (C3T), 114.4 (C), 114.3 (C), 92.5 (C), 60.5 (OCH;), 56.3
(OCHj,), 55.3 (OCHj), 44.4 (NCH,), 44.3 (NCH,), 17.1 (CH,CHj), 16.9 (CH,CHg); m/z (%)
726 (7) [M*], 724 (24) [M*], 689 (84) [M*—Cl], 660 (36), 563 (42), 533 (83), 142 (34), 50 (100).

4.3.4. Synthesis of lodidogold(I) Complexes 6—Typical Procedure

Chlorido-Au(I) complexes 5 (1.00 equiv.) were dissolved in acetone (45.0 mL/mmol)
and treated with KI (4.00 equiv.). The reaction mixture was stirred at room temperature
for 24 h. The solvent was removed in vacuum, and the residue was resuspended in
CH,Cl,. The suspension was filtered through Celite® and a plug of silicate, the filtrate was
concentrated in vacuum, and the residue was recrystallized from CH,Cl, /n-pentane or
CH;,Cl, /n-hexane. The products were obtained as colorless solids in yields of 63-100%.

6a: yield: 96%; mp 168 °C; vmax(ATR)/cm ™1 2972, 2931, 2838, 1631, 1599, 1573, 1519,
1503, 1459, 1412, 1378, 1345, 1314, 1291, 1248, 1223, 1175, 1157, 1109, 1093, 1054, 1041, 1026,
958, 836, 821, 811, 739, 723, 688, 658; 'H NMR (500 MHz, CDCl3) § 7.22-7.16 (m, 2H, H*"),
7.12-7.08 (m, 2H, H®"), 7.08-7.03 (m, 2H, H®"), 6.89-6.85 (m, 2H, H*"), 4.16 (vdq, ] = 7.3 Hz,
3.9 Hz, 4H, NCH5,), 3.80 (s, 3H, OCH3), 1.31 (vdt, | = 7.0 Hz, 1.7 Hz, 6H, CH,CH3); 13C
NMR (125 MHz, CDCl3) 5 179.8 (NCN), 163.2 (d, Jc.r = 245.7 Hz, C), 160.4 (Cr), 132.6
(C¥), 132.5 (C?7), 131.9 (C?"), 131.2 (C?"), 129.8 (C*), 119.5 (C), 116.4 (C*), 116.2 (C*),
114.5 (C=C), 55.43 (OCH3), 44.14 (NCH)), 17.09 (CH,CH3); m/z (%) 648 (63) [M*], 521 (100)
[M*-I]; anal. calcd. for CooH>1 AuFIN,O: C, 37.06; H, 3.27; N, 4.32. Found: C, 37.74; H, 3.31;
N, 4.29.

6b: yield: 100% (quant.); mp 175 °C; vmax(ATR)/cm ™1 2970, 2828, 2833, 1635, 1607,
1572, 1513, 1489, 1460, 1408, 1377, 1344, 1291, 1248, 1175, 1090, 1025, 1013, 835, 795, 734;
'H-NMR (500 MHz, CDCl3) § 7.36-7.32 (m, 2H, H), 7.17-7.12 (m, 2H, H), 7.12-7.08 (m,
2H, H*), 6.91-6.85 (m, 2H, H%"), 4.17 (vdq, ] = 11 Hz, 7.3 Hz, 4H, NCH), 3.80 (s, 3H, OCH3),
1.31 (t, ] = 7.4 Hz, 6H, CH,CH3); 13C NMR (125 MHz, CDCl3) § 180.1 (NCN), 160.5 (C),
135.7 (C®), 131.9 (C?7), 131.8 (C?"), 131.3 (C), 129.7 (C?"), 129.4 (C?"), 126.5 (C?"), 119.4 (C*),
114.6 (C=C), 55.44 (OCH3), 44.20 (NCH,), 44.10 (NCHy,), 17.11 (CH,CH3); m/z (%) 666 (18)
[M*], 664 (53) [M*], 539 (36) [M*-I], 537 (100) [M*-I]; anal. calcd. for CooHy; AuClIN,O: C,
36.14; H, 3.18; N, 4.21. Found: C, 36.81; H, 3.15; N, 4.17.

6c: yield: 96%; mp 170 °C; vmax(ATR)/cm ™! 2969, 2930, 2836, 1635, 1607, 1586, 1573,
1513, 1485, 1459, 1440, 1416, 1384, 1369, 1345, 1314, 1291, 1245, 1174, 1109, 1099, 1082, 1069,
1028, 1009, 955, 833, 812, 795, 735, 724, 703, 688, 662; 'H NMR (500 MHz, CDCl3) & 7.51-7.47
(m, 2H, H®"), 7.12-7.06 (m, 4H, H*"), 6.90-6.84 (m, 2H, H%"), 4.18 (vdq, ] = 12.8 Hz, 7.2 Hz,
4H, NCH,), 3.81 (s, 3H, OCHj3), 1.31 (vdt, | = 7.2 Hz, 2.2 Hz, 6H, CH,CH3); *C NMR
(125 MHz, CDCl3) § 180.2 (NCN), 160.5 (C?"), 132.3 (C?"), 132.1 (C?"), 131.9 (C?"), 131.3 (C?),
131.0 (C?r), 127.0 (C?7), 119.4 (C*), 114.6 (C=C), 114.4 (C=C), 55.44 (OCH3), 44.21 (NCHy),
44.10 (NCHy), 17.11 (CH,CHs); m/z (%) 710 (53) [M*], 708 (54) [M*], 660 (23), 583 (92)
[M*-I], 581 (100) [M*-I], 533 (47); anal. calcd. for CoyHy1 AuBrIN,O: C, 33.87; H, 2.98; N,
3.95. Found: C, 34.71; H, 2.94; N, 4.07.

6d: yield: 91%; mp 143 °C; vmax(ATR)/cm ! 2994, 2968, 2928, 2834, 1634, 1607, 1583,
1512, 1482, 1460, 1415, 1385, 1369, 1345, 1314, 1291, 1245, 1174, 1109, 1082, 1061, 1027, 1005,
956, 831, 812, 794, 735, 722, 697; 'H NMR (500 MHz, CDCl3) § 7.71-7.68 (m, 2H, H™),
7.13-7.07 (m, 2H, H*), 6.97-6.91 (m, 2H, H*"), 6.90-6.83 (m, 2H, H*"), 4.17 (vdq, | = 14.2 Hz,
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7.1 Hz, 4H, NCH,), 3.81 (s, 3H, OCH3), 1.31 (vdt, ] = 7.2 Hz, 3.3 Hz, 6H, CH,CHj3); 13C
NMR (125 MHz, CDCl3) 4 180.2 (NCN), 160.5 (C?), 138.3 (C2r), 132.1 (C?), 131.9 (C?),
131.2 (C?r), 129.8 (Cr), 127.5 (Car), 119.4 (C?), 114.6 (C=C), 114.4 (C=C), 55.44 (OCH3), 44.21
(NCH)y), 44.09 (NCHy), 17.13 (CH,CH3), 17.09 (CH,CH3); m/z (%) 756 (67) [M*], 660 (23),
629 (100), 533 (43) [M*-I], 502 (20); anal. calcd. for CooHy Aul,N,O: C, 31.77; H, 2.80; N,
3.70. Found: C, 32.26; H, 2.83; N, 3.67.

6e: yield: 93%; mp 164 °C; vmax(ATR)/cm ! 2965, 2928, 2833, 1616, 1589, 1513, 1459,
1446, 1432, 115, 1371, 1293, 1273, 1249, 1176, 1122, 1090, 1052, 1030, 1011, 991, 961, 880,
863, 836, 810, 786, 763, 736, 720, 686; 'H NMR (500 MHz, CDCl3) § 7.14-7.09 (m, 2H, H2"),
6.92-6.88 (m, 2H, H*"), 6.83 (tt, ] = 8.8 Hz, 2.3 Hz, 1H, H%"), 6.77-6.71 (m, 2H, H*"), 4.23 (q,
J=7.4Hz, 2H,NCH), 4.16 (q, ] =7.3 Hz, 2H, NCH,), 3.82 (s, 3H, OCH3), 1.33 (dt, | = 14 Hz,
7.2, 6H, CH,CHj3); 13C NMR (125 MHz, CDCl3) § 181.7 (NCN), 162.9 (dd, Jc.r = 252.2 Hz,
13.5 Hz, C%), 160.7 (Ca%), 131.9 (Car), 131.8 (Car), 131.1 (C), 128.4 (C7), 119.9 (Car), 114.7
(C=QC), 113.9 (C=C), 55.47 (OCH3), 44.37 (NCH,), 44.17 (NCH,), 17.07 (CH,CH3); m/z (%)
666 (53) [M*], 539 (100) [M*-I]; anal. calcd. for CooHygAuF,IN,O: C, 36.05; H, 3.03; N, 4.20.
Found: C, 36.49; H, 3.00; N, 4.26.

6f: yield: 93%; mp 163 °C; vmax(ATR)/ cm 1 3078, 2976, 2952, 2931, 2835, 1631, 1605,
1583, 1558, 1512, 1440, 1415, 1379, 1346, 1305, 1292, 1250, 1175, 1126, 1110, 1090, 1051, 1027,
1007, 972, 888, 866, 850, 826, 802, 744, 682; 'H NMR (500 MHz, CDCl3) 5 7.37 (t, ] = 1.9 Hz,
1H, 1H, H*"), 7.15-7.10 (m, 4H, H*"), 6.91 (d, ] = 8.4 Hz, 2H, H*"),4.17 (vdq, ] =20 Hz, 7.4 Hz,
4H, NCH,), 3.82 (s, 3H, OCH3), 1.32 (vdt, ] = 17.8 Hz, 7.1 Hz, 6H, CH,CH3); *C NMR (125
MHz, CDCl3) 6 180.5 (NCN), 160.7 (C?), 135.6 (C?T), 132.0 (C?r), 131.9 (C?"), 131.0 (C),
129.7 (Ca), 128.9 (C?r), 128.1 (C?), 118.8 (C?), 114.7 (C=C), 55.48 (OCH3), 44.36 (NCHy),
44.18 (NCHy), 17.18 (CH,CH3), 17.08 (CH,CH3); m/z (%) 700 (33) [M*], 698 (52) [M*], 573
(64) [M*-I], 571 (100) [M*-I]; anal. calcd. for CooHgAuClL,IN,O: C, 34.36; H, 2.88; N, 4.01.
Found: C, 34.68; H, 2.85; N, 4.04.

6g: yield: 83%; mp 177 °C; vmax(ATR)/ cm 1 3064, 2972, 2931, 2833, 1628, 1605, 1579,
1544,1512, 1460, 1438, 1409, 1377, 1344, 1306, 1292, 1250, 1175, 1102, 1050, 1026, 971, 888,
845, 806, 752, 734, 682; TH NMR (500 MHz, CDCl3)  7.68 (t, ] = 1.8 Hz, 1H, H*"), 7.31 (d,
J=17Hz, 2H, H*"), 7.12 (d, | = 8.7 Hz, 2H, H*), 6.91 (d, | = 8.7 Hz, 2H, H¥"), 4.17 (vdq,
] =17 Hz, 7.1 Hz, 4H, NCH,), 3.83 (s, 3H, OCH3), 1.32 (vdt, ] = 21 Hz, 7.2 Hz, 6H, CH,CH3);
13C NMR (125 MHz, CDCl3) § 180.7 (NCN), 160.7 (C2r), 135.2 (C?r), 132.2 (C?), 132.0 (C?"),
131.9 (Car), 131.5 (C?r), 127.9 (Car), 123.4 (C3r), 118.7 (Car), 114.7 (C=C), 55.50 (OCH3), 44.36
(NCH3), 44.18 (NCH,), 17.20 (CH,CH3), 17.07 (CH,CH3g); m/z (%) 790 (23) [M*], 788 (52)
[M*], 786 (25) [M*], 663 (66) [M*-I], 661 (100) [M*-I], 659 (54) [M*-I]; anal. calcd. for
CyoHypAuBr,IN,O: C, 30.48; H, 2.56; N, 3.55. Found: C, 30.81; H, 2.52; N, 3.58.

6h: yield: 63%; mp 181-182 °C; vmax(ATR)/cm ™1 2989, 2950, 2931, 2900, 1610, 1598,
1582, 1520, 1506, 1460, 1417, 1379, 1362, 1346, 1309, 1294, 1252, 1237, 1174, 1136, 1090, 1022,
975, 889, 877, 833, 819, 808, 797, 778, 762, 736, 718, 687, 666; 'H NMR (300 MHz, CDCl3) &
7.11 (d, ] = 8.8 Hz, 2H, H*), 6.9-6.7 (m, 4H, H*"), 6.62 (s, 1H, H*"), 4.2-4.1 (m, 4H, NCH,),
3.85 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 1.4-1.2 (m, 6H, CH,CH3); 13C
NMR (75.5 MHz, CDCl3) 6 179.3 (NCN), 160.1 (C?), 149.6 (C?), 148.9 (C?"), 131.7 (C?),
130.7 (Car), 130.5 (Car), 123.2 (C2%), 120.1 (Car), 119.8 (C), 114.3 (C2r), 113.3 (C), 111.1
(Car), 55.9 (OCH3), 55.8 (OCH3), 55.3 (OCH3), 44.0 (NCH>), 43.9 (NCH,), 17.1 (CH,CH3),
16.9 (CH,CH3); m/z (%) 690 (27) [M*], 660 (7), 564 (100) [M*-I], 547 (13), 533 (17), 282 (8);
anal. calcd. for CooHpe AulN,O3: C, 38.28; H, 3.80; N, 4.06. Found: C, 38.72; H, 3.83; N, 4.03.

6i: yield: 79%; mp 168-169 °C; UmaX(ATR)/CIn_1 2971, 2938, 2838, 1602, 1574, 1520,
1505, 1459, 1442, 1416, 1371, 1345, 1316, 1302, 1290, 1269, 1245, 1227, 1175, 1133, 1121,
1109, 1089, 1047, 1025, 1009, 977, 961, 898, 887, 837, 807, 777, 762, 736, 720, 687, 666; 'H
NMR (300 MHz, CDCl3) & 7.09 (d, ] = 8.5 Hz, 2H, H*"), 6.9-6.8 (m, 5H, H®"), 4.2-4.1 (m,
4H, NCH,), 3.86 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 1.4-1.2 (m, 6H, CH,CH3); 13C NMR
(75.5 MHz, CDCl3) 6 179.6 (NCN), 160.3 (C2"), 153.5-150.2 (m, C?"), 148.5 (C?), 131.8-131.7
(m, C?), 131.0 (C?"), 129.4 (C?"), 126.9 (C?7), 120.3-120.2 (m, C?"), 119.4 (C?"), 118.3-118.0
(m, (C2)), 114.4-114.3 (m, C?), 113.4 (C?"), 56.1 (OCHj3), 55.3 (OCH3), 44.0 (NCH>), 43.9
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(NCH3), 16.9 (CH,CHg); m/z (%) 678 (48) [M*], 660 (7), 552 (100) [M*-I], 276 (12); anal.
caled. for Cy1Hy3 AuFIN,Os: C, 37.19; H, 3.42; N, 4.13. Found: C, 37.74; H, 3.34; N, 4.28.

6j: yield: 74%; vmax(ATR)/cm~1 2969, 2931, 2835, 1608, 1593, 1573, 1516, 1494, 1410,
1378, 1345, 1288, 1249, 1175, 1147, 1109, 1089, 1050, 1020, 968, 888, 847, 831, 808, 722, 681;
I'H NMR (300 MHz, CDCl3) 6 7.40 (s, 1H, H?"), 7.1-7.0 (m, 3H, H¥), 6.9-6.8 (m, 3H, H¥),
4.2-4.1 (m, 4H, NCH,), 3.87 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 1.4-1.2 (m, 6H, CH,CH3);
13C NMR (75.5 MHz, CDCl3) § 179.6 (NCN), 160.3 (C?"), 156.5 (C?"), 135.0 (C2r), 131.7 (C?¥),
131.1 (C?7), 131.0 (C?), 129.1 (C?), 121.2 (C?), 119.8 (C?¥T), 119.4 (C?), 114.4 (C?"), 114.3
(C?), 111.9 (C?), 56.3 (OCH3), 55.3 (OCH3), 44.0 (NCH>), 43.9 (NCH»), 17.0 (CH,CH3), 16.9
(CH,CHg); m/z (%) 740 (59) [M*], 738 (61) [M™*], 660 (76), 613 (73) [M*-I], 611 (71) [M*-I],
533 (100); anal. calcd. for Co1Hy3 AuBrIN,O,: C, 34.12; H, 3.14; N, 3.79. Found: C, 34.47; H,
3.20; N, 3.85.

6k: mp 207-208 °C; vmax(ATR)/ cm ™1 3000, 2959, 2934, 2868, 2835, 1607, 1579, 1515,
1502, 1459, 1412, 1379, 1347, 1306, 1295, 1240, 1177, 1125, 1050, 1030, 1004, 976, 885, 859, 840,
827,811, 785, 763, 736, 692, 670; 'H NMR (300 MHz, CDCl3) 5 7.17 (d, ] = 8.8 Hz, 2H, H"),
6.92 (d, ] = 8.8 Hz, 2H, H?"), 6.40 (s, 2H, H*"), 4.3-4.1 (m, 4H, NCH,), 3.87 (s, 3H, OCHj3),
3.84 (s, 3H, OCH3), 3.80 (s, 6H, OCHj3), 1.5-1.3 (m, 6H, CH,CHj3); 3C NMR (75.5 MHz,
CDCl3) 6 179.7 (NCN), 160.3 (C?), 153.3 (C?r), 138.8 (C?T), 131.8 (C?), 130.8 (C?), 130.6
(C), 123.0 (C?r), 119.8 (C?r), 114.3 (C?), 107.8 (C?), 60.9 (OCH3), 56.4 (OCH3), 56.2 (OCH3),
55.3 (OCH3), 44.1 (NCH,), 43.9 (NCH,), 17.2 (CH,CH3), 17.0 (CH,CH3); m/z (%) 720 (46)
[M*], 594 (100) [M*-I]; anal. calcd. for Co3Hyg AuIN,Oy: C, 38.35; H, 3.92; N, 3.89. Found:
C, 38.63; H, 3.88; N, 3.94.

6l: yield: 58%; mp 192-193 °C; vmax(ATR)/ cm ™1 2972, 2935, 2833, 1607, 1592, 1563,
1515, 1492, 1460, 1411, 1317, 1294, 1270, 1251, 1175, 1157, 1123, 1108, 1091, 1075, 1041,
1001, 976, 903, 870, 834, 811, 787, 755, 708, 687, 665; 'H NMR (300 MHz, CDCl3) & 7.12
(d, ] =8.7Hz, 2H, H*"), 6.88 (d, | = 8.7 Hz, 2H, H%"), 6.85 (s, 1H, H*), 6.56 (s, 1H, H"),
4.2-4.1 (m, 4H, NCH,), 3.85 (s, 3H, OCHj3), 3.80 (s, 3H, OCHj3), 3.70 (s, 3H, OCHj3), 1.35
(t,] =7.2 Hz, 3H, CH,CH3), 1.29 (t, ] = 7.2 Hz, 3H, CH,CH3); 13C NMR (75.5 MHz, CDCl3)
5179.9 (NCN), 160.4 (C?"), 153.8 (Car), 146.2 (C?3T), 131.8 (C?T), 131.1 (C?"), 129.4 (C?), 128.7
(Car), 124.0 (C31), 123.8 (Car), 119.3 (C?"), 114.4 (C?), 114.3 (C?"), 113.2 (C?"), 60.8 (OCHy3),
56.2 (OCH3), 55.3 (OCH3), 44.0 (NCH»), 43.9 (NCH,), 17.2 (CH,CH3), 16.9 (CH,CH3); m/z
(%) 726 (20) [M*], 724 (48) [M™*], 660 (13), 598 (100) [M*-I], 534 (23), 142 (16), 127 (8); anal.
caled. for CorHo5 AuClIN,O3: C, 36.46; H, 3.48; N, 3.87. Found: C, 36.70; H, 3.43; N, 3.84.

6m: yield: 73%; mp 194-195 °C; vmax(ATR)/ cm ™! 2967, 2941, 2835, 1607, 1588, 1558,
1514, 1489, 1460, 1410, 1344, 1318, 1291, 1266, 1250, 1234, 1179, 1156, 1110, 1091, 1075, 1037,
1024, 991, 899, 862, 843, 813, 789, 753, 738, 698, 665; 'H NMR (300 MHz, CDCl3) & 7.12
(d, ] =8.8 Hz, 2H, H"), 7.02 (s, 1H, H?"), 6.88 (d, ] = 8.8 Hz, 2H, H*), 6.60 (s, 1H, H%"),
4.2-4.1 (m, 4H, NCH,), 3.84 (s, 3H, OCHj3), 3.80 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 1.35 (t,
] =7.2 Hz, 3H, CH,CH3), 1.23 (t, ] = 7.3 Hz, 3H, CH,CH3); 13C NMR (75.5 MHz, CDCl3) &
179.8 (NCN), 160.4 (C?r), 153.6 (C?T), 147.2 (C?), 131.8 (C?), 131.1 (C?), 129.2 (C?), 126.6
(Car), 124.6 (C?7), 119.3 (C?), 117.9 (C?7), 114.4 (C?"), 113.9 (C?"), 60.7 (OCH3), 56.1 (OCH3y),
55.3 (OCH3), 44.1 (NCH,), 44.0 (NCH,), 17.2 (CH,CH3), 16.9 (CH,CH3); m/z (%) 770 (48)
[M*], 768 (46) [M*], 725 (21), 690 (22), 643 (100) [M*-I], 641 (99) [M*-I], 563 (42), 142 (93),
127 (40), 94 (27), 43 (65); anal. calcd. for CoryHos AuBrIN,Os3: C, 34.35; H, 3.28; N, 3.64.
Found: C, 34.70; H, 3.33; N, 3.60.

6n: yield: 71%; mp 118-120 °C; vmax(ATR)/ cem 1 2966, 2932, 2834, 1606, 1584, 1550,
1513, 1482, 1460, 1409, 1344, 1316, 1292, 1250, 1176, 1151, 1110, 1091, 1075, 1029, 995, 895, 863,
838, 800, 751, 689, 658; TH NMR (300 MHz, CDCl3) b 7.24 (s, 1H, H*"), 7.12 (d, ] = 8.8 Hz,
2H, H*"), 6.88 (d, | = 8.8 Hz, 2H, H%"), 6.62 (s, 1H, H*"), 4.2-4.1 (m, 4H, NCH,), 3.81 (s, 3H,
OCHs3), 3.80 (s, 3H, OCH3), 3.67 (s, 3H, OCH3), 1.35 (t, | = 7.2 Hz, 3H, CH,CH3), 1.28 (t,
] =7.2 Hz, 3H, CH,CHj3); 13C NMR (75.5 MHz, CDCl3)  179.8 (NCN), 160.3 (C2T), 152.3
(C?), 149.6 (C37), 132.2 (C?), 131.8 (C?), 131.0 (C?T), 129.0 (C?), 125.5 (C?T), 119.3 (C?"), 115.0
(C?), 114.4 (C3r), 114.3 (C?r), 92.5 (C?T), 60.5 (OCH3), 56.0 (OCH3), 55.3 (OCH3), 44.1 (NCH)),
43.9 (NCH,), 17.2 (CH,CH3), 16.9 (CH,CH3); m/z (%) 816 (52) [M*], 689 (87) [M*-I], 660
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(23), 564 (12), 533 (100), 345 (13), 142 (75), 127 (27); anal. calcd. for CyyHysAul,N>O3: C,
32.37; H, 3.09; N, 3.43. Found: C, 32.58; H, 3.16; N, 3.38.

60: yield: 44%; mp 178-179 °C; vmax(ATR)/ cm 1 3005, 2963, 2938, 2831, 1607, 1579,
1517, 1502, 1455, 1404, 1318, 1293, 1236, 1173, 1123, 1018, 998, 913, 843, 814, 790, 766, 736,
683, 665; 'H NMR (300 MHz, CDCl3) § 7.11 (d, ] = 8.8 Hz, 2H, H¥), 6.87 (d, ] = 8.8 Hz, 2H,
H3"), 6.36 (s, 2H, H*"), 3.83 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.73 (s,
3H, OCH3;), 3.71 (s, 3H, NCH3), 3.70 (s, 3H, NCH3); 13C NMR (75.5 MHz, CDCl3)  180.8
(NCN), 160.3 (C?), 153.3 (C?r), 138.8 (C?r), 131.7 (C?), 131.3 (C?), 122.8 (C?), 119.6 (C7T),
114.4 (C?), 110.0 (C?), 107.7 (C?), 60.9 (OCH3), 56.2 (OCHj3), 55.3 (OCH3), 36.4 (NCH3),
36.3 (NCH3); m/z (%) 692 (47) [M™*], 566 (100) [M*-I], 355 (28), 339 (23), 283 (19), 142 (63),
127 (27); anal. caled. for Cp1Hoy AulN,Oy: C, 36.43; H, 3.49; N, 4.05. Found: C, 36.65; H,
3.43; N, 4.10.

4.4. Crystal Structure Analysis of 6¢

X-ray structure analysis of single crystals of the complex 6¢ was performed on a Stoe
StadiVari diffractometer equipped with a graphite-monochromated Mo-K (A = 0.71073 A)
radiation source and an Oxford Cryostream low-temperature unit. A suitable single crystal
of 6c was embedded in inert perfluorinated oil (Fomblin® YR-1800) and mounted on a
nylon loop before collecting data at 170(2) K.

Data were corrected for Lorentz and polarization effects; a spherical absorption correc-
tion was applied. The structures were solved by direct method SHELXT 2014 /5 and refined
by full-matrix least-squares procedures on Fy?> — F.2 with SHELXL 2018/3, interfaced by
WinGX [55-57]. All non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Hydrogen atoms were calculated in idealized positions with fixed displacement
parameters during refinement. Occupational disorder of bromine and the phenyl-appended
methoxy group was resolved in one of the two symmetry-independent units of 6¢. Mercury
was used for structure illustrations/graphical output [58].

4.5. Anticancer Activity
4.5.1. Cell Line and Culture Conditions

EAC cells FLO-1 and SK-GT-4 (a gift from Dr. Shrikant Anant’s lab, University of
Kansas Medical Center, Kansas City), were cultured in complete DMEM (4.5 g/L glucose,
sodium pyruvate and L-glutamine, Corning, MA). The complete DMEM was prepared
by adding fetal bovine serum (10% FBS, heat-inactivated, Sigma-Aldrich, MO) and 1%
antibiotic-antimycotic solution (Corning, MA). EAC cells were cultured in 5% CO; at 37 °C.
All procedures were performed according to the standard guidelines and regulations and
as per the manufacturers’ instructions.

4.5.2. Proliferation Assay

A total of 5000 EAC cells/well (SK-GT-4 and FLO-1) were plated in a 96-well plate
using complete DMEM. After 24 h of plating, EAC cells were treated with gold complexes
at different concentrations. After 72 h, the medium was removed, and cell viability was
measured using the hexosaminidase enzymatic assay [59]. The percentage of inhibition
was calculated by comparing cell viability after compound treatment with controls.

4.5.3. Colony Formation Assay

A total of 500 cells/well of EAC were plated in 6-well plates. After 24 h, the EAC cells
were treated with ICsp and semi-ICsy concentrations of 6b, 6d, and 6i. Compounds contain-
ing media were replaced after 72 h with complete DMEM to remove the test compounds.
The cells were grown for 10-12 days to form colonies. The resulting colonies were washed
and fixed using a 10% formalin solution. After 20 min, the formalin was removed, and the
fixed cells were washed and stained with 1% crystal violet solution in 10% ethanol. After
staining, colonies were washed to remove crystal violet, dried, counted, and compared
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to controls [60]. We scanned the stained and dried 6-well plates using a Canon Image
RUNNER Advance scanner to make figures.

4.5.4. Cell Cycle Analysis

A total of 200,000 EAC cells (SK-GT-4 and FLO-1) per well were plated in 6-well plates.
After 24 h, EAC cells were treated with ICsg and semi-ICsy concentrations of compounds
6b, 6d, and 6i. After 72 h, EAC cells were washed, resuspended in PBS, and fixed using
an ice-cold fixing solution (70% ethanol in PBS), followed by storage overnight at 4 °C.
The next day, EAC cells were centrifuged, washed with PBS, resuspended, permeabilized,
and stained with FxCycleTM PI/RNase staining solution (Invitrogen). The cell cycle was
studied by flow cytometry using an FACS Calibur analyzer (Becton Dickinson, Mountain
View, CA, USA). The experimental datasets were plotted using ModFit LT™ software
(Verity Software House, Topsham, ME, USA).

4.5.5. Apoptosis Assay

A total of 200,000 EAC cells/well were plated in a 6-well plate in complete DMEM,
and, after 24 h, the EAC cells were treated with ICsy concentrations of compounds 6b,
6d, and 6i. After 72 h, cells were trypsinized, washed and stained using the Annexin
V-FITC Early Apoptosis Detection Kit (Cell Signaling Technology#6592) following the
manufacturer’s instructions, and studied by flow cytometry.

4.5.6. Spheroid Formation Assay

A total of 500 EAC cells were plated in an ultra-low attachment 96-well plate (96-well,
Corning, Lowell, MA, USA) in spheroid medium prepared from serum-free DMEM sup-
plemented with heparin salt (4 ug/mL), EGF (20ng/mL), FGF (20ng/mL), 1% antibiotic-
antimycotic, and B27 supplement. After 2 days, spheroids were treated with 1Csy and
semi-ICsg concentrations of 6b, 6d, and 6i. After 7 days, spheroids were counted and
imaged [60].

4.5.7. Western Blot Analysis

A total of 500,000 cells of EAC cell lines were plated in a 10 cm cell culture Petri dish,
and, after 24 h, cells were incubated with IC5y concentrations of 6b, 6d, and 6i for 72 h. Cells
were washed and lysed in lysis buffer with phosphatase and protease inhibitor (Roche),
followed by sonification. The protein lysate was centrifuged at 6000 rpm for 10 min at 4 °C.
Protein determination was performed using the Pierce BCA protein assay kit to estimate
protein contents. A total of 50 ug of protein from each group was subjected to gel elec-
trophoresis and further transferred onto polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA) at 90 V for 2 h under cold conditions. These PVDF membranes were
then blocked for 1 h by using 5% milk in TBST, washed with TBST, and incubated with
primary antibodies at 4 °C overnight. The next day, membranes were washed using TBST to
remove primary antibodies and incubated with respective secondary anti-mouse and anti-
rabbit antibodies (Cell Signaling Technology, anti-mouse#7076, anti-rabbit#7074) for 1 h.
The proteins were identified by using the GE Health Care chemiluminescence system (Pis-
cataway, NJ, USA), imaged using the Bio-Rad ChemiDoc-XRS+ instrument, and processed
by image lab. Antibodies for detecting cyclin D1 (CST#2922), Bcl-XL (CST#2762), Bcl-2
(CST#4223), c-Myc (CST#9402), Bax (CST#2772), Mcl-1 (CST#4572), and PARP (CST#9542)
were bought from Cell Signaling Technology (Beverly, MA, USA), and GAPDH (G-9) was
purchased from Santa Cruz Biotech Inc. (Santa Cruz, CA, USA).

4.5.8. Statistical Analysis

All values are shown as the mean £ SD. Experimental data were examined using an
unpaired two-tailed t-test by comparing to the corresponding control group. A probability
value of less than 0.05 was considered as statistically significant (* p < 0.05, ** p < 0.01).
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5. Conclusions

The NHC ligand system of a previously published anticancer active iodidogold(I)-
NHC complex was successfully optimized in terms of anticancer properties, and high
activities against EAC cells were achieved for several new gold complexes. These com-
pounds induced programmed cell death and suppressed colony and spheroid formation by
EAC cells at low doses. Together with their promising suppressive effects on cyclin D1 and
c-Myc expression, there exists a considerable potential of iodidogold(I)-NHC complexes
as new candidates for the treatment of problematic tumor diseases such as EAC. Deeper
investigations of the mechanisms of action of these gold compounds will provide more
information about their prospects as new anticancer drugs. An extension of compound
testing to other tumor entities than EAC will also be of great interest given the described
anticancer properties of the newly discovered gold complexes.
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Abstract: Eukaryotic elongation factor 1A (eEF1A) canonically delivers amino acyl tRNA to the
ribosomal A site during the elongation stage of protein biosynthesis. Yet paradoxically, the oncogenic
nature of this instrumental protein has long been recognized. Consistently, eEF1A has proven to be
targeted by a wide assortment of small molecules with excellent anticancer activity, among which
plitidepsin has been granted approval for the treatment of multiple myeloma. Meanwhile, metarrestin
is currently under clinical development for metastatic cancers. Bearing these exciting advances in
mind, it would be desirable to present a systematic up-to-date account of the title topic, which, to the
best of our knowledge, has thus far been unavailable in the literature. The present review summarizes
recent advances in eEF1A-targeting anticancer agents, both naturally occurring and synthetically
crafted, with regard to their discovery or design, target identification, structure-activity relationship,
and mode of action. Their structural diversity and differential eEF1A-targeting mechanisms warrant
continuing research in pursuit of curing eEF1A-driven malignancy.

Keywords: anticancer; eEF1A; mechanism; macrocycle; heterocycle

1. Introduction

The majority of cancers arise from accumulated somatic mutations, which over time,
transform the cell into a state of malignancy. This is characterized by uncontrolled prolifera-
tion, aggressive invasion into surrounding normal tissues, and ultimately lethal metastasis
at distant vital organs. Genomic instability and phenotypic heterogeneity inherent in each
malignant tissue [1] render the treatment of cancer extremely challenging [2]. Today, apart
from surgical operation, a variety of promising therapeutic strategies have been developed,
including but not limited to radiotherapy [3], chemotherapy [4], biological therapy [5],
immunotherapy [6], and microbial-based therapy [7,8]. From this ever-growing curative
armamentarium, targeted chemotherapy with small-molecule or biomacromolecular agents
is an indispensable measure [9-11].

Eukaryotic elongation factor 1A (eEF1A, formerly termed eEF-1) is an essential GTPase
evolutionarily conserved across diverse eukaryotes [12]. As the second most abundant intra-
cellular protein after actin, it is localized extensively in the cytoplasm and nucleus [13-15].
The canonical function of eEF1A is to deliver amino acyl tRNAs to the ribosomal A site during
the elongation stage of protein synthesis [16]. Strikingly, beyond this housekeeping role
for the translational machinery and many other moonlighting functions [17-20], mounting
evidence has pointed to a causal link between eEF1A and malignancy [21-23], suggesting that
eEF1A may serve as not only an out-of-control translational cofactor [24-26] but also a signal
transducer woven into a network of protumorigenic pathways [27-32]. Consistent with this
revelation, structurally distinct small-molecule anticancer agents continue to emerge with a
proven eEF1A-targeting mechanism [33]. Early examples include didemnin B [34], plitidepsin
(dehydrodidemnin B) [35], tamandarin A [36], cytotrienin A [37], ansatrienin B [38], narcicla-
sine [39], and synthetic flavonoids [40]. Among them, plitidepsin was approved in Australia
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for combined treatment of relapsed /refractory multiple myeloma with dexamethasone [41],
thus providing initial proof of principle that eEF1A inhibitors can achieve the desired thera-
peutic efficacy with safety. In recent years, more intriguing compounds of this kind have been
discovered and actively investigated. As a notable case, metarrestin is currently in a phase I
clinical trial for the treatment of metastatic solid tumors [42]. Though a number of reviews
have been published on protein-synthesis inhibitors [43—46], to the best of our knowledge, no
systematic survey has ever been conducted on eEF1A-targeting agents. Hence, the present
review delineates the state of the art on eEF1A-targeting small-molecule anticancer agents
with a special focus on those actively studied over the recent years, covering their discovery
or design, target identification, structure-activity relationship (SAR), and mode of action.

2. Recent Advances in Anticancer eEF1A-Targeting Agents
2.1. Didemnins and Tamandarins

Didemnins are a family of marine cyclic depsipeptides with strong anticancer, an-
tiviral, and immunosuppressive activities [47]. Since their initial discovery in the early
1980s [48], these macrocycles have become the subject of intense research over the last
four decades. Among them, didemnin B (1, Figure 1) and plitidepsin (2) have entered
multiple clinical trials. Gratifyingly, plitidepsin was approved in Australia for treating
multiple myeloma [41]. With nearly identical architectures but subtly different macrocyclic
backbones (highlighted red), tamandarins such as tamandarin A (3) were discovered from
a different colony of marine ascidian [49]. As already reviewed in multiple comprehensive
monographs [36,50-56], these compounds will not be reiterated here. Instead, a brief
update is presented below on their anticancer mode of action.

OMe OMe

AT U

T T

OH 0]
didemnin B (1, R =5, plitidepsin (2, R =3 ) tamandarin A (3)

Figure 1. Structures of didemnin B (1), plitidepsin (2), and tamandarin A (3).

Having developed functional signature ontology (FUSION) maps for drug discovery
and mechanistic elucidation [57], White et al. revisited the mechanism of 1 and found that
it induces rapid and extensive apoptosis in sensitive cancer cell lines through concomitant
inhibition of palmitoyl-protein thioesterase 1 (PPT1) and eEF1A1 [58]. Independently,
Galmarini et al. showed that eEF1A2 is the specific binding target of 2 with a measured
dissociation constant (Kp) of 80 nM [35]. Since translation inhibition cannot account per
se for the observed antiproliferative effect of 2, it was suspected that this drug impacts
non-canonical functions of eEF1A2. Indeed, double-stranded RNA (dsRNA)-dependent
protein kinase (PKR) was later identified as a novel binding partner of eEF1A2 [30]. In
this case, eEF1A2 interacts directly with PKR to block its pro-apoptotic activity and boost
tumor survival. In the presence of 2, however, PKR was disengaged from eEF1A2, thereby
regaining its kinase activity to initiate extrinsic apoptosis through activation of MAPK
and NF-kB signaling cascades [30]. More recently, Martinez-Leal et al. reported that 2
induces endoplasmic reticulum (ER) stress in HeLa cells by activating the multipronged
unfolded protein response (UPR) in a characteristic pattern [59]. Working simultaneously
as an ER stress inducer and an autophagy inhibitor, 2 was combined with bortezomib
to synergistically block proteasomal degradation and autophagy, thereby exacerbating
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accumulation of misfolded proteins that originate from plitidepsin-induced oxidative stress.
Such elevated proteotoxic stress led to apoptosis both in vitro (in MM1S multiple myeloma
cells) and in vivo (in SCID mice xenografted with RPMI-8226 multiple myeloma cells). This
study shows the promise of combined anticancer therapy using plitidepsin and proteasomal
inhibitors such as bortezomib in a clinical setting.

2.2. Cytotrienin A and Ansatrienin B

Cytotrienin A (4, Figure 2) was initially isolated from the culture broth of soil-dwelling
Streptomyces sp. RK95-74 [60]; this compound has strong cytotoxicity (ICsy = 7.7 nM)
against human leukemia cell line HL-60 [61]. Despite early mechanistic studies [62-64], its
target remained elusive until Pelletier et al. identified 4 as a translation inhibitor through
high-throughput screening [37]. Their finding is that akin to didemnin B, cytotrienin A
modulates eEF1A-dependent loading of aa-tRNA to the ribosome, most likely by stabilizing
the eEF1A /GTP/aa-tRNA assembly positioned at the ribosomal A site. Thus, without
release of eEF1A from the ribosome, translation elongation stops. Further insight into
this compound’s mode of action came from a 2015 study led by Taunton, who aimed to
seek out the target of a potent antiproliferative ternatin derivative 7 (ternatin-4, cross-refer
to the following section) [38]. With the help of photoaffinity labeling, they were able to
capture the binding partner with a ternatin-based probe. Interestingly, the photolabeled
protein is a ternary complex comprising eEF1A, GTP, and aa-tRNA rather than eEF1A
alone. Subsequent competitive-binding experiments noted that the photolabeling efficiency
is diminished dose-dependently with the addition of didemnin B or ansatrienin B (5, a
close side-chain analogue of cytotrienin A shown in Figure 2). Therefore, it was concluded
that ternatin, didemnin B, and cytotrienin A/ansatrienin B may share a binding hot spot
on the eEF1A surface, probably located near A399, as indicated by resistance-conferring
mutation experiments.

cytotrienin A (4) ansatrienin B (5)

Figure 2. Structures of cytotrienin A (4) and ansatrienin B (5).

2.3. Ternatin-4

The highly cytotoxic natural product A3, together with several other congeners, was
isolated from an Aspergillus fungus [65]. Although its structure was determined to be
a partially N-methylated cyclic heptapeptide, the chirality of 7 out of 11 stereo-centers
(marked in the structure of A3, Figure 3) remained unknown. The strong structural similar-
ity between A3 and ternatin (6, CAS registry number: 148619-41-4) [66], another natural
product with anti-obesity activity [67], inspired Taunton et al. to design ternatin-4 (7) by
incorporating the dehydromethyl leucine and pipecolic acid residues of A3 (highlighted
red in the structure of 7, Figure 3) into 6 [38]. The resulting hybrid molecule 7 attained
more than 10-fold enhancement of potency over the parent compound 6 (IC59 4.6 nM vs.
71 nM against HCT-116 cancer cell line), thus solving all but one stereo-configuration of A3.
Wondering the molecular target of ternatins, they developed a bifunctional photoaffinity
probe 10. Under UV irradiation, its photolabile diazirine subunit at residue 4 (highlighted
red) decomposes into a highly reactive carbene that instantaneously crosslinks to the nearby
binding protein. The alkyne at residue 6 (highlighted blue) will then connect to a fluorescent
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reporter via click cycloaddition, thus tagging the photolabeled target for characterization.
In this way, eEF1A was captured and confirmed as the target of ternatins.
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Figure 3. Structures of natural products A3 and ternatin (6), and synthetic analogues ternatin-4 (7),
SR-A3 (8), SS-A3 (9), and photoaffinity probe 10. The inset table compares anticancer activity and
target residence time of 7-9.

Based on the verified structure of ternatin-4 (7), a 3-hydroxyl group was introduced at
its residue 3 to obtain two epimers of A3, namely SR-A3 (8) and S5-A3 (9). An improved
second-generation total synthesis allowed quick access to both compounds [68]. Hence, the
identity of natural product A3 was established as SR-A3 (8). Of special note, despite a minor
difference in the side chain of residue 3, 8 was found to display a more prolonged duration
of growth inhibition action than 7 and 9. Single-molecule fluorescence resonance energy
transfer (smFRET) imaging corroborated this observation, while further quantification
through in vitro chase experiments confirmed enhanced drug-target residence time (table
inset in Figure 3) and rebinding kinetics of 8. Finally, preclinical evaluation of 8 vis-a-
vis 7 was carried out in an aggressive Myc-driven mouse lymphoma model. Compared
with its des-hydroxyl variant ternatin-4 (7), SR-A3 (8) significantly reduced tumor burden
while extending the survival of the treated Ep-Myc mice [68]. This work highlights the
importance of side-chain modification in macrocyclic drug discovery and also makes a
good case that the drug—target interaction can be more precisely characterized using the
drug-target residence time model [69]. More recently, with the help of smFRET imaging
and cryogenic electron microscopy (cryo-EM), Taunton and collaborators demonstrated
that in spite of sharing a common eEF1A-binding site, ternatin-4 (7) and didemnin B exhibit
differential inhibition dynamics in that the former traps the eEF1A/GDP/aa-tRNA ternary
complex on the ribosome in a more reversible fashion than does the latter [70]. Their
in-depth mechanistic investigation also revealed that by trapping eEF1A at the ribosomal
A site, ternatin-4 induces ubiquitination and degradation of eEF1A on stalled ribosomes
through a previously unknown surveillance pathway for translation quality control [71].

2.4. Nannocystin A

Nannocystin A (11, Figure 4) is a 21-membered cyclic depsipeptide isolated inde-
pendently by Bronstrup et al. [72] and Hoepfner et al. [73] from the myxobacteria of the
Nannocystis genus. Bronstrup et al. found that 11 is a strong inducer of apoptosis, as such
inhibiting the growth of multiple cancer cell lines with low nanomolar ICs values [72].
Meanwhile, another team led by Hoepfner pinned down its target through a combination
of genetic and chemoproteomic approaches [73]. In brief, initial haploinsufficiency profiling
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and mutagenesis experiments implied eEF1A as the most likely target. To verify direct
binding, they set up affinity chromatography with the semisynthetic probe 12 (Figure 4).
During elution, this immobilized nannocystin sequestered eEF1A1 and eEF1A2 out of the
3644 proteins comprising the HCT-116 cell lysates. Moreover, it competed with unbound
nannocystin A (11) and didemnin B for binding to eEF1A. Hence, eEF1A was determined
to be the target of nannocystin A [73].
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Figure 4. Structures of naturally occurring nannocystin A (11), semisynthetic affinity probe 12, as well
as synthetic macrocyclic propargylic alcohol 13, serine-containing intermediate 14, and coumarin-
tagged fluorescent probe 15. The SAR illustrated in the structure of 11 consists of inhibitive (red) and
permissive (blue) sites: the former must be reserved for high activity, whereas the latter can tolerate
moderate change.

The firsthand structure-activity relationship of nannocystins was derived from isolated
and semisynthetic nannocystins [72,73], which indicates that modification at the tyrosine
phenol moiety (subdomain I in the structure of 11, Figure 4) or the side chain of N-Me-L-
isoleucine (subdomain II) is tolerated. To obtain comprehensive SAR, nevertheless, total
synthesis is a must. Thus far, seven routes have been reported for the total syntheses
of nannocystin A (11) or its 2E-alkene surrogate nannocystin Ax (16, structure shown in
Table 1) [74-81], each involving a distinct macrocyclization reaction as the key strategic
step [82]. With the dual purpose of (1) total synthesis and (2) SAR validation concerning
the binding role of the polyketide C5-C7 region, Fiirstner et al. devised a motif-oriented
strategy so that the macrocyclic propargylic alcohol 13 (shown in Figure 4) underwent post-
macrocyclization elaboration [83] into an array of novel analogues besides nannocystin
Ax (16) [80]. It was found that the 5R-methoxy ether (subdomain VI), instead of the
neighboring C6-C7 (E)-alkene (subdomain VII), must be reserved for high activity. As an
illustration, Table 1 compares the anticancer activity of four pairs of nannocystin derivatives
with or without methylation at the C5-OH group (R = Me or H). Clearly, removal of this
moiety causes a drastic reduction in potency (16 vs. 17,18 vs. 19, 20 vs. 21, 22 vs. 23); on
the other hand, changing the C6-methyl (16) to a fluorine (18) or hydrogen (20) atom, or
even curtailing the (Z) alkene to an alkyne (22), has insignificant impact on activity.

Following a total synthesis of nannocystin A [76] via Heck macrocyclization [84,85],
we prepared a diversity of non-natural nannocystins modified at different sites. Our
findings demonstrated that (1) the (2R, 3S)-epoxide (subdomain V) may be substituted
for a 2E-alkene without compromising activity [86], (2) the side chain of 3-OH-L-valine
(subdomain III) is tolerant of minor change [86], and (3) the polyketide C9-C10 segment
including its entire (10R, 11S) stereo-chemistry (subdomain VIII) is a key determinant of
potency [87,88]. In parallel, He et al. synthesized more variants via Heck macrocyclization
too and observed that removal of the N-methyl moiety (subdomain IV) incurred a dramatic
loss of activity [89]. Taken together, the SAR of nannocystins is illustrated in the structure
of 11 (Figure 4).
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Table 1. Antiproliferative activity of nannocystin derivatives 16-23 against human colorectal carci-
noma HCT-116 cells [80].

R 16-21 OR )p23
Compound X R I1Cs5¢ (nM)
Nannocystin Ax (16) M Me 0.8
17 ¢ H 198
18 F Me 1.5
19 H 1345
20 H Me 4.3
21 H 1549
22 . Me 22.2
23 H 1761

Aside from target elucidation and SAR profiling, the exact mechanism of nannocystins
is a subject of enduring interest [90-92] given the poorly understood role of eEF1A in
tumorigenesis. Chen et al. showed that the antimetastatic effect of nannocystin Ax in lung
cancer cells is attributable to its interference with the TGF-f3 /Smad signaling pathway [90].
Their result is in step with another study uncovering the promigratory ability of eEF1A2 to
promote lung adenocarcinoma metastasis [32]. The additional finding that the regulation
of TGFBI (TGF 3 receptor I) by nannocystin Ax occurs at the transcriptional rather than the
(post-)translational level implied the presence of an alternative mechanism independent
of eEF1A inhibition [90]. Therefore, similar to the case of plitidepsin [30], the possibility
that nannocystins impact certain protumorigenic pathway(s) mediated by eEF1A cannot be
ruled out. Recently, we designed a serine-incorporating nannocystin 14 (Figure 4) to lever-
age a post-macrocyclization diversification strategy for efficient side-chain variation [92].
Thus obtained SAR concurred with the general trend depicted in Figure 4 and further
informed the development of a coumarin-conjugated fluorescent probe 15. With good per-
meability into the cancer cells, this probe was localized to the ER, as visualized by confocal
fluorescence microscopy, which implies that nannocystins act on eEF1A predominantly at
the ER-bound ribosome. Our result is in good agreement with the latest work by Forster
et al. capturing eEF1A associated with the ribosome at the ER membrane by the use of
cryo-electron tomography [93], thereby shedding light on the intracellular mode of action
of nannocystins.

2.5. Metarrestin

Perinucleolar compartment (PNC) is a heritable multicomponent dynamic subnuclear
organelle located at the periphery of the nucleolus of eukaryotic cells and uniquely associ-
ated with metastatic cancer cells [94]. Huang et al. found that PNC prevalence, defined
as the percentage of non-apoptotic and non-mitotic cells harboring at least one PNC, is a
pan-cancer prognostic marker positively correlated with metastatic capacity [95,96]. Subse-
quent screening of clinically approved anticancer drugs led to the observation that some
of these drugs are capable of reducing PNC prevalence via specific on-target inhibition in
lieu of promiscuous toxicity [97]. Having confirmed the existence of mechanism-specific
PNC disassemblers with clinical efficacy, this proof-of-concept study supported taking
PNC prevalence reduction as a phenotypic screening marker to discover antimetastatic
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drugs. To this end, a metastatic prostate cancer cell line PC3M with a PNC prevalence
of 75% to 85% was engineered to stably express green fluorescent protein (GFP)-fused
polypyrimidine-tract-binding protein (PTB) [98]. PTB is an essential PNC marker routinely
measured by immunohistochemistry, which is unfortunately inconvenient for automated
screening. But now with the self-reporting fluorescent PC3M-GFP-PTB cell line at hand,
they were able to establish an image-based high-throughput, high-content assay (HCA)
primed for spotting compounds able to reduce PNC prevalence by 50% [99]. Aiming at
antimetastasis, the initial hits underwent secondary assays to select for invasion inhibi-
tion while excluding those acting via apoptosis induction, DNA intercalation, general
cytotoxicity, or cell-cycle arrest [100]. By means of this multistage screening protocol, two
leads were eventually identified out of 140,800 structurally diverse compounds from the
NIH Molecular Libraries Small Molecule Repository (MLSMR) due to their outstanding
PNC-disassembling efficiency and low cytotoxicity, thus setting the stage for the ensuing
medicinal chemistry campaign [101].

After a preliminary exploration, pyrrolopyrimidine 24 (Figure 5) was favored over the
other lead (structure not shown) for systematic optimization. Robust synthetic methods
were next developed to access a broad variety of analogues evaluated for PNC disassembly
and drug-like properties as well. The SAR trends are summarized in the structure of 24
(Figure 5). Specifically, (1) the N-3 substitution at the subdomain I prefers a linear alkyl
chain bearing a hydroxy, ether, or amine, and conformational constraint with a cyclohexyl
ring gives rise to the highest potency; (2) the N-7 position at the subdomain II tolerates a
benzyl, phenethyl, or 4-methoxylphenyl group, but the presence of an alkyl substituent
diminishes the potency significantly; (3) the unsubstituted C5 and C6 phenyl rings at
the subdomain III are indispensable for high potency. While deducing the above trends,
multi-round optimization finally yielded metarrestin (25), which possesses a superior
selectivity window between PNC reduction and cell viability compared with the classic
anticancer drugs doxorubicin and camptothecin (table inset in Figure 5) [101]. The in vitro
performance of 25 was smoothly translated into in vivo efficacy in three mouse models
of human cancer, where it suppressed metastatic invasion with concomitant reduction
in PNC prevalence in the cancer cells of primary and metastasized tumors, offering a
remarkable survival advantage to the treated animals [100]. After an in-depth evaluation of
its pharmacokinetics [102,103] and safety [104], this drug has been advanced into a phase I
clinical trial for the treatment of metastatic solid tumors [42].

The excellent antimetastatic capability of 25 prompted Huang et al. to investigate its
mechanism, with the primary conclusion that the drug disrupts PNC assembly by blocking
RNA polymerase I transcription [100]. Further seeking the binding target of 25, they
designed a biotin-conjugated probe 26 (Figure 5) that is likewise efficacious in disassembling
PNC. Affinity purification with 26 combined with competition experiments using untagged
metarrestin identified eEF1A2 as the binding target. The metarrestin-eEF1A2 interaction
was confirmed by cellular thermal shift assay. Subsequent experiments along this line of
research showed that (1) eEF1A2 enhances PNC assembly and metastatic progression; and
(2) eEF1A2, at least in part, mediates the PNC-elimination function of metarrestin [100].
Whereas further details await elucidation, it was believed that metarrestin interferes with
certain non-translational functions of eEF1A2. Recently, Jin et al. developed a proteolysis-
targeting chimera (PROTAC) [105-107] strategy by tethering metarrestin with various
ligands for the von Hippel-Lindau (VHL) E3 ligase [108]. Thus obtained heterobifunctional
molecules were designed to recruit eEF1A2, the binding target of metarrestin, to the
ubiquitin/proteasome system (UPS) for selective degradation. As one of these first-in-
class eEF1A2 degraders, 27 (Figure 5) was shown to degrade eEF1A2 in three cancer
cells in a dose-dependent manner, thus holding promise for the treatment of eEF1A2-
mediated carcinogenesis.
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Figure 5. Structures of the initial hit 24, final drug candidate metarrestin (25), biotin-labeled affinity
probe 26, and metarrestin-based PROTAC 27. The inset table compares the selectivity window
between PNC reduction and cytotoxicity of 24, 25, doxorubicin, and camptothecin.

2.6. 2-Phenyl-3-Hydroxy-4(1H)-Quinolinones

2-Phenyl-3-hydroxy-4(1H)-quinolinones (abbreviated as 3-HQs) such as 28 (Figure 6)
are aza-analogues of previously reported eEF1A-targeting anticancer flavonoids [40]. Based
on a homology model of human eEF1A1, Hlavac et al. carried out docking calculations
to identify the binding site for gamendazole, a known eEF1A1 inhibitor for male contra-
ception [109]. Encouragingly, they found that these 3-HQs fit into the same gamendazole-
binding site on the surface of eEF1A1. Such direct interaction between eEF1A1 and 3-HQs
was verified through pull-down assay using biotinylated 3-HQ derivatives [110]. Having
validated the constructed eEF1A1 model, the authors performed virtual screening of in
silico designed 3-HQs with varying substituents R!, R?, and R3 (illustrated in the structure
of 28). The six highest-scored and synthetically accessible compounds were chosen for wet-
lab preparation. Their binding to eEF1A1 was quantitatively characterized with isothermal
titration calorimetry (ITC), which provided thermodynamic information consistent with
docking calculation results. Biological evaluation discovered 29, one of these rationally
designed eEF1A1 inhibitors, with optimal inhibitory activity against several cancer cell
lines but low toxicity toward a normal cell line [110].

o]
Stage 1. virtual screening  pp,

OH
O ‘ Stage 2. wet lab synthesis
RS H N NO, R' I > HN

Figure 6. Structures of eEF1A1-targeting anticancer 3-HQ derivative 29 and its prototype 28.

NEt, R?
28

2.7. Cordyheptapeptide A

Cordyheptapeptide A (30), a partially N-methylated cyclic heptapeptide with anticancer
activity, was originally isolated from the insect pathogenic fungus Cordyceps [111,112]. Al-
though a solution-phase total synthesis of 30 was reported before [113], its SAR and mecha-
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nism of action were unclear. Lokey et al. developed a high-throughput solid-phase peptide
synthesis (SPPS) to access a library of side-chain- and backbone-modified analogues [114].
They observed the following SAR trends: (1) all side chains are critical to its antiproliferative
activity [115]; (2) halogenation at the aromatic side chain of residue 2 or 5 deteriorates activity
at varying degrees; (3) whereas removal of the N-methyl moiety at residue 2 or 6 impairs activ-
ity, this is not the case for residue 4, for which changing sarcosine to glycine tends to improve
activity, and when coupled with ortho-fluorination at residue 5, such N-demethylation brings
about equipotent variant 31 with a 39-fold improvement in aqueous solubility (table inset in
Figure 7). According to molecular dynamics simulations, the enhancement in activity stems
from more conformational flexibility of its glycine-carrying scaffold, which is accordingly
more accessible to target-binding conformations than the parent natural product 30.

o) o)
NH SO \QOINH 0©

Me Me
N’ HN)K‘?N‘Me N’ HNK/N‘H Compound ICg (uM)*  Solubility (uM)

5 5 30 0.2 4
O% O% 31 02 156

cordyheptapeptide A (30) 31 F *against HCT-116 cancer cell line

Figure 7. Structures of natural cordyheptapeptide A (30) and synthetic analogue 31, with the inset
table comparing their ICs5, values against HCT-116 cancer cell line and aqueous solubility.

To find out the mechanism of action of 30, the authors determined its cytotoxicity
profile via the NCI60 human tumor cell line assay [114]. Analyzed by the COMPARE
algorithm, this profile was best correlated with that of phyllanthoside, a known eukaryotic
protein-synthesis inhibitor [116]. Consistently, cytological profiling (CP) [117] indicated
that 30 clustered most closely with protein-synthesis inhibitors such as didemnin B and
ternatin but deviated significantly from microtubule inhibitors and poly (ADP-ribose)
polymerase (PARP) inhibitors. Combining the results from both phenotypic experiments, 30
is quite likely a protein-synthesis inhibitor. This inference was confirmed by bioorthogonal
noncanonical amino acid tagging (BONCAT) [118], which proved that the agent primarily
blocks protein synthesis and has a secondary influence on DNA synthesis. Suspecting its
target to be eEF1A, 30 was evaluated in the HCT-116 cancer cells with a point mutation of
eEF1A (A399V). Previously, the same mutation was reported to confer resistance to eEF1A-
targeting didemnin B [119], ternatin [38], and nannocystin A [73]. Indeed, the activity
dropped remarkably in the mutant cells, thus providing genetic evidence that supports
eEF1A as the target of 30.

2.8. BE-43547A,

Isolated from Streptomyces sp. in 1998, BE-43547A (32, Figure 8), BE-43547A,; (33), and
other congeners are a series of macrocyclic depsipeptides differing in the C21 side chain [120].
These compounds belong to the amidopentadienoate-containing cyclolipodepsipeptide (APD-
CLD) natural products that feature an electrophilic 4-amido-2,4-pentadienoate (APD, high-
lighted red) functionality as well as a lipophilic side chain [121]. Poulsen et al. developed the
first total synthesis of ent-32 and re-isolated the authentic 32 from the fermentation broth of a
BE-43547-producing microorganism, thereby establishing the absolute stereo-configuration
of the BE-43547 family [122]. Importantly, 32 and 33 exhibited superior hypoxia-selective
cytotoxicity in PANC-1 pancreatic cancer cells than rakicidin A, another APD-CLD natural
product they investigated earlier [123-126]. Shortly after this work, Chen et al. developed a
total synthesis of 33 and reported that this agent selectively targets pancreatic cancer stem
cells (PCSCs) [127,128]. Preparation of more analogues [129,130] led to the following SAR
results (illustrated in Figure 8): (1) the exocyclic alkene at C8 within the APD unit must be
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reserved; (2) the macrolide cannot be changed to the corresponding macrolactam, or in other
words, the O35 cannot be replaced with a nitrogen atom; (3) the (S)-hydroxyl group at C15 is
critical to activity; (4) a lipophilic side chain at C21 is necessary but variable.
9 inhibitive site
NH permissive site

BE-43547A, (32, R = —$~(CH,)10CH(CHa),)
BE-43547A; (33, R = -~(CH)1,CH3)
probe (34, R =—=$—~(CHy)1,C=CH)

Figure 8. Structures of BE-43547A; (32), BE-43547A; (33), and the clickable probe 34. The SAR
illustrated in their structures consists of inhibitive (red) and permissive (blue) sites: the former must
be reserved for high activity, whereas the latter can tolerate moderate change.

The excellent hypoxia-selective toxicity of APD-CLD natural products such as raki-
cidin A and the BE-43547A members intrigued Poulsen et al. to elucidate their mechanism
of action, which is distinguished from conventional hypoxia-activated compounds. They
showed that these APD-CLDs induced rapid and hypoxia-selective impairment of mito-
chondrial structure and function, thereby driving a peculiar form of non-apoptotic cancer
cell death in a hypoxic milieu [131]. To discover the molecular target of 33, Chen et al.
synthesized a clickable probe 34 [130]. Biotinylation of 34 via in situ click cycloaddition
followed by pull-down assay indicated eEF1A as a binding target, and the isoform was
determined to be eEF1A1 via immunoblotting. Having located the cysteine234 residue of
eEF1A1 as the most probable binding site of 33 according to LC-MS/MS analysis, they engi-
neered three types of pancreatic cancer cells with (1) eEF1A1 knockdown (KD), (2) eEF1A1
recovered from KD (RE-KD), and (3) C234-mutant eEF1A1 constructed from KD (RE-C234S).
As shown in Table 2, the in vitro cytotoxicity of 33 against these three and the wild-type
(WT) pancreatic cancer cells, as well as its in vivo anticancer efficacy in the four correspond-
ing mouse xenograft models, provided concrete evidence favoring the Cys234 residue of
eEF1A1 as the binding site for 33 [130]. Furthermore, it was shown that eEF1A1 plays a
significant role in regulating pancreatic cancer cell stemness, its levels positively correlated
with pancreatic cancer progression and negatively affecting patient survival.

Table 2. In vitro cytotoxicity of 33 against different types of pancreatic cancer cells (WT, KD, RE-KD,
RE-C234S) and its in vivo anticancer efficacy in the corresponding mouse xenograft models [130].

. In Vitro Cytotoxicity In Vivo Tumor
Pancreatic Cancer Cells ICsp (uM) Inhibition Rate (%)
WT 1.33 98.8
KD 11.62 20.7
RE-KD 0.80 93.2
RE-C234S 11.61 18.3

3. Conclusions and Future Perspectives

Translational control with small-molecule agents represents an emerging direction for
anticancer drug discovery [132-134]. As proofs of principle, hitherto two such drugs have
gained approval for clinical use, namely homoharringtonine and plitidepsin. The former
is the first protein translation inhibitor for the treatment of chronic myeloid leukemia,
which works by fitting into the ribosomal A site so as to block access by the charged
tRNA [135]. Pertaining to the present subject, the latter is a specific inhibitor of eEF1A
that, at least in part, disrupts its canonical function of assisting translation elongation to
combat multiple myeloma [35]. The whole ensemble of known eEF1A-targeting small-
molecule agents is compiled in Table 3, alongside a brief summary of their anticancer
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effectiveness and selectivity. Intriguingly, though sharing the same molecular target, these
compounds manifested differential antiproliferative profiles. For example, narciclasine [39],
synthetic flavonoids [40], and ternatin-4 [68] within this category displayed preferential
anticancer potency against human melanoma, breast carcinoma, and colorectal carcinoma
cells, respectively. Presumably, such contrasting selectivity may partially stem from their
distinct chemotypes that influence the drug—target interaction as well as the consequent
therapeutic outcome in a subtle but profound way, as revealed very recently by Taunton
et al. on the inhibitory mode of action of didemnin B and ternatin-4 at the single-molecule
level [70]. Overall, the current review outlines the remarkable progress achieved over
the recent years in eEF1A-targeting anticancer agents, which are structurally distinct
macrocycles and heterocycles, either naturally occurring, developed based on the hit
from high-throughput screening, or rationally designed. Their development status is
summarized in Figure 9. For the time being, metarrestin is under clinical development as
an unprecedented modality for controlling cancer metastasis [42], whereas metarrestin-
based PROTACSs have also been disclosed for selective degradation of eEF1A2 [108]. Albeit
beyond the scope of this review, it is also worth noting that plitidepsin has now entered a
clinical trial as a potential anti-SARS-CoV-2 drug [136] since its target eEF1A turned out to
be a crucial host protein co-opted by virus to infect human cells [137,138].

In spite of the aforementioned advances, however, there remains much to learn about
the exact mechanisms of action of these targeted agents. A more fundamental question lies
in the oncogenic mechanism of eEF1A, a multitalented protein capable of both translation
elongation and a myriad of moonlighting duties. As evidenced by an illuminating study on
plitidepsin [30], it seems indeed viable for malignant cells to exploit certain non-canonical
functions of eEF1A for survival. Moreover, the involvement of eEF1A1 in aggressive
castration-resistant prostate cancer (CRPC) [139] and non-small cell lung cancer (NSCLC)
metastasis [140] has been demonstrated through its complexation with actin and the
eEF1A1/MDM2/MTBP signaling axis, respectively. These latest results showcase the
potential opportunities of designing next-generation magic bullets [141] that act upon the
manifold oncogenic functions of eEF1A, selectively extinguishing the malignant while
sparing the normal. It is foreseeable that ongoing investigation of these mechanistic aspects,
along with the expanding repertoire of eEF1A-targeting agents, will position us at a better
forefront against cancer and other eEF1A-driven diseases as well.

z | @ Approval |

W narciclasine m didemnin B W plitidepsin
m ternatin-4 m metarrestin

N

Figure 9. Development status of eEF1A-targeting small-molecule anticancer agents, among which
narciclasine, ternatin-4, nannocystin Ax, and BE-43547A; have been validated in at least one in vivo
preclinical model, didemnin B and metarrestin have been or currently are being studied in clinical
trials, and plitidepsin has gained approval for clinical use. These three groups of compounds are
at more advanced development stages than the leftmost group, making up over half of the whole
collection of anticancer eEF1A inhibitors discernible from the accompanying pie chart. Their validated
efficacy in preclinical models or clinical cohorts lends concrete support to the principle of targeting
eEF1A with viable anticancer selectivity.
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Table 3. Summary of eEF1A-targeting small-molecule agents on their anticancer efficacy and selectivity.

Compound Anticancer Efficacy and Selectivity Reference
° potent against human cancer cell lines from different tissues
° in vivo validated in several preclinical models
Didemnins ° didemnin B (1) and plitidepsin (2) have been studied in multiple clinical trials [36,41,50-56]
° plitidepsin (2, aplidin®) has been approved in Australia for combined treatment of
relapsed/refractory multiple myeloma with dexamethasone
Tamandarins e  potent against human cancer cell lines from different tissues [36,49]
L ° potent against human leukemia HL-60 cells (IC5y = 7.7 nM) and lung carcinoma
St ) A549 cells (ICsp = 0.1 M) [61,64]
Ansatrienin B (5) ° potent against three human pancreatic cancer cell lines (IC5) range, 0.17-1.69 uM) [142]
Lo ° potent against five human melanoma cell lines (IC5y~40 nM)
Narciclasine e  invivo validated in a mice xenograft model of brain metastatic melanoma (391
Synthetic flavonoids . potent against human breast cancer cell lines (ICsy range, 1-50 uM for MDA-MB231) [40]
Ternatin-4 (7) ° Pote.nt aga}nst human colorecte}l carcinoma HCT-116 cells (ICs5g = 4.6 nM) [68]
° in vivo validated in an aggressive Myc-driven mouse lymphoma model
. ° potent against 472 cancer cell lines (ICs5p range, 5-500 nM)
Nannocystin A (11) ° nannocystin Ax in vivo validated in an HCT-116-derived xenograft zebrafish model (73911
° excellent antimetastatic selectivity over cytotoxicity (cytotoxicity ICsy/PNC
. reduction ICs = 38.3) ¥
Al () e  invivo validated in several preclinical models [42,100-104]
° currently in a phase I clinical trial for the treatment of metastatic solid tumors
Synthetic quinolinones ° potent against human cancer cell lines from different tissues (ICsy range, 0.56-50 M) [110]
Cordyheptapeptide A (30) o potent against human colorectal carcinoma HCT-116 cells (ICs5y = 0.2 uM) [114]
° potent against human pancreatic carcinoma PANC-1 cells (IC5p = 0.87 uM)
° remarkable hypoxia-selective toxicity against human leukemia K562 cells and breast

BE-43547A, (33) carcinoma MCF-7 cells (selective index = 28 and 79, respectively) [127,130]
selectively targets pancreatic cancer stem cells (PCSCs)
e  invivo validated in a pancreatic cancer xenograft mouse model

Author Contributions: Conceptualization and funding acquisition, W.Z.; data curation, H.Z. and
J.C.; resources, S.Y,; visualization, B.S.; writing—original draft preparation, W.Z.; writing—review
and editing, W.Z., H.Z., ].C., S.Y. and B.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This work is generously supported by the National Natural Science Foundation of China
(No. 21772101) and the Natural Science Foundation of Tianjin City (Grant No. 17JCYBJC28400).

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

References

1. Burrell, R.A.; McGranahan, N.; Bartek, J.; Swanton, C. The causes and consequences of genetic heterogeneity in cancer evolution.
Nature 2013, 501, 338-345. [CrossRef] [PubMed]

2. Kitano, H. Cancer as a robust system: Implications for anticancer therapy. Nat. Rev. Cancer 2004, 4, 227-235. [CrossRef] [PubMed]

3. Barker, HE,; Paget, ].T.; Khan, A.A.; Harrington, K.J. The tumour microenvironment after radiotherapy: Mechanisms of resistance
and recurrence. Nat. Rev. Cancer 2015, 15, 409—-425. [CrossRef] [PubMed]

4. Avendaiio, C.; Menendez, ].C. Medicinal Chemistry of Anticancer Drugs, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2015.

5. Papiez, M.A.; Krzysciak, W. Biological therapies in the treatment of cancer—Update and new directions. Int. J. Mol. Sci. 2021,
22,11694. [CrossRef]

6. Kaiser, M.; Semeraro, M.D.; Herrmann, M.; Absenger, G.; Gerger, A.; Renner, W. Inmune aging and immunotherapy in cancer.
Int. J. Mol. Sci. 2021, 22, 7016. [CrossRef]

7. Diwan, D.; Cheng, L.; Usmani, Z.; Sharma, M.; Holden, N.; Willoughby, N.; Sangwan, N.; Baadhe, R.R.; Liu, C.; Gupta, VK.
Microbial cancer therapeutics: A promising approach. Semin. Cancer Biol. 2022, 86, 931-950. [CrossRef]

8.  Sawant, S.S,; Patil, S.M.; Gupta, V.; Kunda, N.K. Microbes as medicines: Harnessing the power of bacteria in advancing cancer
treatment. Int. J. Mol. Sci. 2020, 21, 7575. [CrossRef]

9. Zhong, L.; Li, Y;; Xiong, L.; Wang, W.; Wu, M,; Yuan, T.; Yang, W.; Tian, C.; Miao, Z.; Wang, T. Small molecules in targeted cancer
therapy: Advances, challenges, and future perspectives. Signal Transduct. Target Ther. 2021, 6, 201. [CrossRef]

10. Ohishi, T.; Kaneko, M.K.; Yoshida, Y.; Takashima, A.; Kato, Y.; Kawada, M. Current Targeted Therapy for Metastatic Colorectal
Cancer. Int. J. Mol. Sci. 2023, 24, 1702. [CrossRef]

11. Lau, K.H.; Tan, A.M.; Shi, Y. New and emerging targeted therapies for advanced breast cancer. Int. J. Mol. Sci. 2022, 23, 2288.

[CrossRef]

122



Int. ]. Mol. Sci. 2023, 24, 5184

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Negrutskii, B.S.; El'skaya, A.V. Eukaryotic translation elongation factor 1a: Structure, expression, functions, and possible role in
aminoacyl-tRNA channeling. Prog. Nucleic Acid Res. Mol. Biol. 1998, 60, 47-78.

Sanders, J.; Brandsma, M.; Janssen, G.M.C.; Dijk, J.; Moeller, W. Immunofluorescence studies of human fibroblasts demonstrate
the presence of the complex of elongation factor-13y5 in the endoplasmic reticulum. J. Cell Sci. 1996, 109, 1113-1117. [CrossRef]
[PubMed]

Kjeer, S.; Wind, T.; Ravn, P,; Ostergaard, M.; Clark, B.F.C.; Nissim, A. Generation and epitope mapping of high-affinity scFv to
eukaryotic elongation factor 1A by dual application of phage display. Eur. J. Biochem. 2001, 268, 3407-3415. [CrossRef]
Migliaccio, N.; Ruggiero, I.; Martucci, N.M.; Sanges, C.; Arbucci, S.; Tate, R.; Rippa, E.; Arcari, P.; Lamberti, A. New insights
on the interaction between the isoforms 1 and 2 of human translation elongation factor 1A. Biochimie 2015, 118, 1-7. [CrossRef]
[PubMed]

Dever, T.E.; Dinman, ].D.; Green, R. Translation elongation and recoding in eukaryotes. Cold Spring Harb. Perspect. Biol. 2018,
10, a032649. [CrossRef] [PubMed]

Mateyak, M.K,; Kinzy, T.G. eEF1A: Thinking outside the ribosome. J. Biol. Chem. 2010, 285, 21209-21213. [CrossRef]

Sasikumar, A.N.; Perez, W.B.; Kinzy, T.G. The many roles of the eukaryotic elongation factor 1 complex. Wiley Interdiscip. Rev.
RNA 2012, 3, 543-555. [CrossRef]

Li, D.; Wei, T.; Abbott, C.M.; Harrich, D. The unexpected roles of eukaryotic translation elongation factors in RNA virus replication
and pathogenesis. Microbiol. Mol. Biol. Rev. 2013, 77, 253-266. [CrossRef]

Carriles, A.A; Mills, A.; Mufoz-Alonso, M.-].; Gutiérrez, D.; Dominguez, ].M.; Hermoso, J.A.; Gago, F. Structural Cues for
Understanding eEF1A2 Moonlighting. ChemBioChem 2021, 22, 374-391. [CrossRef]

Thornton, S.; Anand, N.; Purcell, D.; Lee, J. Not just for housekeeping: Protein initiation and elongation factors in cell growth and
tumorigenesis. J. Mol. Med. 2003, 81, 536-548. [CrossRef]

Lamberti, A.; Caraglia, M.; Longo, O.; Marra, M.; Abbruzzese, A.; Arcari, P. The translation elongation factor 1A in tumorigenesis,
signal transduction and apoptosis: Review article. Amino Acids 2004, 26, 443—448. [CrossRef]

Abbas, W.; Kumar, A.; Herbein, G. The eEF1A Proteins: At the Crossroads of Oncogenesis, Apoptosis, and Viral Infections. Front.
Oncol. 2015, 5, 75. [CrossRef] [PubMed]

Hussey, G.S.; Chaudhury, A.; Dawson, A.E.; Lindner, D.].; Knudsen, C.R.; Wilce, M.C.; Merrick, W.C.; Howe, P.H. Identification
of an mRNP Complex Regulating Tumorigenesis at the Translational Elongation Step. Mol. Cell 2011, 41, 419-431. [CrossRef]
[PubMed]

Liu, S.; Hausmann, S.; Carlson, S.M.; Fuentes, M.E.; Francis, ].W,; Pillai, R.; Lofgren, S.M.; Hulea, L.; Tandoc, K; Lu, J.; et al.
METTL13 Methylation of eEF1A Increases Translational Output to Promote Tumorigenesis. Cell 2019, 176, 491-504. [CrossRef]
[PubMed]

Kobayashi, D.; Tokuda, T.; Sato, K.; Okanishi, H.; Nagayama, M.; Hirayama-Kurogi, M.; Ohtsuki, S.; Araki, N. Identification of a
specific translational machinery via TCTP-EF1A2 interaction regulating NF1-associated tumor growth by affinity purification and
data-independent mass spectrometry acquisition (AP-DIA). Mol. Cell. Proteom. 2019, 18, 245-262. [CrossRef] [PubMed]

Amiri, A.; Noei, E; Jeganathan, S.; Kulkarni, G.; Pinke, D.E.; Lee, ] M. eEF1A2 activates Akt and stimulates Akt-dependent actin
remodeling, invasion and migration. Oncogene 2007, 26, 3027-3040. [CrossRef] [PubMed]

Li, Z; Qi, C.F; Shin, D.M.; Zingone, A.; Newbery, H].; Kovalchuk, A.L.; Abbott, C.M.; Morse, H.C.I. Eefla2 promotes cell growth,
inhibits apoptosis and activates JAK/STAT and AKT signaling in mouse plasmacytomas. PLoS ONE 2010, 5, e10755. [CrossRef]
Pellegrino, R.; Calvisi, D.F,; Neumann, O.; Kolluru, V.; Wesely, J.; Chen, X.; Wang, C.; Wuestefeld, T.; Ladu, S.; Elgohary, N.; et al.
EEF1A2 inactivates p53 by way of PI3K/AKT/mTOR-dependent stabilization of MDM4 in hepatocellular carcinoma. Hepatology
2014, 59, 1886-1899. [CrossRef]

Losada, A.; Munoz-Alonso, M.].; Martinez-Diez, M.; Gago, F.; Dominguez, ].M.; Martinez-Leal, ].F.; Galmarini, C.M. Binding of
eEF1A2 to the RNA-dependent protein kinase PKR modulates its activity and promotes tumor cell survival. Br. |. Cancer 2018,
119, 1410-1420. [CrossRef]

Itagaki, K.; Sasada, M.; Iyoda, T.; Imaizumi, T.; Haga, M.; Kuga, A.; Inomata, H.; Fukai, F.; Miyazaki, S.; Kondo, Y.; et al. Exposure
of the cryptic de-adhesive site FNIII14 in fibronectin molecule and its binding to membrane-type eEF1A induce migration and
invasion of cancer cells via 31-integrin inactivation. Am. J. Cancer Res. 2020, 10, 3990-4004.

Jia, L.; Ge, X.; Du, C.; Chen, L.; Zhou, Y.; Xiong, W.; Xiang, J.; Li, G.; Xiao, G.; Fang, L.; et al. EEF1A?2 interacts with HSP90AB1 to
promote lung adenocarcinoma metastasis via enhancing TGF-3/SMAD signalling. Brit. ]. Cancer 2021, 124, 1301-1311. [CrossRef]
Mills, A.; Gago, F. On the Need to Tell Apart Fraternal Twins eEF1A1 and eEF1A2, and Their Respective Outfits. Int. J. Mol. Sci.
2021, 22, 6973; Human eFE1A has two predominant isoforms eEF1A1 and eEF1A2. According to the literature, some agents were
reported to target eEF1A without knowing whether it is eEF1A1, eEF1A2, or both, whereas others target only one isoform. For a
recent discussion about these two isoforms. [CrossRef]

Crews, C.M.; Collins, J.L.; Lane, W.S.; Snapper, M.L.; Schreiber, S.L. GTP-dependent binding of the antiproliferative agent
didemnin to elongation factor 1«. J. Biol. Chem. 1994, 269, 15411-15414. [CrossRef]

Losada, A.; Munoz-Alonso, M.].; Garcia, C.; Sanchez-Murcia, P.A.; Martinez-Leal, ].F.; Dominguez, ] M.; Lillo, M.P.; Gago, F.;
Galmarini, C.M. Translation Elongation Factor eEF1A2 is a Novel Anticancer Target for the Marine Natural Product Plitidepsin.
Sci. Rep. 2016, 6, 35100. [CrossRef] [PubMed]

123



Int. ]. Mol. Sci. 2023, 24, 5184

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

Lee, ].; Currano, J.N.; Carroll, PJ.; Joullie, M.M. Didemnins, tamandarins and related natural products. Nat. Prod. Rep. 2012, 29,
404-424. [CrossRef] [PubMed]

Lindqvist, L.; Robert, E.; Merrick, W.; Kakeya, H.; Fraser, C.; Osada, H.; Pelletier, J. Inhibition of translation by cytotrienin A-a
member of the ansamycin family. RNA 2010, 16, 2404-2413. [CrossRef] [PubMed]

Carelli, J.D.; Sethofer, S.G.; Smith, G.A.; Miller, H.R.; Simard, J.L.; Merrick, W.C.; Jain, RK.; Ross, N.T.; Taunton, J. Ternatin
and improved synthetic variants kill cancer cells by targeting the elongation factor-1A ternary complex. eLife 2015, 4, e10222.
[CrossRef] [PubMed]

Van Goietsenoven, G.; Hutton, J.; Becker, ].P; Lallemand, B.; Robert, E; Lefranc, F.; Pirker, C.; Vandenbussche, G.; Van Antwerpen,
P; Evidente, A.; et al. Targeting of eEF1A with Amaryllidaceae isocarbostyrils as a strategy to combat melanomas. FASEB . 2010,
24,4575-4584. [CrossRef]

Yao, N.; Chen, C.Y,; Wu, C.Y.; Motonishi, K.; Kung, H.J.; Lam, K.S. Novel flavonoids with antiproliferative activities against breast
cancer cells. J. Med. Chem. 2011, 54, 4339-4349. [CrossRef]

Jimenez, P.C.; Wilke, D.V.; Branco, P.C.; Bauermeister, A.; Rezende-Teixeira, P.; Gaudencio, S.P.; Costa-Lotufo, L.V. Enriching
cancer pharmacology with drugs of marine origin. Brit. ]. Pharmacol. 2020, 177, 3-27. [CrossRef]

Metarrestin (ML-246) in Subjects with Metastatic Solid Tumors. 2020. Available online: https://ClinicalTrials.gov/show/NCTO0
4222413 (accessed on 2 March 2023).

Dmitriev, S.E.; Vladimirov, D.O.; Lashkevich, K.A. A Quick Guide to Small-Molecule Inhibitors of Eukaryotic Protein Synthesis.
Biochemistry (Moscow) 2020, 85, 1389-1421. [CrossRef] [PubMed]

Bronstrup, M.; Sasse, F. Natural products targeting the elongation phase of eukaryotic protein biosynthesis. Nat. Prod. Rep. 2020,
37,752-762. [CrossRef]

Burgers, L.D.; Fuerst, R. Natural products as drugs and tools for influencing core processes of eukaryotic mRNA translation.
Pharmacol. Res. 2021, 170, 105535. [CrossRef]

Fan, A.; Sharp, P.P. Inhibitors of Eukaryotic Translational Machinery as Therapeutic Agents. . Med. Chem. 2021, 64, 2436-2465.
[CrossRef]

Zhang, ].-N.; Xia, Y.-X.; Zhang, H.-J. Natural cyclopeptides as anticancer agents in the last 20 years. Int. ]. Mol. Sci. 2021, 22, 3973.
[CrossRef] [PubMed]

Rinehart, K.L., Jr.; Gloer, ].B.; Hughes, R.G., Jr.; Renis, H.E.; McGovren, ].P.; Swynenberg, E.B.; Stringfellow, D.A.; Kuentzel, S.L.;
Li, L.H. Didemnins: Antiviral and antitumor depsipeptides from a caribbean tunicate. Science 1981, 212, 933-935. [CrossRef]
[PubMed]

Vervoort, H.; Fenical, W.; de Epifanio, R. Tamandarins A and B: New cytotoxic depsipeptides from a Brazilian ascidian of the
family Didemnidae. J. Org. Chem. 2000, 65, 782-792. [CrossRef]

Leisch, M.; Egle, A.; Greil, R. Plitidepsin: A potential new treatment for relapsed /refractory multiple myeloma. Future Oncol.
2019, 15, 109-120. [CrossRef]

Chun, H.G; Davies, B.; Hoth, D.; Suffness, M.; Plowman, J.; Flora, K.; Grieshaber, C.; Leyland-Jones, B. Didemnin B. The first
marine compound entering clinical trials as an antineoplastic agent. Investig. New Drugs 1986, 4, 279-284.

Vera, M.D.; Joullie, M.M. Natural products as probes of cell biology: 20 years of didemnin research. Med. Res. Rev. 2002, 22,
102-145. [CrossRef]

Le Tourneau, C.; Raymond, E.; Faivre, S. Aplidine: A paradigm of how to handle the activity and toxicity of a novel marine
anticancer poison. Curr. Pharm. Des. 2007, 13, 3427-3439. [CrossRef]

Murioz-Alonso, M.].; Gonzalez-Santiago, L.; Martinez, T.; Losada, A.; Galmarini, C.M.; Mufioz, A. The mechanism of action of
plitidepsin. Curr. Opin. Investig. Drugs 2009, 10, 536-542. [PubMed]

Danu, A.; Willekens, C.; Ribrag, V. Plitidepsin: An orphan drug. Expert Opin. Orphan Drugs 2013, 1, 569-580. [CrossRef]
Alonso-Alvarez, S.; Pardal, E.; Sanchez-Nieto, D.; Navarro, M.; Caballero, M.D.; Mateos, M.V.; Martin, A. Plitidepsin: Design,
development, and potential place in therapy. Drug Des. Dev. Ther. 2017, 11, 253-264. [CrossRef]

Potts, M.B.; Kim, H.S.; Fisher, KW.; Hu, Y.; Carrasco, Y.P,; Bulut, G.B.; Ou, Y.-H.; Herrera-Herrera, M.L.; Cubillos, F.; Mendiratta,
S.; et al. Using functional signature ontology (FUSION) to identify mechanisms of action for natural products. Sci. Signal. 2013,
6,1a90. [CrossRef] [PubMed]

Potts, M.B.; McMillan, E.A.; Rosales, T.I.; Kim, H.S.; Ou, Y.-H.; Toombs, J.E.; Brekken, R.A.; Minden, M.D.; MacMillan, J.B.; White,
M.A. Mode of action and pharmacogenomic biomarkers for exceptional responders to didemnin B. Nat. Chem. Biol. 2015, 11,
401-408. [CrossRef]

Losada, A.; Berlanga, ].J.; Molina-Guijarro, ].M.; Jimenez-Ruiz, A.; Gago, E; Aviles, P.; de Haro, C.; Martinez-Leal, ].F. Generation
of endoplasmic reticulum stress and inhibition of autophagy by plitidepsin induces proteotoxic apoptosis in cancer cells. Biochem.
Pharmacol. 2020, 172, 113744. [CrossRef]

Kakeya, H.; Zhang, H.P.; Kobinata, K.; Onose, R.; Onozawa, C.; Kudo, T.; Osada, H. Cytotrienin A, a novel apoptosis inducer in
human leukemia HL-60 cells. J. Antibiot. 1997, 50, 370-372. [CrossRef]

Zhang, H.P.; Kakeya, H.; Osada, H. Novel triene-ansamycins, cytotrienins A and B, inducing apoptosis on human leukemia
HL-60 cells. Tetrahedron Lett. 1997, 38, 1789-1792. [CrossRef]

Kakeya, H.; Onose, R.; Osada, H. Caspase-mediated activation of a 36-kDa myelin basic protein kinase during anticancer
drug-induced apoptosis. Cancer Res. 1998, 58, 4888-4894. [PubMed]

124



Int. ]. Mol. Sci. 2023, 24, 5184

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.
76.
77.
78.
79.
80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

Watabe, M.; Kakeya, H.; Onose, R.; Osada, H. Activation of MST/Krs and c-Jun N-terminal kinases by different signaling
pathways during cytotrienin A-induced apoptosis. J. Biol. Chem. 2000, 275, 8766-8771. [CrossRef]

Yamada, Y.; Taketani, S.; Osada, H.; Kataoka, T. Cytotrienin A, a translation inhibitor that induces ectodomain shedding of TNF
receptor 1 via activation of ERK and p38 MAP kinase. Eur. |. Pharmacol. 2011, 667, 113-119. [CrossRef]

Blunt, J.; Cole, T.; Munro, M.; Sun, L.; Weber, ].-ER.; Ramasamy, K.; Abu Bakar, H.; Abdul Majeed, A.B.B. Bioactive Compounds
Derived from Endophytic Aspergillus Fungus Strain Isolated from Garcinia Scortechinii. WO2010062159A1, 3 June 2010.
Briggs, L.H.; Locker, R.H. 459. Flavonols from the bark of Melicope ternata. Part I. The isolation of four new flavonols, meliternatin,
meliternin, ternatin, and wharangin. J. Chem. Soc. 1949, 2157-2162, The term ternatin also refers to a flavone-type natural product,
5-dihydroxy-3,3',7, 8-tetramethoxyflavone (CAS registry number: 571-71-1) first reported in 1949. [CrossRef]

Shimokawa, K.; Mashima, I.; Asai, A.; Yamada, K.; Kita, M.; Uemura, D. (—)-Ternatin, a highly N-methylated cyclic heptapeptide
that inhibits fat accumulation: Structure and synthesis. Tetrahedron Lett. 2006, 47, 4445-4448. [CrossRef]

Wang, H.-Y.; Yang, H.; Holm, M.; Tom, H.; Oltion, K.; Al-Khdhairawi, A.A.Q.; Weber, ].-EF.; Blanchard, S.C.; Ruggero, D.;
Taunton, J. Synthesis and single-molecule imaging reveal stereospecific enhancement of binding kinetics by the antitumour
eEF1A antagonist SR-A3. Nat. Chem. 2022, 14, 1443-1450. [CrossRef]

Copeland, R.A. The drug-target residence time model: A 10-year retrospective. Nat. Rev. Drug Discov. 2016, 15, 87-95. [CrossRef]
Juette, M.E; Carelli, ].D.; Rundlet, E.J.; Brown, A.; Shao, S.; Ferguson, A.; Wasserman, M.R.; Holm, M.; Taunton, J.; Blanchard, S.C.
Didemnin B and ternatin-4 differentially inhibit conformational changes in eEF1A required for aminoacyl-tRNA accommodation
into mammalian ribosomes. eLife 2022, 11, e81608. [CrossRef] [PubMed]

Oltion, K.; Carelli, ].D.; Yang, T.; See, S.K.; Wang, H.-Y.; Kampmann, M.; Taunton, J. An E3 ligase network engages GCN1 to
promote the degradation of translation factors on stalled ribosomes. Cell 2023, 186, 346-362. [CrossRef] [PubMed]

Hoffmann, H.; Kogler, H.; Heyse, W.; Matter, H.; Caspers, M.; Schummer, D.; Klemke-Jahn, C.; Bauer, A.; Penarier, G.; Debussche,
L.; et al. Discovery, Structure Elucidation, and Biological Characterization of Nannocystin A, a Macrocyclic Myxobacterial
Metabolite with Potent Antiproliferative Properties. Angew. Chem. Int. Ed. 2015, 54, 10145-10148. [CrossRef]

Krastel, P.; Roggo, S.; Schirle, M.; Ross, N.T.; Perruccio, F; Aspesi, P, Jr.; Aust, T.; Buntin, K.; Estoppey, D.; Liechty, B.; et al.
Nannocystin A: An Elongation Factor 1 Inhibitor from Myxobacteria with Differential Anti-Cancer Properties. Angew. Chem. Int.
Ed. 2015, 54, 10149-10154. [CrossRef]

Liao, L.; Zhou, J.; Xu, Z.; Ye, T. Concise Total Synthesis of Nannocystin A. Angew. Chem. Int. Ed. 2016, 55, 13263-13266. [CrossRef]
[PubMed]

Huang, J.; Wang, Z. Total Syntheses of Nannocystins A and A0, Two Elongation Factor 1 Inhibitors. Org. Lett. 2016, 18, 4702-4705.
[CrossRef]

Yang, Z.; Xu, X.; Yang, C.H,; Tian, Y.; Chen, X; Lian, L.; Pan, W.; Su, X.; Zhang, W.; Chen, Y. Total Synthesis of Nannocystin A.
Org. Lett. 2016, 18, 5768-5770. [CrossRef] [PubMed]

Zhang, Y.H.; Liu, R;; Liu, B. Total synthesis of nannocystin Ax. Chem. Commun. 2017, 53, 5549-5552. [CrossRef] [PubMed]
Poock, C.; Kalesse, M. Total Synthesis of Nannocystin Ax. Org. Lett. 2017, 19, 4536—4539. [CrossRef]

Liu, Q.; Hu, P; He, Y. Asymmetric Total Synthesis of Nannocystin A. J. Org. Chem. 2017, 82, 9217-9222. [CrossRef]

Meng, Z.; Souillart, L.; Monks, B.; Huwyler, N.; Herrmann, J.; Mueller, R.; Furstner, A. A “Motif-Oriented” Total Synthesis of
Nannocystin Ax. Preparation and Biological Assessment of Analogues. |. Org. Chem. 2018, 83, 6977-6994. [CrossRef]

Wang, Z. The Chemical Syntheses of Nannocystins. Synthesis 2019, 51, 2252-2260. [CrossRef]

Zhang, W. From Target-Oriented to Motif-Oriented: A Case Study on Nannocystin Total Synthesis. Molecules 2020, 25, 5327.
[CrossRef]

Firstner, A. Lessons from Natural Product Total Synthesis: Macrocyclization and Postcyclization Strategies. Acc. Chem. Res. 2021,
54,861-874. [CrossRef]

Paul, D.; Das, S.; Saha, S.; Sharma, H.; Goswami, R K. Intramolecular Heck Reaction in Total Synthesis of Natural Products: An
Update. Eur. J. Org. Chem. 2021, 2021, 2057-2076. [CrossRef]

Zhang, W. Heck macrocyclization in natural product total synthesis. Nat. Prod. Rep. 2021, 38, 1109-1135. [CrossRef]

Tian, Y.,; Xu, X;; Ding, Y.; Hao, X,; Bai, Y.; Tang, Y.; Zhang, X.; Li, Q.; Yang, Z.; Zhang, W.; et al. Synthesis and biological evaluation
of nannocystin analogues toward understanding the binding role of the (2R,3S)-Epoxide in nannocystin A. Eur. . Med. Chem.
2018, 150, 626—632. [CrossRef] [PubMed]

Tian, Y;; Ding, Y,; Xu, X,; Bai, Y,; Tang, Y.; Hao, X.; Zhang, W.; Chen, Y. Total synthesis and biological evaluation of nannocystin
analogues modified at the polyketide phenyl moiety. Tetrahedron Lett. 2018, 59, 3206-3209. [CrossRef]

Tian, Y.; Wang, J.; Liu, W.; Yuan, X,; Tang, Y.; Li, ].; Chen, Y.; Zhang, W. Stereodivergent total synthesis of Br-nannocystins
underpinning the polyketide (10R,11S) configuration as a key determinant of potency. J. Mol. Struct. 2019, 1181, 568-578.
[CrossRef]

Liu, Q.; Yang, X; Ji, ].; Zhang, S.-L.; He, Y. Novel nannocystin A analogues as anticancer therapeutics: Synthesis, biological
evaluations and structure-activity relationship studies. Eur. . Med. Chem. 2019, 170, 99-111. [CrossRef]

Sun, C.; Liu, R.; Xia, M.; Hou, Y.; Wang, X.; Lu, J.-].; Liu, B.; Chen, X. Nannocystin Ax, a natural elongation factor 1« inhibitor
from Nannocystis sp., suppresses epithelial-mesenchymal transition, adhesion and migration in lung cancer cells. Toxicol. Appl.
Pharmacol. 2021, 420, 115535. [CrossRef]

125



Int. ]. Mol. Sci. 2023, 24, 5184

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

Hou, Y,; Liu, R;; Xia, M.; Sun, C.; Zhong, B.; Yu, J.; Ai, N,; Lu, J.-].; Ge, W,; Liu, B.; et al. Nannocystin ax, an eEF1A inhibitor,
induces G1 cell cycle arrest and caspase-independent apoptosis through cyclin D1 downregulation in colon cancer in vivo.
Pharmacol. Res. 2021, 173, 105870. [CrossRef] [PubMed]

Zhang, H.; Tian, Y;; Yuan, X,; Xie, F; Yu, S.; Cai, J.; Sun, B.; Shan, C.; Zhang, W. Site-directed Late-Stage Diversification
of Macrocyclic Nannocystins Facilitating Anticancer SAR and Mode of Action Studies. RSC Med. Chem. 2023, 14, 299-312.
[CrossRef]

Gemmer, M.; Chaillet, M.L.; van Loenhout, J.; Cuevas Arenas, R.; Vismpas, D.; Grollers-Mulderij, M.; Koh, EA.; Albanese, P.;
Scheltema, R.A.; Howes, S.C.; et al. Visualization of translation and protein biogenesis at the ER membrane. Nature 2023, 614,
160-167. [CrossRef]

Pollock, C.; Huang, S. The perinucleolar compartment. Cold Spring Harbor Perspect. Biol. 2010, 2, a000679. [CrossRef] [PubMed]
Kamath, R.V; Thor, A.D.; Wang, C.; Edgerton, S.M.; Slusarczyk, A.; Leary, D.].; Wang, J.; Wiley, E.L.; Jovanovic, B.; Wu, Q.; et al.
Perinucleolar compartment prevalence has an independent prognostic value for breast cancer. Cancer Res. 2005, 65, 246-253.
[CrossRef] [PubMed]

Norton, ].T.; Pollock, C.B.; Wang, C.; Schink, J.C.; Kim, J.J.; Huang, S. Perinucleolar compartment prevalence is a phenotypic
pancancer marker of malignancy. Cancer 2008, 113, 861-869. [CrossRef]

Norton, J.T.; Wang, C.; Gjidoda, A.; Henry, RW.; Huang, S. The Perinucleolar Compartment Is Directly Associated with DNA.
J. Biol. Chem. 2009, 284, 4090-4101. [CrossRef]

Huang, S.; Deerinck, T.].; Ellisman, M.H.; Spector, D.L. The Dynamic Organization of the Perinucleolar Compartment in the Cell
Nucleus. J. Cell Biol. 1997, 137, 965-974. [CrossRef] [PubMed]

Norton, ].T.; Titus, S.A.; Dexter, D.; Austin, C.P,; Zheng, W.; Huang, S. Automated High-Content Screening for Compounds That
Disassemble the Perinucleolar Compartment. J. Biormol. Screen. 2009, 14, 1045-1053. [CrossRef]

Frankowski, K.J.; Wang, C.; Patnaik, S.; Schoenen, FJ.; Southall, N.; Li, D.; Teper, Y.; Sun, W.; Kandela, I.; Hu, D.; et al. Metarrestin,
a perinucleolar compartment inhibitor, effectively suppresses metastasis. Sci. Transl. Med. 2018, 10, eaap8307. [CrossRef]
Frankowski, K.J.; Patnaik, S.; Wang, C.; Southall, N.; Dutta, D.; De, S.; Li, D.; Dextras, C.; Lin, Y.-H.; Bryant-Connah, M.; et al.
Discovery and Optimization of Pyrrolopyrimidine Derivatives as Selective Disruptors of the Perinucleolar Compartment, a
Marker of Tumor Progression toward Metastasis. J. Med. Chem. 2022, 65, 8303-8331. [CrossRef]

Vilimas, T.; Wang, A.Q.; Patnaik, S.; Hughes, E.A; Singleton, M.D.; Knotts, Z.; Li, D.; Frankowski, K.; Schlomer, ]J.J.; Guerin, TM.;
et al. Pharmacokinetic evaluation of the PNC disassembler metarrestin in wild-type and Pdx1-Cre; LSL-KrasG12D/+; Tp53R172H/+
(KPC) mice, a genetically engineered model of pancreatic cancer. Cancer Chemoth. Pharm. 2018, 82, 1067-1080. [CrossRef]
Padilha, E.C.; Shah, P.; Wang, A.Q.; Singleton, M.D.; Hughes, E.A.; Li, D.; Rice, K.A.; Konrath, K.M.; Patnaik, S.; Marugan, J.
Metabolism and pharmacokinetics characterization of metarrestin in multiple species. Cancer Chemother. Pharm. 2020, 85, 805-816.
[CrossRef]

Bourdi, M.; Rudloff, U.; Patnaik, S.; Marugan, J.; Terse, P.S. Safety assessment of metarrestin in dogs: A clinical candidate targeting
a subnuclear structure unique to metastatic cancer cells. Regul. Toxicol. Pharm. 2020, 116, 104716. [CrossRef]

Békés, M.; Langley, D.R.; Crews, C.M. PROTAC targeted protein degraders: The past is prologue. Nat. Rev. Drug Discov. 2022, 21,
181-200. [CrossRef]

Pedrucci, F; Pappalardo, C.; Marzaro, G.; Ferri, N.; Ferlin, A.; De Toni, L. Proteolysis Targeting Chimeric Molecules: Tuning
Molecular Strategies for a Clinically Sound Listening. Int. ]. Mol. Sci. 2022, 23, 6630. [CrossRef] [PubMed]

Yao, T.; Xiao, H.; Wang, H.; Xu, X. Recent Advances in PROTACs for Drug Targeted Protein Research. Int. J. Mol. Sci. 2022,
23,10328. [CrossRef]

Jin, J.; Kabir, M.; Sun, N.; Kaniskan, H.U. Preparation of Heterobifunctional Compounds as Degraders of eEF1AZ2.
WO02022159650A1, 28 July 2022.

Tash, J.S.; Chakrasali, R.; Jakkaraj, S.R.; Hughes, J.; Smith, S.K.; Hornbaker, K.; Heckert, L.L.; Ozturk, S.B.; Hadden, M.K,; Kinzy,
T.G.; et al. Gamendazole, an orally active indazole carboxylic acid male contraceptive agent, targets HSP90AB1 (HSP9OBETA)
and EEF1A1 (eEF1A), and stimulates [l1a transcription in rat sertoli cells. Biol. Reprod. 2008, 78, 1139-1152. [CrossRef] [PubMed]
Burglova, K.; Rylova, G.; Markos, A.; Prichystalova, H.; Soural, M.; Petracek, M.; Medvedikova, M.; Tejral, G.; Sopko, B.;
Hradil, P; et al. Identification of Eukaryotic Translation Elongation Factor 1-« 1 Gamendazole-Binding Site for Binding of
3-Hydroxy-4(1H)-quinolinones as Novel Ligands with Anticancer Activity. J. Med. Chem. 2018, 61, 3027-3036. [CrossRef]
[PubMed]

Isaka, M.; Srisanoh, U.; Lartpornmatulee, N.; Boonruangprapa, T. ES-242 derivatives and cycloheptapeptides from Cordyceps sp.
strains BCC 16173 and BCC 16176. J. Nat. Prod. 2007, 70, 1601-1604. [CrossRef]

Rukachaisirikul, V.; Chantaruk, S.; Tansakul, C.; Saithong, S.; Chaicharernwimonkoon, L.; Pakawatchai, C.; Isaka, M.; Intereya, K.
A cyclopeptide from the insect pathogenic fungus Cordyceps sp. BCC 1788. J. Nat. Prod. 2006, 69, 305-307. [CrossRef]

Kumar, S.; Dahiya, R.; Khokra, S.L.; Mourya, R.; Chennupati, S.V.; Maharaj, S. Total synthesis and pharmacological investigation
of cordyheptapeptide A. Molecules 2017, 22, 682. [CrossRef]

Klein, V.G.; Bray, W.M.; Wang, H.-Y.; Edmondson, Q.; Schwochert, J.; Ono, S.; Naylor, M.R.; Turmon, A.C; Faris, ].H.; Okada,
O.; et al. Identifying the Cellular Target of Cordyheptapeptide A and Synthetic Derivatives. ACS Chem. Biol. 2021, 16, 1354-1364.
[CrossRef] [PubMed]

126



Int. ]. Mol. Sci. 2023, 24, 5184

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Naylor, M.R,; Ly, A.M.; Handford, M.].; Ramos, D.P; Pye, C.R.; Furukawa, A.; Klein, V.G.; Noland, R.P.; Edmondson, Q.; Turmon,
A.C,; et al. Lipophilic Permeability Efficiency Reconciles the Opposing Roles of Lipophilicity in Membrane Permeability and
Aqueous Solubility. J. Med. Chem. 2018, 61, 11169-11182. [CrossRef]

Chan, J.; Khan, S.N.; Harvey, I.; Merrick, W.; Pelletier, J. Eukaryotic protein synthesis inhibitors identified by comparison of
cytotoxicity profiles. RNA 2004, 10, 528-543. [CrossRef]

Schulze, C.J.; Bray, W.M.; Woerhmann, M.H.; Stuart, J.; Lokey, R.S.; Linington, R.G. “Function-first” lead discovery: Mode of
action profiling of natural product libraries using image-based screening. Chem. Biol. 2013, 20, 285-295. [CrossRef] [PubMed]
Dieterich, D.C.; Link, A J.; Graumann, J.; Tirrell, D.A.; Schuman, E.M. Selective identification of newly synthesized proteins
in mammalian cells using bioorthogonal noncanonical amino acid tagging (BONCAT). Proc. Natl. Acad. Sci. USA 2006, 103,
9482-9487. [CrossRef] [PubMed]

Sanchez-Murcia, P.A.; Cortés-Cabrera, A.; Gago, F. Structural rationale for the cross-resistance of tumor cells bearing the A399V
variant of elongation factor eEF1A1 to the structurally unrelated didemnin B, ternatin, nannocystin A and ansatrienin B. ]. Comput.
Aided Mol. Des. 2017, 31, 915-928. [CrossRef]

Nishioka, H.; Nakajima, S.; Nagashima, M.; Kojiri, K.; Suda, H. BE-43547 Series Substances, Their Manufacture with Streptomyces
Species, and Their Use as Antitumor Agents. JP10147594A, 2 June 1998.

Poulsen, T.B. Total Synthesis of Natural Products Containing Enamine or Enol Ether Derivatives. Acc. Chem. Res. 2021, 54,
1830-1842. [CrossRef]

Villadsen, N.L.; Jacobsen, K.M.; Keiding, U.B.; Weibel, E.T.; Christiansen, B.; Vosegaard, T.; Bjerring, M.; Jensen, F,; Johannsen, M.;
Torring, T.; et al. Synthesis of ent-BE-43547A reveals a potent hypoxia-selective anticancer agent and uncovers the biosynthetic
origin of the APD-CLD natural products. Nat. Chem. 2017, 9, 264-272. [CrossRef]

Poulsen, T.B. A concise route to the macrocyclic core of the rakicidins. Chem. Commun. 2011, 47, 12837-12839. [CrossRef]
[PubMed]

Clement, L.L.; Tsakos, M.; Schaffert, E.S.; Scavenius, C.; Enghild, ].J.; Poulsen, T.B. The amido-pentadienoate-functionality of the
rakicidins is a thiol reactive electrophile-development of a general synthetic strategy. Chem. Commun. 2015, 51, 12427-12430.
[CrossRef] [PubMed]

Tsakos, M.; Clement, L.L.; Schaffert, E.S.; Olsen, EN.; Rupiani, S.; Djurhuus, R.; Yu, W.; Jacobsen, K.M.; Villadsen, N.L.; Poulsen,
T.B. Total synthesis and biological evaluation of rakicidin A and discovery of a simplified bioactive analogue. Angew. Chem. Int.
Ed. 2016, 55, 1030-1035. [CrossRef]

Tsakos, M.; Jacobsen, K.M.; Yu, W,; Villadsen, N.L.; Poulsen, T.B. The rakicidin family of anticancer natural products—-synthetic
strategies towards a new class of hypoxia-selective cytotoxins. Synlett 2016, 27, 1898-1906. [CrossRef]

Sun, Y.; Ding, Y; Li, D.; Zhou, R.; Su, X.; Yang, J.; Guo, X.; Chong, C.; Wang, ].; Zhang, W.; et al. Cyclic Depsipeptide BE-43547A,:
Synthesis and Activity against Pancreatic Cancer Stem Cells. Angew. Chem. Int. Ed. 2017, 56, 14627-14631. [CrossRef]

Sun, Y.; Su, X.; Zhou, R.; Wang, D.; Zhao, Y.; Jiang, Y.; Wang, L.; Chen, Y. Total synthesis of BE-43547A,. Tetrahedron 2018, 74,
5955-5964. [CrossRef]

Sun, Y.; Zhou, R.; Xu, H.; Wang, D.; Su, X.; Wang, C.; Ding, Y.; Wang, L.; Chen, Y. Syntheses and biological evaluation of
BE-43547A, analogs modified at O35 ester and C15-OH sites. Tetrahedron 2019, 75, 1808-1818. [CrossRef]

Liu, C.; Wang, L.; Sun, Y.; Zhao, X.; Chen, T.; Su, X.; Guo, H.; Wang, Q.; Xi, X,; Ding, Y.; et al. Probe Synthesis Reveals Eukaryotic
Translation Elongation Factor1 Alphal as the Anti-Pancreatic Cancer Target of BE-43547A,. Angew. Chem. Int. Ed. 2022,
61, €202206953. [CrossRef] [PubMed]

Jacobsen, K.M.; Villadsen, N.L.; Toerring, T.; Nielsen, C.B.; Salomon, T.; Nielsen, M.M.; Tsakos, M.; Sibbersen, C.; Scavenius, C.;
Nielsen, R.; et al. APD-Containing Cyclolipodepsipeptides Target Mitochondrial Function in Hypoxic Cancer Cells. Cell Chem.
Biol. 2018, 25, 1337-1349. [CrossRef]

Silvera, D.; Formenti, S.C.; Schneider, R.J. Translational control in cancer. Nat. Rev. Cancer 2010, 10, 254-266. [CrossRef]

Bhat, M.; Robichaud, N.; Hulea, L.; Sonenberg, N.; Pelletier, ].; Topisirovic, I. Targeting the translation machinery in cancer. Nat.
Rev. Drug Discov. 2015, 14, 261-278. [CrossRef] [PubMed]

Chu, J.; Pelletier, J. Therapeutic opportunities in eukaryotic translation. Cold Spring Harbor Perspect. Biol. 2018, 10, a032995.
[CrossRef] [PubMed]

Gandhi, V.; Plunkett, W.; Cortes, J.E. Omacetaxine: A Protein Translation Inhibitor for Treatment of Chronic Myelogenous
Leukemia. Clin. Cancer Res. 2014, 20, 1735-1740. [CrossRef]

Varona, ].F,; Landete, P.; Lopez-Martin, J.A.; Estrada, V.; Paredes, R.; Guisado-Vasco, P.; Fernandez de Orueta, L.; Torralba, M.;
Fortun, J.; Vates, R.; et al. Preclinical and randomized phase I studies of plitidepsin in adults hospitalized with COVID-19. Life Sci.
Alliance 2022, 5, €202101200. [CrossRef] [PubMed]

White, K.M.; Rosales, R.; Yildiz, S.; Kehrer, T.; Miorin, L.; Moreno, E.; Jangra, S.; Uccellini, M.B.; Rathnasinghe, R.; Coughlan,
L.; et al. Plitidepsin has potent preclinical efficacy against SARS-CoV-2 by targeting the host protein eEF1A. Science 2021, 371,
926-931. [CrossRef] [PubMed]

Sachse, M.; Tenorio, R.; de Castro, I.F.; Mufoz-Basagoiti, J.; Perez-Zsolt, D.; Raich-Regué, D.; Rodon, J.; Losada, A.; Avilés, P.;
Cuevas, C. Unraveling the antiviral activity of plitidepsin against SARS-CoV-2 by subcellular and morphological analysis. Antivir.
Res. 2022, 200, 105270. [CrossRef]

127



Int. ]. Mol. Sci. 2023, 24, 5184

139.

140.

141.

142.

Bosutti, A.; Dapas, B.; Grassi, G.; Bussani, R.; Zanconati, F.; Giudici, F.; Bottin, C.; Pavan, N.; Trombetta, C.; Scaggiante, B.
High eEF1A1 Protein Levels Mark Aggressive Prostate Cancers and the In Vitro Targeting of eEF1A1 Reveals the eEF1Al-actin
Complex as a New Potential Target for Therapy. Int. . Mol. Sci. 2022, 23, 4143. [CrossRef] [PubMed]

Wu, A; Tang, J.; Guo, Z; Dai, Y.; Nie, J.; Hu, W.; Liu, N,; Ye, C.; Li, S.; Pei, H. Long non-coding RNA CRYBG3 promotes lung
cancer metastasis via activating the eEF1A1/MDM2/MTBP axis. Int. J. Mol. Sci. 2021, 22, 3211. [CrossRef] [PubMed]

Dugger, S.A.; Platt, A.; Goldstein, D.B. Drug development in the era of precision medicine. Nat. Rev. Drug Discov. 2018, 17,
183-196. [CrossRef]

Li, H,; Chen, S.; Wang, J.; Zhang, M.; Wu, W.; Liu, W.; Sun, P. Ansafurantrienins, Unprecedented Ansatrienin Derivatives Formed
via Photocatalytic Intramolecular [3+ 2] Oxidative Cycloaddition. Org. Lett. 2022, 24, 592-596. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

128



International Journal of
Molecular Sciences

Review

Synthetic Small Molecule Modulators of Hsp70 and Hsp40
Chaperones as Promising Anticancer Agents

Bianca Nitzsche 1@, Michael Hopfner ! and Bernhard Biersack %*

Citation: Nitzsche, B.; Hopfner, M.;
Biersack, B. Synthetic Small Molecule
Modulators of Hsp70 and Hsp40
Chaperones as Promising Anticancer
Agents. Int. ]. Mol. Sci. 2023, 24, 4083.
https:/ /doi.org/10.3390/ijms24044083

Academic Editor: Maurizio Battino

Received: 28 January 2023
Revised: 9 February 2023
Accepted: 11 February 2023
Published: 17 February 2023

Copyright: © 2023 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/).

Institute for Physiology, Charité—Universititsmedizin Berlin, Corporate Member of Freie Universitit Berlin
and Humboldt Universitit zu Berlin, Charitéplatz 1, 10117 Berlin, Germany

Organische Chemie 1, Universitat Bayreuth, Universitdtsstrasse 30, 95440 Bayreuth, Germany
Correspondence: bernhard.biersack@uni-bayreuth.de or bernhard.biersack@yahoo.com; Tel.: +49-921-552673

Abstract: A class of chaperones dubbed heat shock protein 70 (Hsp70) possesses high relevance in
cancer diseases due to its cooperative activity with the well-established anticancer target Hsp90.
However, Hsp70 is closely connected with a smaller heat shock protein, Hsp40, forming a formidable
Hsp70-Hsp40 axis in various cancers, which serves as a suitable target for anticancer drug design.
This review summarizes the current state and the recent developments in the field of (semi-)synthetic
small molecule inhibitors directed against Hsp70 and Hsp40. The medicinal chemistry and anticancer
potential of pertinent inhibitors are discussed. Since Hsp90 inhibitors have entered clinical trials
but have exhibited severe adverse effects and drug resistance formation, potent Hsp70 and Hsp40
inhibitors may play a significant role in overcoming the drawbacks of Hsp90 inhibitors and other
approved anticancer drugs.

Keywords: anticancer agents; heat shock proteins; Hsp70; Hsp40

1. Introduction

Stress factors such as heat lead to defensive and protective cellular responses, enabling
the cell to cope with the stress [1]. The emergence of chromosomal puffs as a defined
heat shock response in Drosophila flies was observed for the first time in 1962 by Ferruccio
Ritossa [2]. In 1974, the increased expression of certain heat shock proteins in response
to heat and other stress factors was discovered [3]. These heat shock proteins (Hsps)
are classified by their molecular weights in kDa (e.g., Hsp90, Hsp70, etc.) and function
as chaperones in order to protect important proteins from degradation, to control the
quality of protein folding, and to deliver misfolded or damaged proteins to the proteasome
for disposal (protein triage), thus vouchsafing cell viability under these conditions [4].
This multi-chaperone system (“epichaperome”) plays an important role in various cancer
diseases [5]. Canonical functions of chaperones are linked with the ubiquitin-proteasome
system (UPS) and chaperone-mediated autophagy (CMA), while non-canonical functions
affect the immune system, including inflammatory and autoimmune mechanisms [6]. Thus,
targeting heat shock proteins is a promising strategy to combat cancer.

The Hsp family is subdivided into Hsp110 (HSPH), Hsp90 (HSPC), Hsp70 (HSPA), Hsp40
(DNAYJ), small Hsps (HSPB), and the chaperonin family proteins Hsp60/Hsp10 (HSPD/E)
and TRiC (CCT) [7]. Hsp90 has already become a valuable chaperone drug target. Prominent
examples of anticancer active Hsp90 inhibitors are the natural products (geldanamycin and
radicicol) as well as their (semi-)synthetic derivatives, 17-AAG/tanespimycin and ganetespib,
the latter have reached clinical trials [8]. Hsp90 regulates the activity and stability of crucial
transcription factors such as the tumor suppressor p53 and the androgen receptor (AR), while
Hsp90 activity itself is regulated by posttranslational modifications (e.g., lysine acetylation
under control by HDAC6) and by other heat shock proteins such as Hsp70 [9]. The protein
folding by Hsp90 and Hsp70 is ATP-dependent, while Hsp70 has a crucial function in the
protection of cells against various stress factors, including enhanced cell survival. In addition,
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Hsp70 forms complexes with Hsp90 with the help of HOP (Hsp70-Hsp90 organizing protein)
in order to exert its housekeeping activities [10-12]. There is growing evidence that Hsp70
inhibitors have the potential to overcome Hsp90 inhibitor resistance [13]. The organelle-specific
members of the Hsp70 protein family, such as mitochondrial mortalin (mtHsp70, Grp75) and
endoplasmic reticulum/ER-based Grp78, were also identified as possible anticancer drug
targets due to their crucial roles in cell proliferation and survival in various cancers [14,15]. In
addition, extracellular Hsps attracted increased attention as cancer targets and biomarkers [16].

Client polypeptides are transferred to Hsp70 by the smaller co-chaperone, Hsp40.
Hsp40 prevents the aggregation of unfolded polypeptides, but there are also folded proteins
among the clients of Hsp40. There are numerous Hsp40 isoforms, also dubbed J-domain
proteins (DNAJs), that are structurally different from Hsp70 and Hsp90 proteins [17].
Nevertheless, DNA]J/Hsp40 and Hsp70 proteins form a tight Hsp70/Hsp40 complex in
order to fulfill their protein-folding functions [17,18]. Hsp40 binds to the nucleotide-binding
domain (NBD) of Hsp70 and accelerates the ATPase activity of Hsp70 enormously [18].
Thus, small-molecule inhibitors of the Hsp70-Hsp40 axis have considerable potential as
anticancer drug candidates.

In this review, the current state and recent developments in the field of synthetic Hsp70
and Hsp40 inhibitors are discussed.

2. Hsp70 Inhibitors

The mechanisms of action of proteins of the Hsp70 family and their roles in various
cancer diseases were thoroughly reviewed recently [10-12]. In line with the mounting
knowledge of these proteins, Hsp70 inhibitors are a continuously growing class of com-
pounds, which can be subdivided into Hsp70 and Hsc70 inhibitors on the one hand and
inhibitors targeting organelle-specific Hsp70 proteins such as Grp78 and mortalin on the
other hand.

2.1. Hsp70i and Hsc70 Inhibitors

Inducible Hsp70 (also abbreviated as Hsp70i) and consecutive Hsc70 inhibitors can be
classified according to their binding mode into N-terminal nucleotide binding domain/NBD-
targeting inhibitors, C-terminal substrate binding domain/SBD-targeting inhibitors, and
allosteric inhibitors (Table 1).

In 2009, the adenosine-derivative 1 (Figure 1, VER-155008) was identified as a selective
NBD-targeting Hsc70/Hsp70 inhibitor (ICsy = 0.5 uM), which showed antiproliferative
effects on HCT-116 colon carcinoma cells (Gl5p = 5.0 uM), reduced Raf-1 and Her2 protein
levels, and enhanced the apoptosis induction by the Hsp90 inhibitors 17-AAG and VER-
82160 in HCT-116 cells [19,20]. Compound 1 also revealed promising effects on non-small
cell lung cancer (NSCLC), such as inhibition of NSCLC proliferation and cell cycle arrest
(increased GO/G1 cell percentage) [21]. In addition, compound 1 inhibited pleural mesothe-
lioma cell proliferation and colony formation, which are associated with G1 cell cycle arrest,
suppressed phospho-Akt, and induction of macroautophagy [22]. In LNCaP95 prostate
cancer cells, the Hsp70 inhibitor 1 induced apoptosis and suppressed the expression of
the full-length androgen receptor (AR-FL) and of the androgen receptor splice variant 7
(AR-V7), which are associated with castration-resistant prostate cancer (CRPC) [23]. These
AR-suppressing effects were correlated with an inhibition of YB-1 phosphorylation by
compound 1, followed by reduced nuclear translocation of YB-1. Another study using the
AR-positive LNCaP and the AR-negative PC-3 prostate cancer cell lines showed that com-
pound 1 was antiproliferative and pro-apoptotic in both cell lines, albeit the pro-apoptotic
effects were higher in the AR-positive cells [24]. Compound 1 downregulated AR expres-
sion and induced G1 cell cycle arrest in the LNCaP cells. Moreover, a distinct suppression
was observed for Hsp27 in PC-3 cells and HOP and Hsp90f in both cell lines treated with
compound 1. In MCE-7 breast cancer cells, compound 1 induced apoptosis associated with
mitochondrial damage, and the anticancer activity of compound 1 was reduced by heat
shock [25]. Anaplastic thyroid carcinoma (APC) is the most lethal thyroid cancer with high
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drug resistance, but compound 1 was able to induce paraptosis in APC cells dependent on
de novo protein synthesis [26]. In a panel of glioma cells (1321N1, GOS-3, and U87-MG),
compound 1 showed higher antiproliferative activities (IC59 = 12-13 uM) than the approved
drug temozolomide (ICsy = 135-180 uM) associated with downregulation of Akt kinase
activity and the modulation of certain miRNAs, e.g., the upregulation of miR-215 and miR-
194-5p [27]. Compound 1 was evaluated in muscle-invasive bladder cancer (MIBC) models
and induced apoptosis along with inhibition of MIBC cell proliferation and migration [28].
The activity of compound 1 against MIBC was associated with the suppression of protein
members of p53/Rb, PI3K, and SWI/SFW signaling. Especially strong degrading effects of
compound 1 were observed on the demethylase KDMAG6 and the histone acetyltransferase
EP300, both members of the histone modification pathway.

Due to these promising anticancer effects of compound 1, its combination with various
other anticancer drugs was investigated. In combination with the Hsp90 inhibitor radicicol,
compound 1 was able to enhance the APC cell killing activity of radicicol, accompanied
by suppressed heat shock cognate 70/Hsc70, Akt, and survival [29]. The combination of
compound 1 with the Hsp90 inhibitor STA9090 was evaluated in MIBC models and was
more efficient than single compound therapy [28]. However, the combination of compound
1 with doxorubicin in canine osteosarcoma (OSA) cells showed no improvements. Already,
compound 1 alone displayed strong apoptosis induction, inhibition of colony formation,
and antiproliferative activities against OSA cells based on Hsp70 inhibition as well as Akt
suppression and BAG1 degradation [30]. In contrast to that, compound 1 showed synergy
effects in combination with the Hsp90 inhibitor 17-AAD and sensitized A549 NSCLC
cells to radiation therapy [21]. The combination of compound 1 with manumycin A, an
anticancer active antibiotic that upregulates Hsp70 in cancer cells, sensitized lung tumor
cells to manumycin A treatment [31]. Micelles of compound 1 together with gold nanorods
were successfully tested as mild-temperature photothermal therapy in colon cancer, leading
to strong colon tumor growth in vivo at a temperature of 45 °C [32]. Compound 1 exhibited
considerable activity against multiple myeloma (MM) cells (IC5y = 1.7 uM for OPM2, 3.0
uM for RPMI 8226, and 6.5 uM for MM.1S cells), and the combination of compound 1
with the proteasome inhibitor bortezomib displayed synergy effects in terms of apoptosis
induction in MM cells, which was associated with suppression of anti-apoptotic Bcl-2,
Bcl-xL, and Mcl-1 and upregulation of pro-apoptotic NOXA and Bim [33]. In addition,
the ER stress marker CHOP (CCAAT-enhancer binding protein homologous protein) was
induced by this combination treatment. The natural product shikonin was described as
a proteasome inhibitor and necroptosis inducer in MM cells while it also upregulated
Hsp70, and, thus, the combination with compound 1 enhanced shikonin-induced MM cell
death [34]. Compound 1 also exhibited promising effects on acute myeloid leukemia (AML)
cells alone (induction of apoptosis, inhibition of cell proliferation, and colony formation)
and in combination with the Hsp90 inhibitor 17-DMAG (additive antiproliferative and pro-
apoptotic activity) [35]. The release of AML cell growth factors and regulators such as TNE-
«, VEGF, IL-3, IL-13, and IL-1 receptor antagonist was strongly suppressed upon treatment
with compound 1. A new structurally related 6,8,9-trisubstituted purine derivative was
recently disclosed that induced apoptosis and senescence in luminal A subtype MCF-7
breast carcinoma cells [36].
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Figure 1. Structures of NBD-binding and interfering compounds 1-8.
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The substituted imidazole derivative 2a (Figure 1, apoptozole) was discovered as a
pro-apoptotic inhibitor of Hsc70 (Kp = 210 nM) and Hsp72 (Kp = 140 nM) in 2008, which
showed high tumor cell growth inhibitory activities with Gls5y values in the nanomolar
concentration range (Glsp = 220 nM for SK-OV-3, 250 nM for HCT-15, and 130 nM for
Ab549 cells) [37]. Compound 2a was identified as an inhibitor of the Hsp70 ATPase by
affinity chromatography upon conjugation of the amino-ethyloxy modified apoptozole
derivative 2b (Figure 1) with a resin, leading to a reduced interaction of Hsp70 with
APAF-1, while no affinity to Hsp40, Hsp60, or Hsp90 was observed [38]. Time-dependent
antiproliferative activity was checked, and amenable ICs5, values (0.8 uM for A549, 0.8 uM
for HeLa, 0.7 uM for MDA-MB-231, and 0.7 uM for HepG2 cells) were obtained after 72 h
of incubation, while the combination with doxorubicin led to a sensitization of A549 and
HeLa cells to doxorubicin treatment. At doses of 4 mg/kg/day (i.p.) given for two weeks,
compound 2b reduced the tumor growth of A549, RKO, and HeLa tumor xenografts by
61%, 65%, and 68%, respectively; in the latter case, the combination with doxorubicin
led to more pronounced tumor growth inhibition (81% tumor growth reduction). The
anti-leukemia properties of compound 2b and its hybrid molecules, such as compound 2¢
(Figure 1), with the Hsp90 inhibitor geldanamycin (2b and geldanamycin connected by
ethylene glycol-based linker systems) were studied [39]. Compounds 2b, hybrid 2¢, and
other related hybrids induced apoptosis in a caspase-dependent way, however, the hybrids
were more active against leukemia cells than their parent compounds 2b and geldanamycin.
Compound 2c¢ inhibited autophagy, but it also induced apoptosis in HeLa cancer cells
based on its selective inhibition of the lysosomal Hsp70 and the degradation of lysosomal
membranes associated with cathepsin release followed by caspase activation [40].

Several synthetic allosteric inhibitors of the Hsp70 ATPase domain were described. The
rhodacyanine class of the Hsp70-inhibitory dye compounds was established by the discov-
ery of compound 3a (Figure 1, YM-1), in particular, by the blocking of the Hsp70 interaction
with the nucleotide exchange factor (NEF) Bag3 by compound 3a (IC5p = 4.8 uM) [41]. 3a
binds to an allosteric binding site, stabilizing ADP-bound Hsp70 with a weak Bag3 affin-
ity. Consequently, compound 3a suppressed FoxM1 and HIF1« pathways in MCF-7 and
HeLa cells, which is unique for Hsp70-Bag3 inhibition since other Hsp70 inhibitors (e.g.,
the natural flavonoid myricetin) did not show such mechanistic effects. In MCF-7 breast
carcinoma xenografts, compound 3a (25 mg/kg every second day for 6 days, i.p.) inhibited
tumor growth associated with induction of p21 and suppression of FoxM1 and survivin.
The activity of compound 3a was also investigated in glioma models, and it sensitized
U251 and U343 glioma cells to treatment with the Bcl-2 inhibitors (-)-gossypol (AT-101) and
ABT-737 [42]. Analogously, 3a sensitized apoptosis-resistant and chemo-resistant breast
cancer cells to drug treatment [43]. In doxorubicin-resistant BT-549"DOX cells, compound
3a suppressed Mcl-1 and showed synergistic antiproliferative effects in combination with
doxorubicin. In addition to compound 3a, further close Hsp70-inhibitory analogs such
as compound 3b (Figure 1, JG-98) with thiazolium moieties were described, which were
discovered during the search for optimized Hsp70 inhibitors derived from compound 3a
and the mortalin (mitochondrial Hsp70) inhibitor MKT-077 (Figure 1, compound 3c, see
below). Compound 3b exhibited prolonged microsomal half-lives and at least 3-fold higher
antiproliferative activities against MDA-MB-231 triple-negative breast cancer (TNBC; ECs
= 0.4 uM) and hormone-sensitive MCF-7 breast cancer cells (EC5y = 0.7 uM) than com-
pounds 3a (ECsy = 2.0 for MDA-MB-231 and 5.2 for MCE-7 cells) and 3¢ (EC5p = 1.4 for
MDA-MB-231 and 2.2 for MCE-7 cells) [44]. Compound 3b induced apoptosis in MDA-
MB-231 cells by caspase activation and enhanced p62 oligomerization as a hint at forming
autophagosomes. Compound 3b also inhibited the Hsp70-Bag3 interaction, which was
accompanied by FoxM1 suppression and upregulation of p21 and p27 in treated MCF-7
cells [45]. Doses of 3 mg/kg (every second day for six days) of compound 3b inhibited
the growth of MCF-7 breast carcinoma xenografts in vivo. In addition to breast cancer cell
lines MCF-7 and MDA-MB-231, further cancer cell lines sensitive to compound 3b were
identified (with ECgy < 1 uM), such as Hela, A375, HT-29, SKOV-3, Jurkat, MM1.R, INAS6,
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RPMI-8226, JJN-3, and U266. Mechanistically, compound 3b exerted its antiproliferative
activities against breast cancers both in Bag3-dependent (via ERK activation) and Bag3-
independent ways (via suppressed Akt and c-Myc) [46]. Combinations with the proteasome
inhibitors MG132 and bortezomib enhanced the antitumor activity of compound 3b in
breast cancer models both in vitro and in vivo (5 mg/kg of compound 3b plus 1 mg/kg of
bortezomib in MDA-MB-231 TNBC xenografts). Synergy effects in breast cancer cells were
also observed in combination with x-amanitin (RNA-polymerase II inhibitor), LY294002
(Akt inhibitor), and sunitinib (RTK inhibitor). In addition, the infiltration of tumor bodies
by tumor-associated macrophages (TAMs) was inhibited by compound 3b based on the
inactivation of tumor stromal cell Hsp70 proteins [47]. Similar to compound 1, compound
3b also sensitized lung cancer cells to treatment with manumycin A [31]. In a recent effort,
new rhodacyanine analogs of compound 3b with benzo-fused N-heterocycle moieties were
described, with benzothiazolium compound 3d and quinolinium compound 3e (Figure 1)
as the most promising compounds exhibiting high antiproliferative activity against TNBC
cells (IC5p = 0.24 pM for 3d and 0.37 pM for 3e in MDA-MB-231 cells), accompanied by
a considerable selectivity since non-malignant MCF-10A cells with low levels of Hsp70
were much less sensitive to treatment with 3d [48]. Both compounds are very stable, with
half-lives of more than 2 h in microsomes. Apoptosis upon caspase-activation was induced
by compounds 3d and 3e in MDA-MB-468 breast cancer cells, while both compounds led to
autophagy both in MDA-MB-231 and MDA-MB-468 cells. In addition to FoxM1, survivin,
HuR, and Akt suppression, compounds 3d and 3e also degraded KRAS in MDA-MB-231
and MDA-MB-468 cells. Further 3b/]JG-98-derived benzothiazole rhodacyanines were
described, culminating in the discovery of the bromothienyl analog 3f (JG-231), which
showed high activity against MCF-7 (IC5p = 0.12 uM) and MDA-MB-231 breast cancer
cells (IC5 = 0.25 uM), disruption of Bag3 interaction, amenable microsomal stability (half-
life of more than 60 min), degradation of Akt and HuR in MCF-7 xenografts, amenable
in vivo pharmacokinetics parameters and in vivo tumor growth inhibition of MDA-MB-231
xenografts at doses of 4 mg/kg (i.p.) [49].

The cationic spasmolytic drug pinaverium bromide (Figure 1, 4) was repurposed as an
inhibitor of constitutively activated Hsc70. Compound 4 inhibited cell proliferation (ICs( of
ca. 10 uM) of A2058 melanoma cells and induced apoptosis in these cells [50]. Its binding
site was located at the NBD and linker domains of Hsc70.

S1g-2 (Figure 1, 5a) was identified as an inhibitor of Hsp70-Bim interaction (ICsq = 0.4
uM) in CML cells by screening a Bcl-2 inhibitor library [51]. Its allosteric Hsp70-binding
site is near the binding site of the rhodacyanines 3. Compound 5a selectively induces
apoptosis in CML cells by suppressing oncoprotein clients such as Akt, Raf-1, eIF4E, and
RPS16. Hsp70-Bim interaction protected BCR-ABL-independent TKI-resistant CML cells
from apoptosis, and, thus, treatment with compound 5a can overcome the resistance of
a highly problematic CML type. The close analog compound 5b (Figure 1, S1g-6), which
has a morpholino side chain replacing the unstable ester side chain of 5a, was recently
described as a new sub-micromolar Hsp70-Bim interaction inhibitor [52]. Compound 5b
also induced apoptosis in cancer cells and suppressed Akt and Raf-1.

The benzimidazole derivative 6 (Figure 1, HS-72) selectively inhibits inducible Hsp70
(Hsp70i), which is in stark contrast to its low affinity for the closely related constitutively
activated Hsc70 [53]. At doses of 25 and 50 uM, compound 6 inhibited the proliferation of
BT474, MCEF-7, and SkBr3 breast cancer cells, and the proteins Her2 and Akt were degraded
by compound 6 in BT474 and MCF-7 breast cancer cells. In the Her2-overexpressing MMTV-
neu spontaneous breast tumor mouse model, compound 6 (20 mg/kg biweekly for 21 days,
i.p.) was well tolerated and inhibited breast tumor growth, leading to prolonged survival
of treated mice.

The 2,5'-thiodipyrimidine 7 (Figure 1, YK-5) was identified as an irreversible inhibitor
of a new allosteric site of the Hsp70 NBD domain and binds covalently to a cysteine residue
of the binding site via its reactive acrylamide moiety [54]. It is highly active against Kasumi-
1 AML cells (IC59 = 0.9 uM) and SkBr3 breast cancer cells (IC59 = 0.8 uM) and a potent
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apoptosis inducer by caspase-3/7 activation (ICsp = 1.2 uM) in MOLM13 AML cells. 7
degraded Her2 and Raf-1 in SkBr3 breast cancer cells as a consequence of Hsp70 inhibition.

The dye methylene blue (Figure 1, 8) showed manifold biological activities, and, thus,
it was also identified as an inhibitor of the Hsp70 ATPase, leading to a rapid suppression
of Tau protein in neurodegenerative cell models [55]. In HeLa cervix carcinoma cells ex-
pressing poly-glutaminylated AR (AR112Q), compound 8 inhibited the Hsp70-mediated
degradation of AR112Q) [56]. In A375 and G361 metastatic melanoma cells, compound
8 suppressed the heat shock response (downregulation of Hsp27, Hsp70, and Hsc70), in-
duced ROS formation, and caused glutathione depletion at a concentration of 10 uM [57].
Geldanamycin is an Hsp90 inhibitor, which increases Hsp70 expression, but compound 8
(10 uM) was able to suppress geldanamycin-induced Hsp70 expression in A375 melanoma
cells. Hence, 10 uM of compound 8 also sensitized A375 melanoma cells to geldanamycin
treatment, but it also sensitized these cells to treatment with etoposide and doxorubicin.
Compound 8 possessed antiproliferative properties against A549 NSCLC cells and induced
early apoptosis, yet it enhanced the degradation of N-terminal AR fragments as well as au-
tophagy [58]. In mice, compound 8 inhibited benzo[a]pyrene induced lung carcinogenesis
and suppressed Hsp70 as well as the tumor biomarkers ADA and LDH.

The structures of competitive and allosteric NBD binders are shown in Figure 1.

Table 1. Effects of NBF-targeting Hsp70 inhibitors on cancers.

Compound

Cancer Model(s) Effects

1 (VER-155008)

2a (Apoptozole)

2b, 2¢

3a (YM-1)

3b (JG-98)

3d, 3e

Selective Hsp70/Hsc70 inhibition,
antiproliferative, suppression of Her2 and Raf-1,
G1 cell cycle arrest, sensitization to 17-AAG and
radiation, suppression of Akt and phospho-Akt,

macroautophagy induction, suppression of AR-FL
and ARV7, apoptosis and paraptosis induction,

upregulation of miR-215 and miR-194-5p,
degradation of KDMAG6 and EP300, degradation of
BAGTI, upregulation of CHOP, suppression of

VEGEF release by leukemia cells, synergy effects

with drugs (manumycin A, bortezomib, shikonin,

17-DMAG) and PDT [19-35]
SK-OV-3 ovarian carcinoma, HCT-15 colon ~ Suppression of Hsp70-APAF-1, antiproliferative,

HCT-116 colon carcinoma, A549 NSCLC,
pleural mesothelioma, LNCaP95 prostate
carcinoma, anaplastic thyroid carcinoma,
glioma (1321N1, GOS-3, U87-MQG),
muscle-invasive bladder cancer,
osteosarcoma, multiple myeloma, acute
myeloid leukemia

carcinoma, A549 NSCLC pro-apoptotic [37]
Suppression of Hsp70-APAF-1, antiproliferative,
Hela cervix carcinoma, MDA-MB-231 sensitization to doxorubicin, in vivo tumor growth
breast carcinoma, HepG2 hepatoma, A549 inhibition of A549, RKO, and HeLa xenografts,
NSCLC, RKO colon carcinoma, leukemia apoptosis induction, autophagy inhibition,

cathepsin release [38-40]

Inhibition of Hsp70-Bag3, suppression of FoxM1
and HIF1x pathways, in vivo inhibition of MCE-7
tumor growth, induction of p21, suppression of
FoxM1 and surviving, sensitization of glioma to
(—)-gossypol (AT-101) and ABT-737, suppression

MCE-7 breast carcinoma, HeLa cervix
carcinoma, U251 and U343 glioma,
doxorubicin-resistant BT-549"DOX breast

carcmoma of Mcl-1, synergistic antiproliferative effects with
doxorubicin [41-43]
Inhibition of Hsp70-Bag3, FoxM1 suppression,
Triple-negative MDA-MB-231 and upregulation of p21 and p27, sensitization of

hormone sensitive MCF-7 breast cancer, breast cancer to bortezomib in vivo, inhibition of

lung cancer, miscellaneous TAM infiltration, sensitization of lung cancer to

manumycin A [31,44-47]

. . Stable, antiproliferative, tumor-selective, induction
Triple-negative breast cancer (e.g., ¢ tosi d autoph d dati £ KRAS
MDA-MB-231, MDA-MB-468) of apoptosis and autophagy, degradation o ,

suppression of FoxM1, survivin, HuR, and Akt [48]
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Table 1. Cont.

Compound Cancer Model(s) Effects
Stable, antiproliferative, inhibition of Hsp70-Bag3,
3f (JG-231) MCF-7 and MDA-MB-231 breast cancer degradation of Akt and HuR, tumor growth
inhibition in vivo [49]
4 (Pinaverium bromide) A2058 melanoma Apoptosis induction [50]
Inhibition of Hsp70-Bim, apoptosis induction,
5a (S1g-2) CML suppression of Akt, Raf-1, elF4E and RPS16 [51]
. Inhibition of Hsp70-Bim, apoptosis induction,
5b (Slg-6) Miscellaneous degradation of Akt and Raf-1 [52]
BT474, MCF-7 and SkBr3 breast carcinoma, Selective Hsp70i inhibition, antiproliferative, Her2
6 (HS-72) Her2-overexpressing MMTV-neu and Akt degradation, tumor growth inhibition and
spontaneous breast tumor mouse model prolonged survival in vivo [53]
7 (YK-5) Kasumi-1 AML, SkBr3 breast carcinoma, Antiproliferative, apoptosis induction, Her2 and
MOLM13 AML Raf-1 degradation [54]

8 (Methylene Blue)

Heat shock response suppression, ROS formation,
glutathione depletion, suppressed
AR112Q-expressing HeLa cervix carcinoma, geldanamycin-induced Hsp70, sensitization of
A375 and G361 melanoma, A549 NSCLC cancer cells to geldanamycin, etoposide and
doxorubicin, apoptosis induction, inhibition of
lung carcinogenesis in vivo [56-58]

Some Hsp70 inhibitors with SBD-targeting properties were described (Figure 2). Com-
pound 9a (Figure 2, 2-phenylethynesulfonamide, PES, pifithrin-u) is a prominent example,
which was thoroughly studied for its Hsp70-related effects in various cancers. Compound
9a showed antiproliferative activities against various osteosarcoma, breast, and pancreatic
carcinoma cell lines at ICs( values of 5-10 pM independent of the p53-state of the tumor
cells, induced cell death independent of caspase activation, and led to dysfunctional au-
tophagy by the formation of p62-oligomers/aggregates [59]. It decreased the interaction
of Hsp70 with APAF1, p53, and the co-chaperones Hsp40, CHIP, and BAG-1M and sup-
pressed NF-kB signaling and activity. In vivo, compound 9a (40 mg/kg, i.p., every five
days for 30 days) blocked Myc-based lymphopathogenesis and led to prolonged survival
in Ep-Myec transgenic mice. Compound 9a exhibited considerable antiproliferative activity
against acute leukemia (AML and ALL) cells (IC5p = 2.5-12.7 uM), induced apoptosis in
these cells by caspase activation, and led to a degradation of Akt and ERK1/2 [60]. In
addition, compound 9a sensitized acute leukemia cells to treatment with cytarabine (an
antimetabolite), 17-AAG (a Hsp90 inhibitor), vorinostat (a HDAC inhibitor), and sorafenib
(a RTK inhibitor). In primary effusion lymphoma (PEL), compound 9a exerted cytotoxic
effects on BC3 and BCBL1 cells by apoptosis and another cell death mechanism, which was
associated with immunogenic activity such as activation of dendritic cells [61]. Compound
9a increased lysosome permeabilization and cathepsin D release in PEL cells, accompanied
by Bid cleavage, outer mitochondrial depolarization, and AIF translocation to the nucleus.
Moreover, compound 9a sensitized PEL cells to bortezomib treatment. The combination
of compound 9a with DNA-targeting platinum complexes such as cisplatin and oxali-
platin also revealed synergy effects in HT-29 colon carcinoma and PC-3 prostate carcinoma
cells [62]. In prostate cancer cells, compound 9a also increased the antitumor effects of
hyperthermia (HT, 43 °C), best when given immediately before HT started, which was
accompanied by upregulation of p21 and suppression of c-Myc and cyclin D1 [63]. The
combination of compound 9a (100 pg in 50 pL) and HT (43 °C for 1 h, twice on days 0 and 4),
led to significant PC-3 prostate carcinoma xenograft growth inhibition. Its modified analog
compound 9b (Figure 2, PES-Cl) was antiproliferative against a panel of BRAF-V600E
mutant melanoma (ICsy values between 2-5 pM, while inactive against melanocytes) and
showed higher antiproliferative activity than compound 9a against SkBr3 breast carcinoma,
FaDu head and neck squamous cell carcinoma, and H1299 lung adenocarcinoma cells [64].
The cytotoxic activity of compound 9b is based on apoptosis induction (caspase activation)
and inhibition of autophagy (p62 accumulation), while the HeLa cell cycle was arrested
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R

9a (PES): R=H
9b (PES-CI): R = Cl

in the G2-M phase by compounds 9a and 9b associated with cyclin Bl degradation. At
doses of 20 mg/kg (i.p., once per week), compound 9b led to a much higher survival rate of
Ep-Myc mice (71.4% survival) than compound 9a (35% survival) after 210 days. Compound
9b also induced apoptosis in A375 melanoma cells, accompanied by Her2 degradation in
these cells [65]. In contrast to compounds 1 and 3¢, only compound 9b led to G2-M arrest
in H1299 and A375 cells based on cyclin B1 degradation.

10 (KBR1307)

N ©

Figure 2. Structures of SBD-interacting Hsp70 inhibitors 9-11.

Compound 9a does not interact with Hsp70 when no nucleotide is bound to the
protein. The coumarin-pyrazole hybrid, compound 10 (Figure 2, KBR1307) was designed,
which binds Hsp70 in the presence and absence of nucleotides [66]. Both compounds
9a and 10 reduce the activity of Hsp70 ATPase significantly, but compound 10 was more
active against MCF-7 cells than compound 9a. Similar coumarin-thiazole hybrids were
described by the same group before as binders to the C-terminus of Hsp70 with activity
against DLD-1 colon carcinoma and HepG2 hepatoma cells [67].

The screening of the InterBioScreen compound library for Hsp70 inhibitors revealed that
the semi-synthetic colchicine derivative, compound 11 (Figure 2, N-aminoethylaminocolchicine,
AEAC), interferes with substrate binding and refolding functions of Hsp70, based on a nanomo-
lar affinity for Hsp70 (Kp = 149 nM) [68]. Although the antiproliferative and cytotoxic activities
of compound 11 are low, it sensitized C6 rat glioblastoma and B16 mouse melanoma cells
to doxorubicin treatment. The combination of compound 11 (2 mg/kg) and doxorubicin
(1 mg/kg) inhibited in vivo B16 tumor growth by 71% and increased the lifespan of treated
mice by ca. 15 days when compared with untreated mice.

The structures of SBD-interacting compounds are shown in Figure 2. Table 2 summa-
rizes the anticancer effects of the described SBD-domain interacting Hsp70 inhibitors.

Table 2. SBD-interacting Hsp70 inhibitors and their effects on cancer model(s).

Compound Cancer Model(s) Effects
Antiprolierative independent from p53-state,
Colon, breast, prostate and pancreas caspase activatic?n, dysfunctional .autophagy,
9a (PES) carcinoma, osteosarcoma, lymphoma, acute prolonged survival of En-Myc mice, NF-kB
! leukemi,a ! suppression, degradation of Akt and ERK1/2,
immunogenic activity, sensitization of cancers
to drugs and hyperthermia [59-63]
BRAF-V600E mutant melanoma, SkBr3 More antiproliferative than 9a, apoptosis
9b (PES-CI) breast carcinoma, FaDu head and neck induction, autophagy inhibition, G2-M phase
squamous cell carcinoma, H1299 lung arrest, degradation of cyclin Bl and Her?2,
adenocarcinoma, lymphoma prolonged survival of Ep-Myc mice [64,65]
10 (KBR1307) MCE-7 breast carcinoma More antiproliferative than 99, binds Hsp70 in
absence of nucleotide [66]
Increased doxorubicin activity in vitro and
11 (AEAC) C6 rat glioblastoma, B16 mouse melanoma in vivo, tumor growth inhibition (71%) and

prolonged survival in B16 mice [68]
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2.2. Grp78 Inhibitors

The specific targeting of organelle-specific Hsp70 isoform proteins such as Grp78 (ER)
and mortalin (mitochondria) has become a valuable strategy to combat cancer. Grp78 is
the “master protein” of UPR (unfolded protein response) and redirects misfolded polypep-
tides for degradation or refolding [14]. Some of the already described Hsp70 inhibitors
also inhibit Grp78. For instance, compound 1 is likewise a Grp78 inhibitor. In OSA cells,
compound 1 inhibited Grp78 in addition to Hsp70, followed by antiproliferative and
proapoptotic effects [29]. In MCF-7 and MDA-MB-231 breast cancer cells, Grp78 was up-
regulated upon tamoxifen treatment, leading to resistance; however, Grp78-inhibitory 1
enhanced apoptosis induction by tamoxifen in these cells, accompanied by suppression of
tamoxifen-induced phosphor-GSK-3f3, which is a downstream factor of Akt signaling [69].
The quinoline analog 12 (Figure 3) of compound 1 was slightly more active against and se-
lective for Grp78 (Kp = 0.6 uM for Grp78, 0.3 uM for Hsp70) than compound 1 (Kp = 0.8 pM
for Grp78, 0.1 uM for Hsp70), however, compound 12 showed no antiproliferative activity
against HCT-116 colon cancer cells in contrast to compound 1 (Glsp = 5.0 uM) [70]. The
absence of antiproliferative activity in compound 12 was explained by the detrimental
physicochemical properties of this compound, which need to be improved in order to
obtain a valuable adenosine-based Grp78-selective inhibitor in the future.

The thiazole benzenesulfonamide 13 (Figure 3, HA15) was identified as a Grp78
inhibitor that enhanced ER stress associated with autophagy and apoptosis, leading to
cell death in melanoma cells, in particular in BRAF-mutant cells, at a concentration of
10 uM [71]. In vivo, compound 13 (0.7 mg/mouse/day for 2 weeks, i.p.) inhibited A375
melanoma growth without causing side effects such as mouse weight loss and liver damage.
Grp78 was found to be upregulated in lung cancers, and treatment with compound 13
led to antiproliferative effects on A549 lung cancer cells as well as to apoptosis induction,
autophagy, and increased ER stress [72]. The GRp78 inhibitor 13 suppressed KRAS expres-
sion and revealed antiproliferative and pro-apoptotic activities in various KRAS-mutant
cancer cell lines (A427 lung adenocarcinoma, H460 non-small cell lung carcinoma, HCT-116
and LS180 colon carcinomas, PANC-1 and CFPAC-1 pancreatic ductal adenocarcinomas),
and induced apoptosis in A427, HCT-116, and PANC-1 cells by caspase activation [73].
Compound 13 also suppressed cell proliferation and steroidogenesis in adrenocortical
carcinoma (ACC) cells, and showed synergy effects in combination with the approved drug
mitotane, which is also an activator of ER stress [74].

In carboplatin-resistant canine osteosarcoma cells (HMPOS-2.5R and HMPOS-10R),
compound 13 and the atypical Grp78 inhibitor 14 (Figure 3, the celecoxib derivative OSU-
03012, which binds directly to the Grp78 ATPase domain) still showed considerable activity
(ECs0 =1.9-3.5 uM for 13 and 5.3-8.5 pM for 14), while the Hsp70 inhibitor 1 was distinctly
less active against these resistant cells (ECsg = 25-30 uM) than against the parent HMPOS
cells (EC5p = 1.8 uM) [75,76]. Compound 14 reduced the expression of Bag?2, and treatment
with compound 14, especially in combination with the PDES5 inhibitor sildenafil, formed
toxic autophagosomes that inducing cell death in GBM5 and GBM12 glioblastoma cells [77].
Similar effects were observed for the multi-kinase inhibitor sorafenib, which is an approved
anticancer drug and also able to bind to the N-terminal domain of Grp78.

Analogously to compound 13, the hydroxyquinoline derivative 15 (Figure 3, YUM70)
was able to downregulate KRAS, leading to antiproliferative and pro-apoptotic effects on
KRAS-mutant cancer cells [73]. Initially, compound 15 was identified as an antiproliferative
and caspase-dependent pro-apoptotic compound in pancreas cancer cells (ICsp = 2.8 uM for
MiaPaCa-2, 4.5 uM for PANC-1, and 9.6 uM for BxPC-3 cells) based on Grp78 inhibition (by
binding to the SBD) followed by ER stress via e[F2x phosphorylation as well as AT4 and
CHOP activation [78]. Synergy effects of compound 15 on MiaPaCa-2 cells were observed
in combination with vorinostat or topotecan. In the MiaPaCa-2 xenograft model, compound
15 (30 mg/kg, 5 days a week for 7 weeks, i.p.) inhibited tumor growth and caused weight
loss in treated mice.
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Figure 3. Structures of Grp78 inhibitors 12-22. *: chiral center or asymmetric carbon atom.

The N-heteroaromatic compounds 16 (Figure 3, HM01) and 17 (Figure 3, HM03) were
identified as Grp78 inhibitor hits from the virtual screening of an NCI diversity set, and
they showed considerable affinity to the substrate-binding channel of Grp78 [79]. Both
compounds exerted moderate antiproliferative activity against HCT-116 colon cancer cells
(IC50 between 10 and 25 pM) but may serve as lead compounds for the design of more
potent Grp78 inhibitors.

The indolylkojyl derivative 18 (Figure 3, IKM5) was prepared by a simple three-
component reaction and identified as a potent Grp78 inhibitor (Kj = 1.4 uM), which showed
high antiproliferative activities against a panel of breast cancer cell lines (IC59 = 0.15 uM
for MCE-7, 0.21 uM for MDA-MB-231, 0.54 uM for MDA-MB-468, and 3.5 uM for BT474
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cells) [80]. Compound 18 induced TIMP-1 by blocking its interaction with Grp78, sup-
pressed EMT markers such as MMP-2, Twistl, and vimentin, and upregulated the Par-4
tumor suppressor, which controls NF-«B signaling. Compound 18 increased the activity of
doxorubicin against invasive breast cancer cells. In vivo, compound 18 (30 mg/kg, b.w.)
inhibited 4T1 breast tumor growth by 79.2% and lung metastasis formation by 84.5%.

The benzofuran derivative 19 (Figure 3, FL5) is a strong binder and stabilizer of Grp78
(T increase > 2 °C), which was associated with its anticancer and antiangiogenic activities
against renal cell carcinoma (RCC) cells (10 uM of 19 led to 50% cell death) and HUVECs
(ECs59 = 1.5 uM), while it was inactive against mouse fibroblasts [81]. Docking studies
showed that compound 19 does not interfere with the ATPase activity of Grp78.

A high-throughput substrate binding assay led to the identification of the disinfectant
hexachlorophene (Figure 3, 20) as a Grp78 inhibitor binding to the SBD [82]. Compound 20
was cytotoxic against HCT-116 colon carcinoma cells (CCsp = 3.4 uM) and induced apoptosis
and autophagy, as well as an unfolded protein response associated with upregulated ATF4,
XBP1s, and CHOP.

In silico methods for the design of new Grp78 inhibitors led to the identification of
21 (Figure 3, VH1019) with antiproliferative activity against MCF-7 breast cancer cells
(IC50 =12.7 uM) [83]. It is noteworthy that compound 21 mimicked ATP in its binding
to Grp78.

In addition to organic compounds, metal complexes can be a valuable source of Grp78
inhibitors. The anionic ruthenium complex 22 (Figure 3, KP1339, BOLD-100) is an efficient
Grp78 suppressor that has already demonstrated promising anticancer activity in phase
1 clinical trials, both as compound 22 and in its benzindazolium salt form, KP1019 [84]. A
phase 1b/2 clinical trial with the metallodrug compound 22 for patients suffering from
gastrointestinal cancer is ongoing (NCT04421820). Mechanistic studies revealed apoptosis
induction in sensitive cancer cell lines by activation of caspase-8, which was associated
with disruption of the ER upon suppression of key chaperones, leading to the degradation
of vital proteins [85]. In contrast, cancer cells with a low response to complex compound
22-induced G2 cell cycle arrest may serve as a general hint at cancers resistant to Grp78
inhibitors. Interactions with the ribosomal proteins RPL10 and RPL24 and with the tran-
scription factor GTF2I were identified in HCT-116 colon carcinoma cells and associated
with ribosomal disturbance and ER stress induction [86]. Grp78 is upregulated in asbestos-
associated pleural mesothelioma, and, thus, the activity of 22 against this cancer was
evaluated. Complex compound 22 was cytotoxic against mesothelioma cells (ECsg = 71 uM
for REN and 90 uM for MM98 cells), inhibited REN cell colony formation at a concentration
of 100 uM, induced apoptosis in REN cells by activation of caspase-3/7 and caspase-8,
increased ROS formation and cytosolic Ca?* levels, and suppressed Grp78 expression in
REN cells [87]. CHOP and XPB1 expression were upregulated by compound 22 in REN
cells. Sensitive HCT-116 colon carcinoma (ICsp = 76 uM) and Capan1 pancreatic carcinoma
cells (IC5p = 40 M) were used to study cell-based resistance to treatment with compound
22 [88]. Increased glucose uptake and upregulated glycolysis were observed in sensitive
cancer cells upon treatment, but especially in the resistant cell lines HCTR and CapanR
obtained from HCT-116 and Capanl cells, respectively, upon exposure to compound 22.
However, this specific mechanism made the resistant tumor cells highly vulnerable to
the treatment with the glycolysis inhibitor and ER stress inducer 2-dexyglucose, which
led to synergy effects of combinations of compound 22 with 2-deoxyglucose in resistant
HCTR cells.

The structures of the described Grp78 inhibitors are shown in Figure 3, and their
activities are summarized in Table 3.
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Table 3. Grp78 inhibitors and their effects on cancer model(s).

Grp78 Inhibitor

Cancer Model(s)

Effects

1 (VER-155008)

12

13 (HA15)

14 (OSU-03012)

15 (YUM70)

16 (HMO1),
17 (HMO3)

18 (IKMS5)

19 (FL5)
20 (Hexachlorophene)

21 (VH1019)

22 (KP1339/BOLD-100)

Osteosarcoma, MCF-7 and MDA-MB-231
breast cancer

HCT-116 colon carcinoma

Melanoma (BRAF-mutant), A549 NSCLC,
KRAS-mutant cancer, adrenocortical
carcinoma

Carboplatin-resistant canine
osteosarcoma (HMPOS-2.5R and
HMPOS-10R), GBM5 and GBM12

glioblastoma

KRAS-mutant cancer, pancreatic cancer
(Mia-PaCa-2, PANC-1, BxPC-3)

HCT-116 colon carcinoma

Breast cancer (MCF-7, MDA-MB-231,
MDA-MB-468, BT474, 4T1)

Renal cell carcinoma, HUVECs
HCT-116 colon carcinoma

MCE-7 breast carcinoma

Miscellaneous, HCT-116 colon carcinoma,
REN pleural mesothelioma, Capanl
pancreatic carcinoma

Antiproliferative, apoptosis induction,
suppression of tamoxifen-induced
phosphor-GSK-3f3 [30,69]

More selective for Grp78 than 1, no
antiproliferative activity [70]

ER stress, induction of apoptosis and
autophagy, in vivo inhibition of A375
melanoma growth, suppression of KRAS and
steroidogenesis, synergy with mitotane [71-74]

Antiproliferative, Bag2 suppression, formation
of toxic autophagosomes [75-77]

Antiproliferative, ER stress, elF2o
phosphorylation, AT4 and CHOP activation,
synergy with vorinostat and topotecan, in vivo
MiaPaCa-2 tumor growth inhibition [73,78]

Antiproliferative [79]

Antiproliferative, suppression of MMP-2,
Twistl and vimentin, induction of TIMP-1 and
Par-4, in vivo inhibition of breast tumor
growth and lung metastasis formation [80]
Cell death, anti-angiogenic [81]
Cytotoxic, induction of apoptosis and
autophagy, upregulated ATF4, XBP1s, and
CHOP [82]

ATP-mimic, antiproliferative [83]
Apoptosis induction and ER disruption in
22-sensitive cells, G2 cell cycle arrest in
22-resistant cells, binding to ribosomal proteins,
ER stress, cytotoxic, ROS formation, induction
of CHOP and XPBI, glycolysis upregulation,
synergy with 2-deoxyglucose [85-88]

2.3. Mortalin Inhibitors

Mortalin is the mitochondrial Hsp70 isoform with an N-terminal mitochondrial lo-
calization motif and has become an important target for cancer therapy [15]. Due to its
preferred localization in mitochondria, mortalin is involved in the regulation of mitochon-
drial metabolism and of key tumor factors such as p53, PI3K/AKT, Raf/MEK/ERK, and
JAK/STAT pathways [15,89]. The triphenylphosphonium (TPP) moiety was described as
a mitochondria-targeting device, and, thus, compound 2b was conjugated with TPP in
order to obtain the mortalin-targeting apoptozole conjugate compound 23 (Figure 4) [40].
Compound 23 showed higher antiproliferative activity against a panel of 20 cancer cell
lines (IC5p = 0.5-1.5 pM) than compound 2b and induced caspase-dependent apoptosis in
HeLa cells by blocking the interaction of p53 with mortalin in the mitochondria, followed
by Bak-mediated mitochondrial outer membrane permeabilization.
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Figure 4. Structures of mortalin inhibitors 3b, 3¢, 23-25.

Cationic Hsp70 inhibitors such as compound 3b (Figure 4, JG-98) were identified as
mortalin inhibitors with pronounced activity against proteasome inhibitor-resistant MM
cells associated with 555 mitoribosome degradation [90]. Compound 3¢ (Figure 4, MKT-
077) overlaps with the p53-binding region of mortalin, releasing active p53 followed by
upregulation of p21 in treated cancer cells [91,92]. In addition, compound 3¢ sensitized K562
leukemia cells to complement-mediated lysis by inhibition of mortalin and its interaction
with the C9 complement protein [93]. Compound 3¢ was identified already in the 1990s as
a mitochondria-targeting anticancer compound with preference for ras-associated cancers,
and entered clinical trials after promising in vivo results [94-97]. However, complications
such as renal toxicity prevented the approval of compound 3c as an anticancer drug [98].

The tetrazole derivative 24a (Figure 4, mortaparib) is a relatively new dual mortalin
and PARP1 inhibitor that was developed in 2019 [99]. Compound 24a led to the activation
and nuclear accumulation of p53 by inhibiting mortalin. In addition, PARP1 was down-
regulated by compound 24a, followed by increased double-strand breaks and apoptosis
induction in HeLa cervix carcinoma and SKOV-3 ovarian cancer cells. In vivo, compound
24a (20 mg/kg i.p.) was well tolerated, inhibited the tumor growth of SKOV-3 xenografts,
and suppressed the formation of metastases in the lungs and kidneys. Based on these
promising anticancer activities of compound 24a, the same group developed further morta-
parib derivatives. The 1,2,4-triazole 24b (Figure 4, mortaparibph‘s) blocked the interaction
of p53 with mortalin, leading to p53 activation and suppression of PARP1 and CARF in
HCT-116 cells [100]. Compound 24b induced apoptosis and activated p21 in HCT-116 (p53
wildtype) and DLD-1 (p53%241F) colon carcinoma cells in p53-dependent and —independent
ways. In contrast to colon cancer cells, in breast cancer cells, compound 24b upregu-
lated only p21 in the p53-wildtype MCF-7 cells, while T47D cells (p53-194F) treated with
compound 24b showed no p21 changes but activation of PARP1, albeit compound 24b
inhibited the mortalin-p53 interaction in both cell lines [101]. More recently, compound
24c¢ (Figure 4, mortaparib™!) was identified as an inhibitor of PARP1 and mortalin-p53
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interaction in HCT-116 cells, however, at higher concentrations than compounds 24a and
24c, thus leading to the attribute “mild” for compound 24c¢ [102].

The thiochromane derivative 25 (Figure 4, SHetA2) is an orally bioavailable mortalin
inhibitor that blocks the interaction of mortalin with p53 in ovarian cancer cells [103].
Due to its promising chemo-preventive and selective anticancer activities, including apop-
tosis induction, compound 25 has entered clinical phase 1 studies for patients with ad-
vanced /recurrent cervical, endometrial, or ovarian cancer [15]. Since mutant p53 led to
drug resistance upon treatment with compound 25, strategies to overcome this resistance
are sought. A promising strategy is the combination of compound 25 with the p53 re-
activator PRIMA-1Met which was studied in a panel of ovarian cancer cell lines [104].
PRIMA-1Met reduced resistance to compound 25 and exhibited synergy effects in combina-
tion with compound 25 in p53-mutant and p53-wildtype ovarian cancer cells, accompanied
by caspase activation, increased ROS formation, and reduced ATP. The combination of
compound 25 (60 mg/kg by gavage every day for 2 weeks, then every second day for
3 weeks) and PRIMA-1M¢t (10 mg/kg, i.p. every other day) inhibited MESOV tumor growth
(tumor free rate of 67%) in an additive way without toxicity to the liver and kidneys.

The structures of the described small-molecule mortalin inhibitors are shown in
Figure 4. Their anticancer activities are summarized in Table 4.

Table 4. Mortalin inhibitors and their anticancer effects.

Mortalin Inhibitor

Cancer Model(s) Effects

3b (JG-98)

3¢ (MKT-077)
23

24a (Mortaparib)

24b (Mortaparibplus)
24¢ (MortaparibMild)

25 (SHetA2)

Antiproliferative, 555 mitoribosome degradation
[90]

Antiproliferative, mitochondria accumulation,
activation of p53 and p21, inhibition of
mortalin-C9 [91-97]

Miscellaneous, HeLa cervix carcinoma Antiproliferative, p53 and Bak activation [40]
Dual mortalin and PARP1 inhibitor, p53 activation,
apoptosis induction, in vivo inhibition of SKOV-3
tumor growth and metastases [99]
Inhibition of mortalin-p53 and PARP1, CARF-1
suppression, induction of apoptosis and p21 [100]
HCT-116 colon carcinoma Inhibition of mortalin-p53 and PARP1 [102]
Inhibition of mortalin-p53, synergy with
p53-reactivator PRIMA-1Met, caspase-activation,
increased ROS formation, reduced ATP, in vivo
inhibition of MESOV tumor growth, clinical phase
1 studies (advanced /recurrent cervical,
endometrial and ovarian cancer) [15,103,104]

Multiple myeloma
Miscellaneous, ras-induced cancer, K562
leukemia
Hela cervix and SKOV-3 ovarian

carcinoma

HCT-116 and DLD-1 colon carcinoma

Ovarian cancer

3. Modulators of Co-Chaperone Hsp40

The co-chaperones of the Hsp40 family are vital for the ATPase activity of Hsp70 pro-
teins, and modulation of Hsp40 activity has tremendous effects on the Hsp70 network of
protein interaction and integrity. The natural Hsp70 ATPase stimulator 15-deoxyspergualin
served as a lead compound for the design of the uracil derivative NSC-630668-R /1, which
inhibits endogenous and Hsp40-induced ATPase activity of Hsp70 [105,106]. Further
synthetic derivatives were prepared using the straightforward Biginelli multicomponent
reaction, leading to the identification of 26a (Figure 5, MAL3-101), which specifically
blocks Hsp70 ATPase in an allosteric way by inhibition of the Hsp40 co-chaperone protein
TAg [107]. In this way, the strategy to target the Hsp70/Hsp40 axis as a possible treatment
for cancer diseases was established. In contrast, the synthetic small-molecule dihydropy-
rimidine compounds 26b (Figure 5, 115-3b) and 26¢ (Figure 5, 115-7c), which lack the amide
side chain of 26a, stimulated protein folding by the bacterial DnaK (Hsp70) chaperone in
the presence of the DnaJ (Hsp40) and GrpE co-chaperones, while compound 26a inhibited
protein folding in this assay as expected with an ECs value of 3.2 uM [108,109].
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Compound 26a showed various anticancer properties, e.g., antiproliferative activity
against Merkel cell carcinoma (MCC) accompanied by apoptosis induction [110]. In ad-
dition, compound 26a (40 mg/kg i.p. every other day) inhibited WaGa MCC growth in
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mice, again associated with apoptosis induction in vivo. Moreover, compound 26a (10 uM)
showed antiproliferative activity against T24 and SW780 MIBC cells, and the combination
of compound 26a with the Hsp70 inhibitor 1 or with the Hsp90 inhibitor STA-9090 led to
synergistic antiproliferative activity against MIBC cells, which were resistant to compound
26a alone [111]. RMS13 rhabdomyosarcoma cells were also sensitive to treatment with
26a based on the induction of UPR and apoptosis; however, dose-escalation led to the
isolation of a resistant RMS13-R cell line with upregulated autophagy and an ER-associated
degradation pathway [112]. Inhibition of autophagy restored the sensitivity to 26a in the
RMS13-R cells.

The phenoxy-N-arylacetamide 27 (Figure 5) was found to inhibit Hsp70 by direct
binding to the co-chaperone DnaJ (ICsy = 0.13 uM) [113].

In 2000, the synthetic lactam derivative 28 (Figure 5, KNK437) was identified as a
suppressor of heat-induced Hsp70 and Hsp40 in COLO 320DM human colon cancer cells,
whose effect was more pronounced than for the known natural Hsp inhibitor quercetin [114].
In vivo, compound 28 (200 mg/kg i.p.) showed synergy effects in combination with
heat treatment (44 °C) in mice bearing SCC VII squamous cell carcinomas [115]. At
a non-toxic concentration of 300 M, compound 28 inhibited colony formation of p53-
mutant SAS/mp53 human squamous cell carcinoma cells at a temperature of 42 °C [116].
This inhibitory effect of compound 28 in combination with heat was stronger than in
the p53-wildtype SAS/neo cells and accompanied by the induction of apoptosis at a re-
duced concentration (100 ptM). Compound 28 (100 uM) also inhibited heat-induced (44 °C)
transcription-activating histone H3-Lys4 methylation both in thermoresistant HSC4 and in
thermosensitive KB oral squamous cell carcinoma cells, which was associated with Hsp70
suppression by compound 28 [117]. In immortalized Cos-1 cells, 100 uM of compound 28
inhibited mTOR and S6K phosphorylation and suppressed mTORC1 activity, leading to
apoptosis induction [118]. Compound 28 (50 uM) sensitized MDA-MB-231 breast cancer
cells to ionizing radiation by mechanisms independent from Hsp suppression [119]. In-
stead, hypoxia-related AKT and HIF-1« survival pathways were inhibited by compound
28, which were interesting off-targets of this compound. The Hsp40 protein DNAJA1
was upregulated in colorectal cancer cells, but treatment with compound 28 strongly in-
hibited the level of the Hsp40 protein DNAJA1 in SW480 (ICsy = 24.7 uM), RKO (ICsq =
25.5 uM), LOVO (IC5¢ = 56.0 uM) and SW620 cells (ICsy = 48.3 uM), while no effects on
Hsp70 and Hsp90 were found [120]. DNAJAT-overexpressing SW480 and SW620 cells
exhibited much faster and stronger tumor growth in vivo, which was inhibited by treat-
ment with compound 28 (20 mg/kg i.p. for 20 days). The combination of 5-FU/L-OHP
with compound 28 (20 mg/kg i.p.) efficiently suppressed liver metastasis formation in
DNAJA1-overexpressing SW480 colorectal tumors. Mechanistically, compound 28 sup-
pressed CDC45 and upregulated ubiquitin in DNAJAl-overexpressing SW480 cells as a
consequence of its strong DNAJA1 downregulating activity.

The chalcone compound 29 (Figure 5, C86/SU086) was initially identified as a synthetic
xanthohumol analog with antiproliferative activity against HeLa cervix carcinoma cells
(ICs0 = 1.4 uM), pro-apoptotic activity by caspase-3 activation, and thioredoxin reductase
inhibitory activity (ICsp = 3.5 uM) followed by induction of ROS formation in treated HeLa
cells [121]. The effects of compound 29 on castration-resistant prostate cancer (CRPC) were
studied in more detail, revealing strong antiproliferative activity against 22Rv1l CRPC
cells (IC5y between 1 and 2.5 uM) and a suppression of FL-AR/ARvV7 signaling based on
enhanced degradation of FL-AR and ARv7 in 22Rv1 CRPC cells treated with compound
29 (10 uM) [122]. Experiments using biotinylated 29 confirmed a direct binding as a pan-
Hsp40/DNA]J inhibitor, which interacts with DNAJA, DNAJB, and DNA]C proteins likely
via the ] domains of the Hsp40 proteins. In addition, compound 29 is bound to Hsp40 in
complexes with AR and Arv7 and with Hsp70/Bag3/CHIP. Similar effects were observed
for the Hsp70 inhibitor 3b (JG98, IC5y = 0.4-0.5 uM for 22Rv1 cells, destabilization of
FL-AR/ARv7 proteins). Both compounds 29 (15 mg/kg, i.v. 3 x per week) and 3f (8 mg/kg,
i.p. every other day) inhibited the growth of 22Rv1 CRPC xenografts in mice; however,
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the combination of both drug candidates surpassed the antitumor activity of the single
compounds. More recently, compound 29 was also identified as a Hsp90 inhibitor in
prostate cancer cells, which interferes with tumor cell glycolysis [123]. In C4-2 prostate
cancer xenografts, compound 29 (50 mg/kg/day i.p.) inhibited tumor growth similar to
the approved prostate cancer drugs enzalutamide (10 mg/kg/day p.o.) and abiraterone
(200 mg/kg/day p.o.). Yet, the combination of compound 29 with either enzalutamide or
abiraterone led to synergistic and additive tumor growth inhibitory effects, respectively.

The semi-synthetic hydrazones 30a (Figure 5, PLIHZ) and 30b (Figure 5, PLTFBH),
which were made of the natural naphthoquinone plumbagin, were identified as Hsp40
inhibitors by molecular docking [124]. Compounds 30a and 30b revealed antiproliferative
activities against HN31 pharyngeal squamous cell carcinoma cells (IC5p = 1.2 uM for 30a
and 0.6 uM for 30b) and suppressed DNAJA1 and conformational mutant p53 levels in
HNB31 cells, accompanied by suppression of tumor cell migration based on downregulation
of active Cdc42 and Rac. No effects were observed for wild-type p53 or DNA-contact
mutant p53 proteins, indicating a selective action against conformational mutant p53. In
addition to DNAJAT1, compound 30b showed distinct inhibitory activities against DNAJA2,
DNAJA3, DNAJB1, DNAJB12, and DNAJC3.

The semi-synthetic 3rd generation taxane derivative cabazitaxel (Figure 5, 31) was
able to inhibit LNCaP and PC-3 prostate cancer cell proliferation and suppress Hsp40, HOP,
and AR in prostate cancer cells at very low doses (0.3 nM) [125].

The inhibition of farnesylation of HDJ-2 Hsp40 proteins has become a reasonable
marker for the clinical outcome of anticancer active farnesyl transferase inhibitors [126-128].
Farnesyl transferase inhibitors such as tipifarnib (Figure 5, 32) entered clinical trials for
various cancer diseases because they inhibit the farnesylation of Ras proteins, leading to
their inactivation [129,130]. The radio-sensitizing effect on SF763 glioblastoma cells treated
with compound 32 was associated with a suppression of the radio-induced translocation of
HDJ-2 by compound 32 based on reduced levels of farnesylated HDJ-2 [131]. In addition,
compound 32 inhibited U87 and SF763 glioblastoma cell proliferation (ICsy = 3.1 uM for
U87 and 1.9 uM for SF763) and led to G2/M arrest in these cells based on p21 induction.
The HMG-CoA reductase inhibitory statin drug 33 (Figure 5, atorvastatin), which is applied
for the treatment of cardiovascular disease based on its cholesterol depletion activity, was
also studied for its inhibition of DNAJA1 farnesylation in pancreatic cancer cells expressing
wild-type or mutant p53 proteins [132]. Compound 33 induced apoptosis, upregulated p21,
and degraded mutant p53 (R172H) and cyclin D1 in PO3 cells based on the suppression
of farnesylated DNAJAL1. In addition, compound 33 suppressed mutant p53 in SU 86.86
(G245S), BXPC-3 (Y220C), and Pan 10.05 (I255N) pancreatic cancer cells, while mutant p53
levels in MIA-PaCa-2 (R248W) and PANC-1 (R273H) were not affected by compound 33.
Nuclear translocation of mutant p53 was inhibited in PO-3 cells by compound 33, which
also suppressed PO-3 cell migration and invasion.

Selective inhibition of cytoplasmic HDAC6 by the HDACS6 inhibitor 34 (Figure 5,
marbostat) led to MYC degradation and apoptosis in MYC-overexpressing B-cell lymphoma
cells. It was shown that HDACS6 inhibition by compound 34 led to hyperacetylation of
tubulin followed by enhanced binding of DNAJA3 to hyperacetylated tubulin in the
cytoplasm of B-cell lymphoma cells, which led to enhanced Myc degradation [133].

In contrast to the Hsp40-inhibiting chalcone 29, the trans-chalcone 35a (50 M) and its
5-fluoro-2-hydroxy derivative 35b (10 uM) activated Hsp40 and p53 expression in U20S
osteosarcoma cells, accompanied by suppression of CRM1 (Figure 5) [134].

The structures of the described small-molecule Hsp40 modulators are shown in
Figure 5. Their anticancer activities are summarized in Table 5.
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Table 5. Hsp40 modulators and their anticancer effects.

Hsp40 Modulator

Cancer Model(s)

Effects

26a (MAL3-101)

28 (KNK437)

29 (C86/5U086)

30a (PLIHZ), 30b (PLTFBH)

31 (Cabazitaxel)

32 (Tipifarnib)

33 (Atrovastatin)

34 (Marbostat-100)

35a, 35b

Merkel cell carcinoma, muscle invasive
bladder cancer, RMS13
rhabdomyosarcoma

Squamous cell carcinoma (KB, SCC VII
and SAS/mp53), immortalized Cos-1,
MDA-MB-231 breast carcinoma, colon

carcinoma (COLO 320DM, SW480,
SW620, RKO, LOVO)

HelLa cervix carcinoma, 22Rv1 and C4-2
prostate cancer

HNB31 pharyngeal squamous cell
carcinoma

LNCaP and PC-3 prostate cancer

Antiproliferative, apoptosis induction, in vivo
MCC growth inhibition, synergy with 1 and
STA9090, UPR induction [110-112]
Suppression of Hsp70 and Hsp40, in vivo
inhibition of SCC VII squamous cell carcinoma at
44 °C, apoptosis induction and colony formation
inhibition at 42 °C, inhibition of heat-induced
H3-Lys4 methylation, suppression of AKT and
HIF-1x pathways, selective inhibition of DNAJA1,
in vivo inhibition of DNAJA1-overexpressing
SW480 and SW620 tumors, suppressed CDC45,
upregulated ubiquitin, in vivo suppressed liver
metastasis formation with 5-FU/L-OHP [113-120]
Antiproliferative, pan-Hsp40/DNA] inhibition,
apoptosis induction, ROS formation, inhibition of
thioredoxin reductase, degradation of FL-AR and
ARv7, Hsp90 inhibition, in vivo 22Rv1 and C4-2
prostate tumor growth inhibition [121-123]
Antiproliferative, suppression of DNAJA1, mutant
p53, Cdc42 and Rac [124]
Antiproliferative, suppression of Hsp40, HOP and

AR [125]

Farnesyltransferase inhibition, reduction of
farnesylated HDJ-2, radio-sensitizing,
antiproliferative, p21 induction, G2/M arrest [131]
HMG-CoA reductase inhibition, suppression of
DNAJAT1 farnesylation, induction of apoptosis and
p21, degradation of mutant p53 (blocked nuclear
transport), inhibition of migration [132]
HDACS inhibition, apoptosis induction, MYC-
degradation, tubulin hyperacetylation, relocation
of DNAJAS3 to acetyltubulin [133]
Activation of Hsp40 and p53, suppression of
CRM1 [134]

SF763 and U87 glioblastoma

Pancreatic carcinoma (PO3, SU 86.86,
BXPC-3, Pan 10.05)

MYC-overexpressing B-cell lymphoma

U20S osteosarcoma

4. Discussion

The design and development of inhibitors of the Hsp70-Hsp40 axis is a prosper-
ing field of research. Numerous Hsp70 inhibitors were described, and the number of
Hsp40 inhibitors and modulators is also growing. Hsp70 is essential for the survival of
proliferating cancer cells, where it is often overexpressed, while it is more or less dis-
pensable for non-transformed cells, making it an excellent anticancer drug target for
tumor-selective drug candidates. Hsp70 is composed of two distinct domains, a 40 kDa
N-terminal nucleotide-binding domain (NBD) that regulates client association and a 25 kDa
C-terminal substrate-binding domain (SBD). Hsp70 is found in the cytosol and possesses
multiple cellular functions. Together with Hsp90, it acts as a multi chaperone complex to
modulate cellularly-protective heat stress responses. Organelle-specific Hsp70 isoforms
such as Grp78 in the endoplasmic reticulum or mortalin in the mitochondria were also
identified as promising anticancer drug targets for Hsp70 inhibitors [14,15]. Hsp40 is
another member of the Hsp family and functions as a client protein of Hsp70. It is a
small co-chaperone of Hsp70 that prevents the aggregation of unfolded polypeptides and
proteins before transferring them to Hsp70 [17]. Hsp40 also binds to the nucleotide-binding
domain of Hsp70, thereby increasing the ATPase activity of Hsp70. Moreover, Hsp70 is
also involved in modulating receptor tyrosine kinase (RTK) signaling pathway activity,
such as the Ras/Raf-MAPK or the AKT pathway. Synthetic Hsp70 inhibitors can interact
with the N-terminal NBD or the C-terminal SBD of Hsp70. Some inhibitors also interfere
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with Hsp40 or act on organelle-specific Hsp70 isoforms such as Grp78 (ER) or mortalin
(mitochondria), leading to pronounced anticancer effects such as apoptosis, cell cycle arrest,
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Figure 6. Cellular effects of Hsp70 isoforms and their inhibition by synthetic small molecules. Hsp70
is composed of two distinct domains, a 40 kDa N-terminal nucleotide-binding domain (NBD) that
regulates client association and a 25 kDa C-terminal substrate-binding domain (SBD). Hsp70 is
found in the cytosol with multicellular functions. Together with Hsp90 it acts as a multi-chaperone
complex to modulate heat stress responses. Organelle-specific Hsp70 isoforms such as Grp78 in the
endoplasmic reticulum or mortalin in mitochondria were identified as promising anticancer drug
targets. Inhibition of these multicellular processes by (semi-)synthetic inhibitors (red lines) leads to
cell senescence, apoptosis and cell cycle arrest in various cancers.

These effects are often synergistic in combination with well-established Hsp90 in-
hibitors, and have the potential to overcome the drawbacks of single Hsp90 inhibition in can-
cer therapy. A conjugate of 17-AAG with apoptozole (2¢) designed as a dual Hsp70/Hsp90
inhibitor was superior to Hsp70 inhibitor 2b in terms of anticancer activity [39,40]. Syn-
thetic efforts led to promising compounds with intrinsic dual or multimodal activities, such
as dual mortalin/PARP1 inhibition, which are pointing the way to more efficient anticancer
drug candidates [99-101].

Synthetic conjugate strategies also led to subcellular isoform targeting by attachment of
a mitochondria-specific triphenylphosphinium moiety to the apoptozole scaffold in the se-
lective mortalin inhibitor 23 [40]. It is noteworthy that mitochondria-targeting cationic dyes
such as rhodacyanines (3a—f) and methylene blue (8) were identified as Hsp70 inhibitors,
which were initially developed for other applications than cancer therapy. Methylene blue
was the first synthetic drug applied for the treatment of malaria and the lead compound for
the development of tricyclic anti-depressant drugs [135]. Meanwhile, several rhodacyanine
derivatives have also been investigated as antiprotozoal agents [136]. Thus, the repurpos-
ing of drugs appears promising and is not a one-way road. As far as drug repurposing is
concerned, the disinfectant hexachlorophene (20) and the spasmolytic drug pinaverium
bromide (4) are further interesting examples of Hsp70 inhibitory activity [50,82]. In contrast
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to the cationic mitochondria-targeting compounds with preference for mortalin binding, the
anionic ruthenium complex 22 (KP1339) is an efficient Grp78 suppressor [85-88]. However,
the exact anticancer mechanisms of action of such pleiotropic ruthenium complexes are only
partially understood. In terms of Grp78 isoform selectivity, the modification of compounds
1 through 12 already showed a simple way to improve selectivity for Grp78 [70].

From a chemical point of view, the (semi-)synthetic Hsp70 and Hsp40 inhibitors de-
scribed in this review are structurally heterogenic and comprise various compound classes.
While natural Hsp70 and Hsp40 inhibitors were largely excluded from this review for
clarity’s sake, some promising chemically modified natural products (11, 30a, 30b) and syn-
thetic surrogates (26a, 29) were mentioned. In terms of Hsp40 protein targeting, structurally
related synthetic compounds can have opposite effects on their target. While 26a inhib-
ited Hsp40, its analogs compounds, 26b and 26¢, activated Hsp40 [107-112]. In addition,
chalcone 29 inhibited Hsp40, while chalcones 35a and 35b activated Hsp40 [121-123,134].
Interestingly, in the Chalcone case, both effects led to anticancer activity. Posttranslational
modifications of Hsp40 (farnesylation) and its binding partners (acetylated tubulin) were
also described as targetable Hsp40-modulatory mechanisms [125,131-133]. In this way, po-
tential combination partners such as farnesyltransferase inhibitors and HDAC6 inhibitors
emerged as modulators of the Hsp70-Hsp40 axis, which might be considered for future
in vivo experiments.

As mentioned above, the combination of Hsp70 and /or Hsp40 inhibitors with various
approved anticancer drugs revealed promising antitumor effects both in vitro and in vivo,
suggesting suitable therapy regimens for new clinical trials. The Hsp70 inhibitors 3¢ and 22
(in its benzindazolium form, KP1019) already underwent early-stage clinical trials decades
ago, even before their Hsp70 inhibitory activity was discovered [84,94]. Meanwhile, com-
pound 22 experienced a revival and is currently in phase 1b/2 clinical trials (NCT04421820)
in combination with FOLFOX (folinic acid, 5-fluorouracil, and oxaliplatin) for the treatment
of advanced gastrointestinal tumors. However, with various new inhibitors and optimized
analogs being available now, more valuable outcomes can be expected for Hsp70 and
Hsp40 inhibitors from future clinical studies when designed and conducted properly.

Hsp40 is another member of the Hsp protein family and functions as a client protein
of Hsp70. It is a small co-chaperone of Hsp70 that prevents the aggregation of unfolded
polypeptides and proteins before transferring them to Hsp70. Hsp40 also binds to the
nucleotide-binding domain (NBD) of Hsp70, thereby increasing the ATPase activity of
Hsp70. Moreover, Hsp70 is also involved in modulating receptor tyrosine kinase (RTK)
signaling pathway activity, such as the Ras/Raf-MAPK or the AKT pathway.

Synthetic Hsp70 inhibitors can act at the N-terminal (NBD) or substrate-binding C-
terminal (SBD) binding domains of Hsp70. Some inhibitors also interfere with Hsp40 or act
on organelle specific Hsp isoforms such as Grp78 (ER) or mortalin (mitochondria), leading
to pronounced anticancer effects such as apoptosis, cell cycle arrest, or cellular senescence.
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Abstract: Hepatocellular carcinoma (HCC) is a primary liver tumor with high lethality and increasing
incidence worldwide. While tumor resection or liver transplantation is effective in the early stages of
the disease, the therapeutic options for advanced HCC remain limited and the benefits are temporary.
Thus, novel therapeutic targets and more efficacious treatments against this deadly cancer are urgently
needed. Here, we investigated the pathogenetic and therapeutic role of eukaryotic initiation factor 4A1
(eIF4A1) in this tumor type. We observed consistent elF4A1 upregulation in HCC lesions compared
with non-tumorous surrounding liver tissues. In addition, eIF4A1 levels were negatively correlated
with the prognosis of HCC patients. In HCC lines, the exposure to various elF4A inhibitors triggered
a remarkable decline in proliferation and augmented apoptosis, paralleled by the inhibition of several
oncogenic pathways. Significantly, anti-growth effects were achieved at nanomolar concentrations
of the eIF4A1 inhibitors and were further increased by the simultaneous administration of the pan
mTOR inhibitor, Rapalink-1. In conclusion, our results highlight the pathogenetic relevance of
elF4A1 in HCC and recommend further evaluation of the potential usefulness of pharmacological
combinations based on elF4A and mTOR inhibitors in treating this aggressive tumor.

Keywords: hepatocellular carcinoma; e[F4A1; translation inhibitors; targeted therapies

1. Introduction

Liver cancer is one of the most frequent malignancies and has poor prognosis, ranked
as the third leading cause of cancer-related deaths worldwide and thus remains a global
health issue [1]. The incidence of liver cancer is increasing, and the World Health Orga-
nization has estimated that the number of deaths from this cancer will reach one million
annually in 2030 [2]. Hepatocellular carcinoma (HCC) is the most common type of primary
liver cancer, accounting for ~90% of cases. HCC commonly develops in the setting of un-
derlying liver diseases such as cirrhosis or chronic liver inflammation. Although hepatitis B
or C virus infection and alcohol abuse remain major HCC risk factors, the number of HCC
cases related to non-alcoholic fatty liver disease (NAFLD) or associated with metabolic
syndrome or diabetes mellitus is rapidly growing, and this condition might become the
leading cause of HCC in Western countries in the near future [3,4]. Surgical resection,
radiofrequency ablation, transarterial chemoembolization, and liver transplantation are
potentially curative treatments for early-stage HCC lesions [5,6]. However, most patients
with HCC are diagnosed in an advanced stage of the disease when they are no longer
good candidates for curative strategies. Palliative systemic therapy is the only therapeutic
option for these patients. Several tyrosine multikinase inhibitors, including sorafenib,
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lenvatinib, regorafenib, and cabozantinib, are approved as the first- or second-line treat-
ments for unresectable advanced HCC. However, only a slight increase in overall survival
has been reached in these patients [7-10]. Immune-based therapies are also emerging
for the treatment of advanced HCC. The combination of azetolizumab (anti-PD-L1) with
bevacizumab (anti-VEGF) has shown superior efficacy compared to sorafenib, and it is now
recommended as the standard first-line treatment for advanced HCC [6,11]. Nevertheless,
the benefits of immunotherapy are still modest, and many patients remain non-responders.
Therefore, developing novel therapeutic strategies is imperative to improving the outcome
of HCC patients.

Targeted inhibition of translation machinery is emerging as a promising cancer treat-
ment approach. Protein synthesis is a highly controlled process that plays a major role
in gene expression regulation. However, this mechanism is frequently dysregulated in
human malignancies [12]. Studies have shown that altered mRNA translation leads to
tumorigenesis and cancer progression by selectively enhancing the synthesis of proteins
involved in cell proliferation, activation of invasion and metastasis, and other neoplastic
characteristics-related processes [13]. Translation initiation is the rate-limiting step; it is
regulated by multiple eukaryotic initiation factors (elFs) [14,15]. The eIlF4F complex, which
includes elF4E, elF4G, and elF4A proteins, is essential for cap-dependent ribosome recruit-
ment and translation initiation. Thus, eIF4E binds to the m’G-cap structure at the mRNA
‘5" end, whereas elF4G acts as a scaffold protein recruiting elF4E and elF4A. The latter,
the only component of the elF4F complex with enzymatic activity, is an ATP-dependent
DEAD-box RNA helicase that unwinds the mRNA secondary structures in the 5 untrans-
lated regions (5'-UTRs) to enable ribosome scanning. The helicase eIF4A is required to
efficiently translate mRNAs with long and highly structured 5'-UTRs, including those with
G-quadruplex structures [16]. These complex structures characterize the 5-UTRs of many
oncogenes considered el[F4A-dependent genes, such as KRAS, BLC2, NOTCH1, CDK®6, and
CCND1 [17,18].

There are two eIF4A isoforms involved in mRNA translation, eIF4A1 and eIF4A2,
which share ~90% homology in their amino acid sequence [19]. Despite their similarity,
elF4A1, but not elF4A2, is essential to cell viability. In addition, el[F4A2 cannot com-
pensate for el[F4A1 dysfunction, suggesting that both isoforms have distinct biological
properties [20,21]. Their expression also varies between different types of tissues, with
elF4A1 being the most abundant paralog [22]. The overexpression of the e[F4A1 isoform
occurs in a wide variety of malignancies, where it correlates with metastasis and poor
prognoses [23-25]. The c-Myc protooncogene upregulates EIF4A1 transcription [26]; in
addition, the levels of free functional elF4A1 protein are increased by the degradation
of the tumor suppressor programmed cell death 4 (PDCD4), which is itself regulated by
mammalian target of rapamycin (mTOR) signaling [27,28]. Although little is known about
elF4A?2 in cancer, recent studies have revealed the upregulation of this isoform in colorectal
cancer [29] and paclitaxel-resistant breast cancer [30]. High elF4A2 levels are also associated
with poor prognosis in colorectal and esophageal squamous cell carcinomas [29,31].

Consequently, the characteristics of elF4A isoforms make them attractive drug tar-
gets for anti-tumor therapy. Rocaglates, also known as flavaglines, are a group of small
molecules harboring a common cyclopean[b]benzofuran core that suppresses cap-dependent
translation by inhibiting e[F4A activity. More than one hundred natural rocaglates have
been isolated from Aglaia species, including silvestrol and rocaglamide. In addition, nu-
merous synthetic derivatives have recently been developed to improve their potency and
bioavailability [32-34]. The rocaglates stabilize the non-specific binding of e[F4A to RNA,
which prevents its incorporation into the elF4F complex [35,36], and they target both elF4A
isoforms [37]. Silvestrol, one of the best-studied drugs of this family, has demonstrated
potent anti-tumor activity both in vitro and in vivo [38,39], and the antiproliferative po-
tency of other active rocaglates derivatives, such as the synthetic compound CR-1-31-B,
has also been reported in several tumors [40—43]. Similarly, the synthetic flavagline FL3
exhibited anticancer properties in various experimental cancer models [44]. Furthermore,
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the synthetic elF4A inhibitor, Zotatifin, is currently being evaluated in a phase I/1I clinical
trial for solid tumors [45].

In this study, we investigated the pathogenetic role of eI[F4A1 in human HCC and its
potential usefulness as a novel molecular target for the development of novel pharmacolog-
ical strategies.

2. Results
2.1. elF4A1 Is Significantly Overexpressed in Human Hepatocellular Carcinoma and Correlates
with a Worse Outcome

First, e]F4A1 mRNA levels in human cancers were investigated using data obtained
from The Cancer Genome Atlas (TCGA) and the UALCAN (http://ualcan.path.uab.
edu/; accessed on 24 November 2022) analysis tool. elF4A1 mRNA expression was
elevated in various cancer types, including colon adenocarcinoma (COAD), glioblas-
toma multiforme (GBM), esophageal carcinoma (ESCA), and kidney renal clear cell car-
cinoma (KIRC), among others (Figure 1A). In HCC (normal tissue: n = 50; tumor tis-
sue: n =371), elF4A1 was significantly overexpressed (Figure 1A; LIHC: liver hepato-
cellular carcinoma; Figure 1B; P = 8.871x 10~'%) with comparable incidences for women
(P=2566 x 107%) and men (P = 2.155 x 1071; Figure 1C) and elevated expression
for patients aged between 21 and 80 years (Figure 1D; 21-40 years: P = 1.463 x 107%;
41-60 years: P =2.841 x 10~%; 61-80 years: P = 7.070 x 10~%) compared to that in nor-
mal tissue. Maximal elF4A1 expression was detected in tumors of young patients be-
tween 21 and 40 years of age (Figure 1D; 21-40 vs. 61-80 years: P = 2.678 x 10~%2). Ex-
amination of multiple clinicopathological features revealed that HCC patients with high
elF4A1 expression had poorer prognoses. The survival time of patients with high e[F4A1
expression was significantly shorter than that of patients with low or medium elF4A1
levels (Figure 1E; P = 0.027). Furthermore, the TCGA data showed that in comparison
to normal tissue, el[F4A1 expression was increased in all tumor grades, with grades
3 and 4 tumors revealing even higher levels than grades 1 and 2 tumors (Figure 1F;
Normal vs. Grade 1: P = 2.359 x 10~%; Normal vs. Grade 2: P = 3.212 x 10~%; Normal vs.
Grade 3: P =4.581 x 107%; Normal vs. Grade 4: P =6.219 x 10~%; Grade 1 vs. Grade 3:
P=5378 x 107%; Grade 1 vs. Grade 4: P=3.380 x 107%; Grade 2 vs. Grade 3:
P =2.050 x 107%; Grade 2 vs. Grade 4: P =2.020 x 107%2). The analysis of HCC can-
cer stages (displayed significantly increased eIF4A1 expression in stage 1 to 3 tumors
(Figure 1G; Normal vs. Stage 1: P =1.878 x 10-98; Normal vs. Stage 2: P = 3.364 x 1097,
Normal vs. Stage 3: P = 1.058 x 10~%; Stage 1 vs. Stage 3: P = 2.366 x 10~%2). Impor-
tantly, high elF4A1 expression was found in NO and N1 nodal metastasis status (Figure 1H;
Normal vs. NO: P =4.421 x 10712, Normal vs. N1: P = 1.023 x 10’04), with a clear tendency
toward enhanced elF4A1 expression in N1 specimens.

To confirm the findings in the TCGA dataset analysis, the elF4A1 levels in 47 human
HCC samples and paired normal tissues collected at the University Regensburg were eval-
uated. In compliance with the TCGA data set, western blot analysis revealed that eI[F4A1
protein levels were significantly increased in HCC specimens compared to those in paired
non-tumorous tissues (Figure 2; *** p = 0.0002; Wilcoxon test; Supplementary Figure S1).
In addition, immunoblotting showed augmented protein expression of the eukaryotic
initiation factor (elF) family member eIF4A2 (* p = 0.0249; Wilcoxon test) and the translation
initiator and rocaglate target DEAD-box protein 3 DDX3 [46] (** p = 0.0088; Wilcoxon test)
in HCC lesions (Figure 2A,B; Supplementary Figure S1).
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Figure 1. Biostatistical analysis from TGCA data of the e]F4A1 gene in various tumor types and human
hepatocellular carcinoma (HCC). Please refer to the main text for detailed explanations. (A) mRNA
levels of eIF4A1 in various tumor types, including liver hepatocellular carcinoma (LIHC). (B) mRNA
levels of eIlF4A1 in non-tumorous (normal) and HCC (primary tumor) specimens. (C) mRNA levels of
elF4A1 in HCC specimens based on gender. (D) mRNA levels of eIF4A1 in HCC specimens based on
age (Yrs: Years). (E) Kaplan-Meier curves in HCC patients based on e[F4A1 mRNA levels. (F) mRNA
levels of elF4A1 in HCC specimens based on tumor grade (grade 1: well-differentiated; grade 2:
moderately differentiated; grade 3: poorly differentiated; grade 4: undifferentiated). (G) mRNA
levels of eIF4A1 in HCC specimens based on the individual cancer stage (stage 1: cancers localized
to one part of the body; stage 2 and 3: locally advanced cancers; stage 4: spread to other organs
and often metastasized cancers). (H) mRNA levels of e[F4A1 in HCC specimens based on nodal
metastasis status (NO: no evidence of cancer in regional lymph nodes; N1: cancer has spread to a
single lymph node near the liver).
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Figure 2. eI[F4A1 is upregulated in human hepatocellular carcinoma (HCC; n = 47). (A) Levels of
elF4A1, e[F4A2, and DDX3 proteins in human HCC samples, as detected by western blotting using
the SPL method. (B) Quantification of western blot band intensities. Dots representing the individual
protein expression of one patient and their medians are shown (* p < 0.5; ** p < 0.1; ** p < 0.01;
Wilcoxon matched-pairs signed rank test). Abbreviations: P, patient; T, tumor; N, non-tumor; GLO:
Gel loading control (green); GTO: Total protein (red).

Remarkably, when assessing the prognostic relevance of the three proteins, el[F4A1 lev-
els were inversely associated with patient survival time (p < 0.0001; Figure 3A;
Supplementary Materials). In contrast, levels of el[F4A2 did not separate HCC patients
based on survival length (P = 0.741; Figure 3B; Supplementary Materials). Moreover, DDX3
displayed a trend toward more prolonged survival without reaching significance (P = 0.142;
Figure 3C; Supplementary Materials).
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Figure 3. Levels of e[F4A1 protein negatively correlate with the survival of patients with hepatocellu-
lar carcinoma (HCC) (n = 47). Kaplan-Meyer curves in HCC patients for e[F4A1 (A), eIF4A2 (B), and
DDX3 (C) proteins.
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Subsequently, we evaluated the levels of elF4A1 in a large collection of formalin-
fixed, paraffin-embedded HCC samples (n = 356) by immunohistochemistry (Figure 4). In
agreement with western blot data, increased immunoreactivity for elF4A1 was detected
ubiquitously in HCC lesions compared to that in the matching non-neoplastic liver tissues
(Figure 4, first lower panel). In contrast, non-tumorous epithelial cells exhibited faint
or absent elF4A1 staining (Figure 4, second lower panel). HCC lesions displayed either
homogeneous or scattered upregulation of eIF4A1 (Figure 4, third to fifth lower panels).

ST/HCC1
NG

H&E

elF4A1
o

Figure 4. Representative immunohistochemistry patterns of elF4A1 protein in human hepatocellular
carcinoma (HCC; n = 356). The first left panels show an example of human HCC (denominated HCC1)
at low magnification. Note the enhanced immunoreactivity for eI[F4A1 in the tumorous part (T)
compared with the neighboring non-tumorous surrounding tissue (ST), which exhibits faint/absent
elF4A1 staining. The second and third left panels depict higher magnifications for ST and HCC1. A
second tumor (HCC2), characterized by intense, homogeneous eI[F4A1 immunoreactivity, is shown
in the fourth panel from the left. Finally, a third tumor (HCC3) in the right panels displays hetero-
geneous elF4A1 immunolabeling. Abbreviation: H&E, hematoxylin and eosin staining. Original
magnifications: 40x in the first left panels, 200 in all the other panels. Scale bar: 500 um in the first
left panels, 100 um in all the other panels.

Overall, the present data indicated that e[F4A1 is highly expressed in primary HCC
lesions and associated with a poor outcome. These findings suggest the usefulness of
elF4A1 as a prognostic biomarker in human HCC.

2.2. Targeting elF4A1 with Rocaglates Inhibits Tumor Cell Growth in HCC Cell Lines

Next, to evaluate the therapeutic potential of targeting e[F4A1 activity in HCC, we
challenged human HCC cell lines in vitro with five distinct rocaglate derivatives, namely
CR-1-31-B, FL3, Rocaglamide, Silvestrol, and Zotatifin. These drugs promote the binding
affinity of eI[F4A1 to mRINA species containing polypurine sequence motifs, sequentially
impeding the translation initiation during protein synthesis by blocking the formation
of the heterotrimeric eIlF4F cap-binding complex. Prior to pharmacological treatments,
we assessed the endogenous elF4A1, el[F4A2, and DDX3 protein levels using western
blot analysis in various human HCC cell lines. elF4A1, eI[F4A2, and DDX3 proteins were
expressed in all HCC cell lines tested (Figure 5A,B; Supplementary Figure S2).

Subsequently, to assess the cytotoxic potential of elF4A inhibitors, the HLE, HLF,
and PLC/PRF/5 tumor cell lines were randomly selected and treated with a range of
concentrations between 0 and 200 nM per elF4A inhibitor, and colorimetric MTT assays
were performed 48 h after starting compound exposure. Principally, cellular metabolic
activity was measured to indicate cell viability, proliferation, and cytotoxicity. Overall,
all five rocaglates efficiently reduced tumor cell viability in the three cell lines in a dose-
dependent manner (Figure 6A—C). Notably, in HCC cell lines, the calculated half-maximal
inhibitory concentration (IC50) values for the five drugs resided in the low nanomolar
range (Figure 6D).
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Figure 5. Human hepatocellular carcinoma cell lines express elF4A1, eI[F4A2, and DDX3 proteins.
(A) The levels of the three proteins were assessed in HLE, HLF, PLF/PRF/5, SNU182, and SNU449
cell lines by western blot analysis. GAPDH was used as a loading control, and protein band intensities
of e[F4A1, e[F4A2, and DDX3 were normalized to GAPDH levels (B).
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Figure 6. Cell viability of human hepatocellular carcinoma cell lines exposed to eIF4A inhibitors, as
assessed by MTT assay. The elF4A1 inhibitors, FL3, Zotatifin, CR-1-31-B, Rocaglamide, and Silvestrol,
were administered to HLE (A), HLF (B), and PLC/PRF/5 (C) cell lines. Similar data were obtained in
the SNU449 cell line (not shown). Data of two independent experiments with n = 4 technical replicates
are represented as the percentage of DMSO-treated cells & SD. A summary of the IC50 + SD of the
five drugs in the three cell lines is depicted in (D).

To further elucidate the mechanisms of action of eIF4A inhibitors in HCC cell lines,
we selected the two most effective drugs, i.e., CR-1-31-B and Zotatifin, for the following
experiments. Zotatifin was also selected because, to date, it is the only elF4A inhibitor in
clinical trials. When evaluating cell proliferation, we found that incubation with CR-1-31-B
and Zotatifin induced a marked reduction in BrdU incorporation in both HLE and HLF
cell lines, with a slightly more pronounced anti-growth effect in the case of CR-1-31-B
(Figure 7A,B).
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Figure 7. Effects of the elF4A inhibitors, CR-1-31-B and Zotatifin, on the proliferation of hepatocellular
carcinoma cell line monolayer cultures indicated by BrdU incorporation. BrdU incorporation assay
was conducted on (A) HLE and (B) HLF cells treated for 48 h with 10 nM CR-1-31-B and 20 nM
Zotatifin. Untreated cells and cells treated with DMSO served as controls. The fold-changes over
DMSO of optical densities (OD) at 450 nm are presented. All results are expressed as mean + SD of
three independent experiments in triplicate. For statistical analysis, Tukey’s multiple comparisons
test was performed (** p < 0.1; **** p < 0.001).

Subsequently, apoptosis was determined in the same cell lines treated with the two
elF4A inhibitors. Both CR-1-31-B and Zotatifin induced higher apoptotic cell death in the
cell lines than was observed in untreated and DMSO-treated cells (Figure 8A,B).
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Figure 8. Effects of the elF4A inhibitors, CR-1-31-B and Zotatifin, on the apoptosis of hepatocellular
carcinoma cell line monolayer cultures. Cell death assay was conducted on (A) HLE and (B) HLF
cells treated for 48 h with 10 nM CR-1-31-B and 20 nM Zotatifin. Untreated cells and cells treated
with DMSO served as controls. The fold-changes over DMSO of optical densities (OD) at 405 nm are
presented. All results are expressed as mean + SD of three independent experiments in triplicate. For
statistical analysis, Tukey’s multiple comparisons test was performed (* p < 0.05; **** p < 0.001).

Next, we assessed the effects of CR-1-31-B and Zotatifin on some of the most rel-
evant oncogenic pathways in hepatocarcinogenesis by western blot analysis (Figure 9;
Supplementary Figures S3 and S4). Both drugs did not affect elF4A1 and DDX3 protein
levels, supporting the hypothesis that they act on eI[F4A1 and DDX3 activity without af-
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fecting their expression. In contrast, similarly to what has been described in other tumor
types, the treatment of HCC cells with these drugs led to el[F4A2 upregulation, which is
considered a compensatory response to marked elF4A1 suppression. Nonetheless, it has
been shown that e[F4A2 induction cannot functionally compensate for e[F4A1 loss or inacti-
vation [20,21]. Regarding oncogenic pathways, both CR-1-31-B and Zotatifin administration
resulted in the downregulation of activated /phosphorylated (p-)STAT3, AKT, ERK1/2, and
total SKP2 proteins in a dose-dependent manner. In addition, levels of the Hippo pathway
effector protein TAZ were decreased, whereas the effects on the ortholog YAP were incon-
sistent. Furthermore, the levels of prohibitin 1 and 2 (PHB1 and 2), which are supposed
to be critical targets of rocaglates [47], were decreased in CR-1-31-B- and Zotatifin-treated
cells. In contrast, levels of mTOR effectors, such as activated /phosphorylated (p-)RPS6
and phosphorylated/inactivated (p-)4EBP1, were either increased or unchanged following
CR-1-B-31 and Zotatifin administration.
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Figure 9. Effects of the elF4A inhibitors, CR-1-31-B and Zotatifin, in HCC cell lines on the levels of
elements of oncogenic pathways involved in hepatocarcinogenesis. Western blot analysis was used to
assess the levels of several effectors of oncogenic cascades in HLE (A) and HLF (B) cell lines exposed
to increasing concentrations of CR-1-31-B and Zotatifin inhibitors (0, 10, 20, 50, and 100 nM). Cells
were treated for 48 h, and western blot analysis was conducted at this time point.

2.3. Targeting the mTOR Pathway Synergizes with elF4A Inhibitors to Restrain HCC Cell Growth
In Vitro

Inspired by the findings that e[F4A inhibitors did not reduce the activation of mTOR
effectors, we tested whether mTOR suppression could synergize with e[F4A inhibitors to
hamper HCC cell growth. For this purpose, the HLE and HLF cell lines were treated with
the pan mTOR inhibitor, Rapalink-1 [48], either alone or in combination with CR-1-31-B or
Zotatifin. Rapalink-1 was chosen over common mTORC]1 inhibitors, such as Rapamycin or
Rapamycin homologs, because the latter drugs effectively inhibit RPS6 but not 4EBP1 [49].
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When assessing HLE and HLF metabolic activity with the MTT assay, we discovered
that Rapalink-1 inhibited HCC cell growth at nanomolar concentrations (IC50: 20 nM).
Significantly, the combination of Rapalink-1 with CR-1-31-B or Zotatifin triggered an even
more potent, synergistic reduction of HLE and HLF metabolic activity than that induced by
treatments alone (Figure 10).
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. Highly synergistic cytotoxicity of combining the pan mTOR inhibitor, Rapalink-1, with

CR-1-31-B and Zotatifin in hepatocarcinoma cell lines. (A) HLE and (D) HLF cells were exposed
to various concentrations of compounds, alone or in combination, for 48 h. Cell proliferation
based on the metabolic activity was assessed using the MTT assay and expressed as fold-change
over DMSO control. The mean £ SEM of three independent experiments performed in technical
triplicates are shown. (B,E) Dose effect curves of obtained fractions of dead cells (Fa) were used to
determine the combination index (CI) (C,F) and synergism of drug combinations using CompuSyn
software (https://www.combosyn.com, accessed on 1 November 2022) based on the Chou and
Talalay method [50]. CI < 1 suggests synergism.

Subsequently, we assessed proliferation and apoptosis in the same cell lines using
Rapalink-1 alone and in combination with CR-1-B-R1 or Zotatifin. Again, the combined
treatments resulted in a significant reduction in proliferation (Figure 11A) and a robust
increase in apoptosis (Figure 11B) in the two cell lines.
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Figure 11. Combining the pan mTOR inhibitor, Rapalink-1, with CR-1-31-B and Zotatifin results in
synergistic anti-growth activity in hepatocarcinoma cell lines. (A) HLE and HLF cells were exposed
to the three drugs, alone or in combination, for 48 h and proliferation was assessed. (B) HLE and
HLF cells were exposed to the three drugs, alone or in combination, for 48 h and apoptosis was
determined. For the experiments in (A,B), the drugs were administered at their IC50 concentrations.
All results are expressed as mean & SD of three independent experiments in triplicate. For statistical
analysis, Tukey’s multiple comparisons test was performed. Lowercase letters are used to denote
statistical significance (a—f: p > 0.0001; a, vs. Control; b, vs. DMSO; ¢, vs. CR-1-31-B, d, vs. Zotatifin; e,
vs. Rapalink-1; f, CR-1-31-B + Rapalink-1).

Finally, western blot analysis confirmed that the mTOR inhibitor, Rapalink-1, alone
and in combination with the elF4A inhibitors, CR-1-31-B or Zotatifin, fully inhibited
p-RPS6 and p-4EBP1 levels. In addition, Rapalink-1 alone resulted in the downregu-
lation of elF4A1, elF4A2, and DDX3, whereas inconsistent results were obtained for
these proteins when Rapalink-1 was combined with CR-1-31-B or Zotatifin (Figure 12;
Supplementary Figure S5). These data indicated that targeting the elF4A family and mTOR
oncogenic pathway might be a potent anti-tumor treatment strategy in HCC cell lines
(Figure 12; Supplementary Figure S5).
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Figure 12. Complete inactivation of mTOR effectors after synergistic elF4A and mTOR inhibition
using CR-1-31-B and Zotatifin in combination with Rapalink-1in HCC cell lines. Western blot analysis
in HLE and HLF cell lines challenged with CR-1-31-B (10 nM) and Zotatifin (10 nM) and Rapalink-1
(10 nM) inhibitors, alone or in combination (1:1). Cells were treated for 48 h, and western blot analysis
was conducted at this time point.

3. Discussion

HCC, the most common liver primary cancer, is characterized by its late diagnosis,
increasing incidence worldwide, and limited treatment options [51]. Despite the most recent
and effective therapeutic strategies [11,52-54], the prognosis for advanced HCC remains
poor [55]. Therefore, the identification of novel molecular targets and development of more
efficacious therapies are imperative to improving the life expectancy of HCC patients.

Cumulating evidence indicates that translation dysregulation is critical to tumor
development and progression [56]. Therefore, targeting translation initiation components
might be a potential strategy for therapeutic interventions against cancer [57]. In the present
study, we investigated in silico and in vitro the pathogenetic and therapeutic relevance of
elF4A1, a pivotal player in initiating cap-dependent protein translation, in HCC [19,57].
Our results strongly suggest a pro-tumorigenic function of e[F4A1. Specifically, we show
that HCC patients with high levels of elF4A1 mRNA and protein carry poor outcomes.
Thus, elF4A1 might represent a novel prognostic marker in this disease. Accordingly, a
negative prognostic role of el[F4A1 has been previously detected in other tumor types, such
as lung adenocarcinoma [58], clear cell renal carcinoma [59], and gastric cancer [23], among
many others.

Furthermore, we revealed that targeting elF4A1 using rocaglates induced strong
growth suppression of human HCC cells by inhibiting proliferation and triggering apop-
tosis. Notably, the growth inhibitory activity of these compounds on HCC cells occurred
at low nanomolar concentrations, implying their potency, at least in vitro. These data,
confirming previous findings obtained in different tumor types, support the targeting of
elF4A1 as a promising therapeutic strategy against HCC [57].

At the molecular level, we discovered that various oncoproteins belonging to the
JAK/STAT, ERK/MAPK, AKT, and Hippo/TAZ pathways are markedly downregulated by
elF4A inhibitors. On the other hand, we revealed that treatment with these compounds did
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not affect the activity of members of the mTOR signaling cascade. Strikingly, exposure of
HCC cells to combinations of elF4A inhibitors and the mTOR inhibitor, Rapalink-1, a third-
generation mTOR inhibitor that links rapamycin and MLN0128 [48], resulted in synergistic
cytostatic effects. Indeed, this treatment led to higher suppression of proliferation and
induction of massive apoptosis compared to that induced by incubation with one of
the compounds alone. To the best of our knowledge, this is the first report showing
the synergistic effects of elF4A and mTOR inhibitors against the growth of HCC cells.
Furthermore, preliminary data from our laboratory indicate that this drug combination is
also synergistic in other tumor entities in vitro, suggesting that cancer cells might be highly
vulnerable to el[F4A and mTOR pathway inhibition.

Moreover, this is the first study to demonstrate in the setting of HCC that Rapalink-
l-induced inhibition of mTOR signaling can be achieved through suppression of two
key downstream substrates, p-RPS6°°2%/23¢ and p-4EBP1T37/46 even in the presence of
elF4A inhibitors. Hence, we suggest that a combinatory therapy with elF4A inhibitors and
Rapalink-1, a drug that was originally developed to overcome mTOR resistance mutations,
might serve as a refinement strategy for systemic management of HCC by simultaneously
and effectively targeting both mTOR signaling and elF4A-dependent translation. Overall,
the present data indicate that e[F4A is a potential prognostic biomarker in HCC patients
and a promising therapeutic target in this deadly tumor type. In particular, elF4A inhibitors
displayed formidable cytostatic activity against HCC cells in vitro, further augmented in
combination with an mTOR inhibitor. Although the antineoplastic effectiveness of these
drugs, alone and in combination, requires validation in vivo, the present data suggest
that targeting translation initiation can provide an innovative and valuable strategy in the
development of novel treatments against human HCC.

4. Materials and Methods
4.1. Human Tissue Specimens

Forty-seven human HCC tumor tissue samples and paired surrounding non-tumorous
tissues were collected at the Institute of Pathology at the University of Regensburg (Regens-
burg, Germany). Patient features are summarized in Supplementary Table S1. HCC tumors
were divided between shorter survival/poorer outcome (HCCP; n = 25) and longer sur-
vival/better outcome (HCCB; n = 22), characterized by <3 and >3 years’ survival following
partial liver resection, respectively. The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Clinical Research Ethics Committee of
the Medical University of Regensburg (protocol code 17-1015-101; 4 July 2018).

4.2. Cell Lines and Reagents

The human HCC cell lines HLE (JCRB0404, Xenotech, Kansas City, MO, USA), HLF
(JCRB0405, Tebu-bio GmbH, Offenbach, Germany), PLC/PRF/5 (300315, CLS Cell lines
Service GmbH, Eppelheim, Germany), SNU182 (CRL-2235, LGC Standards GmbH), and
SNU449 (CRL-2234, LGC Standards GmbH) were cultured at 37 °C in a 5% CO, humidified
atmosphere. HLE, HLF, and PLC/PRE/5 cell lines were maintained in Dulbecco’s Modified
Eagle Medium (DMEM, high glucose, Anprotec, Bruckberg, Germany), and SNU182 and
SNU449 cell lines were maintained in RPMI 1640 (Anprotec) supplemented with 10% (v/v)
FCS (Anprotec, Bruckberg, Germany), 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, and 1% penicillin/streptomycin solution (all from Anprotec). Mycoplasma-free
status for all cell lines was monitored regularly using the PCR Mycoplasma Test Kit I (PK-
CA91-1096, PromoCell, Heidelberg, Germany), and cell line authentication was performed
by Cell Lines Service (Eppelheim, Germany). CR-1-31-B (HY-136453, MedChemExpress,
Cas. No. 1352914-52-3), FL3 [60], Rapalink-1 (HY-111373, MedChemExpress, Cas. No.
1887095-82-0), Rocaglamide (HY-19356, MedChemExpress, Cas. No. 84573-16-0), Silvestrol
(HY-13251, MCE, Cas. No. 697235-38-4), and Zotatifin (HY-112163, MedChemExpress, Cas.
No. 2098191-53-6) were used for in vitro experiments. Stock solutions (1 and 10 mM) were
prepared in dimethylsulfoxide (DMSO) and aliquots were stored at —20 °C.
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4.3. MTT Viability, Proliferation, and Apoptosis Assays

Cells were seeded in flat-bottom 96 well plates at a density of 10 x 10* cells per well.
After an overnight attachment period, cells were exposed to various concentrations of CR-1-
31-B, FL3, Rocaglamide, Silvestrol, Zotatifin, and Rapalink-1 alone or CR-1-31-B-Rapalink-1
and Zotatifin-Rapalink-1 combinations for 48 h. Cells treated with DMSO and wells
containing only culture medium served as negative and background controls, respectively.

For the MTT assay, following treatment, 10 uL of 5 mg/mL methyl-thiazolyl-diphenyl-
tetrazolium bromide (MTT) solution was added per 96 well and incubated at 37 °C and
under 5% CO, for 2 h. The medium was fully aspirated, and 100 pL of 100% (v/v) DMSO
was added per well to dissolve the formazan crystals. After 15 min of shaking at room
temperature, the absorbances were measured at 570 and 630 nm using the FLUORstar
Omega multiplate reader and MARS data analysis software (both from BMG Labtech,
Ortenberg, Germany). All experiments were performed in triplicate or quadruplicate and
repeated at least twice. The average absorbance of the DMSO-treated cells was defined as
100% cell viability. IC50 values and standard deviations were calculated using GraphPad
Prism software. Average cell viability values of three independent MTT assay experiments
were employed to determine dose-effect curves (Fa = fraction affected) and the combination
indices of two drugs using CompuSyn PC software version 1 (ComboSyn Inc., Paramus,
NJ, USA).

Cell proliferation was evaluated in the cell lines at the 48-h time point using the
BrdU Cell Proliferation Assay Kit (Cell Signaling Technology, Danvers, MA, USA). Briefly,
following drug treatment, cells were incubated with 1x bromodeoxyuridine (BrdU) for
2 h and fixed for 30 min at room temperature. The fixing solution was discarded, and
cells were incubated with the BrdU mouse detection antibody for 1 h at room temperature.
After washing, cells were stained with HRP-conjugated anti-mouse secondary antibody
for 30 min at room temperature and washed again. After incubation with TMB substrate
solution for a further 30 min at room temperature, stop solution was added, and the
absorbance was measured at 450 nm. The results are expressed as fold-change over
DMSO control.

Apoptosis was determined in the HCC cell lines using the Cell Death Detection Elisa
plus Kit (Roche Molecular Biochemicals, Indianapolis, IN, USA), following the manufac-
turer’s instructions. All cell line experiments were repeated at least three times in triplicate.

4.4. Protein Extraction, Western Blot Analysis, and Smart Protein Layers (SPL) Approach

Human HCC tumor and non-tumorous liver tissues were homogenized in 100-250 uL
of T-PER™ lysis buffer (78510, Thermo Fisher Scientific) containing 1x Halt™ Protease
and Phosphatase Inhibitor Cocktail (78443, Thermo Scientific) in the Bullet Blender Storm
24 (Next Advance, Troy, NY, USA) for 3 min at speed 8, placed in the rotator mixer for
30-60 min at +4 °C and sonicated. Lysis of pellets from the cell lines was performed in
the same lysis buffer for 1 h on ice. Protein concentrations were determined using the
colorimetric BioRad Protein Assay Dye Reagent Concentrate (500-0006, Bio-Rad, Hercules,
CA, USA) with bovine serum albumin (BSA) as the standard.

For western blot analysis, protein lysates were denatured in 1x LDS Bolt™ sample
buffer (B0007) and 1x Bolt™ reducing agent (B00009, both from Invitrogen) by boiling for
5 min at 95 °C. Samples with 10 pL of protein per lane were separated by SDS-PAGE on
Bolt™ 4-12% Bis-Tris Mini Protein Gels (NW04125BOX) in 1x Bolt™ MES SDS Running
Buffer (B000202, both from Invitrogen) and transferred onto nitrocellulose membranes
(iBlot™ 2 Mini/ Regular Transfer Stacks, IB23001/2) by electroblotting running program
PO in the iBlot™ 2 Gel Transfer Device (IB21001, both from Thermo Fisher Scientific).
Membranes were blocked in EveryBlot Blocking Buffer (12010020, Bio-Rad) and probed
at +4°C overnight with specific antibodies: e[F4A1 (1:1000; ab31217, Abcam, Cambridge,
UK); elF4A2 (1:1000; ab31218, Abcam); DDX3 (1:1000; A300-474A, Bethyl Laboratories,
Montgomery, USA); p-RPS65¢235//236 (4856), p-4EBP1Th3747 (2885), p-STAT3™Y1705 (9145),
AKT (4691),), ERK1/2 (4695), p-ERK1/2Thr202/204 (4370), SKP2 (2652), YAP/TAZ (8418),
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p-YAP/TAZ (13008), PHB1 (2426), PHB2 (14085) (all 1:1000; Cell Signaling Technology);
p-AKTSe™73 (1:1000; 66444-1-1G, Proteintech (Rosemont, IL, USA); and B-actin (1:5000;
ab20272, Abcam). Horseradish peroxidase-conjugated secondary antibody (1:20,000) was
incubated for 1 h at room temperature, and blots were imaged with Clarity Max ECL
Western Blotting Substrate (17050625, Bio-Rad) using ChemiDoc MP (17001402, Bio-Rad).
Band volumes were quantified with Image Lab™ software version 6.0.1 (Bio-Rad) and
normalized to GAPDH or f3-actin.

High patient-to-patient variation of reference protein expression, such as GAPDH
and (-actin, impedes proper quantification of western blot data. Hence, for accurate
target protein quantification of human HCC samples, western blotting was performed
using the Smart Protein Layers (SPL) Kit Red from NH DyeAgnostics (PR913, Halle,
Germany) according to the manufacturer’s instructions. The SPL technology is based on
three components: (i) red-fluorescent Smart Label (SMA label) reagent for labeling and
visualization of total protein on gels and blots, (ii) bi-fluorescent sample-specific standard
Smartalyzer L (SMA basic L) for normalization, standardization, and quantification of total
protein per sample, and (iii) a calibrator (CAL) for comparison of fluorescence and target
protein signals derived from different gels. Briefly, before gel electrophoresis, every protein
sample was labeled with 2 uL. of SMA basic L and 1 puL of Smart label working solution.
Samples with of 10 pug of protein per sample, 12 uL of calibrator (CAL; 12.5, 25, and 80 kDa),
and 5 puL of Biotinylated Protein Ladder (SeeBlue™ Plus 2, Thermo Fisher Scientific) were
applied to the gels. After conventional gel electrophoresis, the gel fluorescence of SMA
basic L (signal: band at 80 kDa; channel: Alexa Fluor 488; gel loading control = GLO)
and SMA label (signal: whole lane; channel: Cy5; gel total protein = GTO) were imaged.
Following blotting, the blot fluorescence of the SMA label (signal: whole lane; channel:
Cy5; blot total protein = BTO) and the blot chemiluminescent signal of the target protein
(signal: band; chemiluminescence; band target protein = BTA) were detected. Finally, the
normalization of gel load (based on SMA basic; GLO), normalization of Smart Label (based
on SMA label), and normalization of target protein signal (based on total protein) were
conducted using the SPL-normalization template following the manufacturer’s protocol.
Results were expressed as SPL normalized target volume. Visualization and quantification
were performed using the Chemidoc MP Imaging System and Image Lab™ software
version 6.0.1 (both from Bio-Rad).

4.5. Immunohistochemistry

Human liver specimens were harvested and fixed in 10% formalin overnight at 4 °C
and embedded in paraffin. Hematoxylin and eosin (Thermo Fisher Scientific, Waltham,
MA, USA) staining was conducted using a standard protocol on liver sections. Specifically,
antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6.0) by heating in
a microwave on high for 10 min, followed by a 20-min cool down at room temperature.
After blocking with 5% goat serum and the Avidin-Biotin blocking kit (Vector Laboratories,
Burlingame, CA, USA), the slides were incubated with the anti-eI[F4A1 primary antibody
(1:100; ab31217, Abcam) overnight at 4 °C. Slides were then subjected to 3% hydrogen
peroxide for 10 min to quench endogenous peroxidase activity and, subsequently, the
biotin-conjugated secondary antibody was applied at a 1:500 dilution for 30 min at room
temperature. Reaction detection was achieved using the Vectastain ABC-Elite Peroxidase
Kit (Vector Laboratories, # PK-6100) with ImmPACT DAB (Vector Laboratories, SK-4105) as
the chromogen. Slides were counterstained with Mayer’s hematoxylin.

4.6. Statistical Analysis

GraphPad Prism version 9.3.1 software (GraphPad Software Inc., La Jolla, CA, USA)
and IBM SPSS version 26 software (IBM Corp., Armonk, NY, USA) were employed to
evaluate statistical significance. The p values for TCGA data were obtained from the
UALCAN analysis tool. The non-parametric Wilcoxon signed-rank test was used for paired
sample comparison. Kaplan-Meier curves were evaluated using the log-rank test. For
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calculation of IC50s, data were transformed to log2, normalized, and non-linear regression
(log)inhibitor vs. response-variable slope (four parameters) was performed. For the
transformation of SEM to SD, SEM was multiplied by the square root of the sample size n.
Tukey’s multiple comparison test was applied for multiple comparisons. Two-tailed values
of *p<0.5,*p<0.1,**p<0.01, and **** p < 0.001 were considered significant. Lowercase
letters denoted statistical significance, as stated in the associated figure legends. All data
are expressed as the mean 3 SD or SEM.

5. Conclusions

Our results, obtained in silico and in vitro, constitute the initial step in an innovative
direction to develop pharmacological strategies to treat liver cancer. This is particularly
valuable owing to the lack of available tools for efficaciously treating advanced non-
surgically resectable HCC. The fact that e[F4A1 was consistently upregulated in HCC in
comparison with adjacent non-tumor liver tissue and the magnitude of this change was
negatively correlated with the prognosis of HCC patients supports a role of elF4A1 in HCC
malignancy. This led us to evaluate the impact of eI[F4A1 inhibitors on HCC cell viability.
Interestingly, even at low nanomolar concentrations, these inhibitors triggered a remarkable
reduction in proliferation and augmented apoptosis, paralleled by the inhibition of several
oncogenic pathways. Moreover, the cytostatic effect of elF4A1 inhibitors was further
increased by the pan mTOR inhibitor, Rapalink-1.

During the last decade, considerable efforts have been made to characterize the molec-
ular basis for the high refractoriness of HCC to currently available first- and second-line
drugs [61]. This, together with the identification of new sensitizing targets, will permit us to
overcome the current marked limitations in treating these patients, which in clinical practice
means that they are subjected to treatments of low efficacy but with harmful side effects. In
addition, unsatisfactory management delays the selection of alternative therapeutic options
while allowing a Darwinian selection of the most resistant clones, which complicates the
situation due to the development of cross-resistance.

In summary, the results of the present study highlight the pathogenic relevance of
elF4A1 in HCC and constitute an encouraging advance in developing new sensitizing
strategies. Thus, the usefulness of combining el[F4A1 and mTOR inhibitors with currently
used chemotherapeutic agents deserves further investigation.
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Abstract: Melanoma is one of the fastest-growing cancers worldwide. Treatment of advanced
melanoma is very difficult; therefore, there is growing interest in the identification of new therapeutic
agents. Pterostilbene is a natural stilbene that has been found to have several pharmacological
activities. The aim of this study was to evaluate the influence of pterostilbene on the proliferation
and apoptosis of human melanoma cells. Proliferation of pterostilbene-treated amelanotic (C32)
and melanotic (A2058) melanoma cells was determined by BRDU assay. Flow cytometric analyses
were used to determine cell cycle progression, and further molecular investigations were performed
using real-time RT-qPCR. The expression of the p21 protein and the DNA fragmentation assay were
determined by the ELISA method. The results revealed that pterostilbene reduced the proliferation
of both amelanotic and melanotic melanoma cells. Pterostilbene induced apoptosis in amelanotic C32
melanoma cells, and this effect was mediated by an increase in the expression of the BAX, CASP9, and
CASP9 genes; induction of caspase 3 activity; and DNA degradation. Pterostilbene did not affect the
activation of apoptosis in the A2058 cell line. It may be concluded that pterostilbene has anticancer
potential against human melanoma cells; however, more studies are still needed to fully elucidate the
effects of pterostilbene on amelanotic and melanotic melanoma cells.

Keywords: pterostilbene; melanoma; anticancer activity; apoptosis; proliferation

1. Introduction

Malignant melanoma originating from melanocytes is one of the fastest-growing and
extremely heterogeneous cancers. The occurrence of this cancer continues to increase in
most white populations around the world [1]. The genetic and biochemical heterogeneity
of this aggressive cancer with high metastatic potential and limited response to chemother-
apeutic agents is associated, among other occurrences, with high frequency of mutations
such as those in the BRAF, NRAS, and C-KIT genes [2]. Among all melanomas, about
2-8% are recognized as amelanotic melanoma [3]. The amelanotic subtype is a rare form
of melanoma lacking melanin that often results in a delayed diagnosis. Late diagnosis,
delayed treatment, and more aggressive pathological characteristics contribute to a higher
risk of death and recurrence [4,5]. The molecular heterogeneity of melanoma is an obstacle
to accurate diagnosis and effective treatment. Malignant melanoma cells have developed
many molecular mechanisms leading to protection of abnormal melanocytes against death,
including the activation of molecular pathways involved in the regulation of melanoma cell
survival, as well as accumulation of gene mutations that promote the survival of altered
melanocytes, which consequently lead to tumor promotion [6].

One of the main therapeutic targets for the treatment of melanoma is the induction
of cell death, e.g., apoptosis [7]. Melanoma cells avoid programmed cell death through
the dysregulation of the balance between proapoptotic and antiapoptotic proteins, as
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well as caspase activity. One of the most promising strategies is the development of new
drugs or therapies targeting proteins of the BCL family, caspases, or other mediators
involved in apoptosis [8]. Numerous efforts are being put toward the development of
cancer therapeutic strategies with the use of plant-derived compounds [9,10]. Natural
compounds, particularly polyphenols, have been proposed to be more potent anticancer
drugs than synthetic drugs due to their lower adverse effects, high precision, and secure
mode of action. Numerous studies have reported that polyphenols could be considered as
a possible therapeutic option in the treatment of cancer cells in the future [11-13].
Pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene, PTB) (Figure 1a) is a naturally
occurring polyphenol that has been revealed to exhibit a variety of pharmacological prop-
erties, including the desired antioxidant, anti-inflammatory, and anticancer activity [14]. It
has been shown to inhibit the cell cycle and induce both apoptotic and nonapoptotic cell
death in several types of cancer cells, such as breast [15], liver [16], or lung cancer [17].
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Figure 1. Chemical structures of pterostilbene. (a) Influence of pterostilbene on the proliferation of
(b) C32 and (c) A2058 cells after 48 h of treatment. The results are expressed as a percentage of the
untreated control (means + SD; * p < 0.05 vs. control).

The broad spectrum of biological activity of pterostilbene suggests that this compound
may have a preventive and therapeutic effect on malignant melanoma. To date, there are
only a few reports on the biological activity of pterostilbene in melanoma cells and the
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mechanism by which pterostilbene can exert potential anticancer effects on skin cancers [18].
Most anticancer drugs exert their biological activity by inhibition of the cell cycle and
induction of programmed cell death, such as apoptosis, autophagy, and necroptosis [7,8].
Therefore, the objective of this study was to evaluate the influence of pterostilbene in a
wide range of concentrations on the proliferation and apoptosis of human amelanotic and
melanotic melanoma cells in vitro.

2. Results
2.1. Antiproliferation Activity of Pterostilbene on C32 and A2058 Melanoma Cells

The design of the experiments focused first on investigating the response of pterostilbene-
treated melanoma cells. The 5-bromo-2’-deoxyuridine (BrdU) incorporation assay was used
to monitor cellular proliferative activity in response to PTB treatment of melanoma cells.
Cells were treated with pterostilbene at increasing concentrations (2.5-60 uM) for 48 h. The
obtained results have shown that pterostilbene decreased the incorporation of BrdU into newly
synthesized DNA after 48 h in a concentration-dependent pattern (Figure 1). Additionally,
this depended on the cell type. A substantial reduction in the proliferative activity of C32 cells
was found after incubation with pterostilbene at concentrations > 5 uM. In A2058 melanotic
melanoma cells, a significant decrease in the DNA synthesis level was achieved after treatment
with higher concentrations of PTB (>20 uM). No relevant inhibition of cell proliferation was
observed in cultures incubated with 2.5 uM PTB. The IC50 values of 21.45 uM and 42.70 uM for
C32 and A2058 cells, respectively, reflected their different levels of sensitivity to pterostilbene.
Taken together, these experiments revealed that C32 amelanotic cells are more sensitive to
pterostilbene than A2058 melanotic cells.

2.2. The Influence of Pterostilbene on Melanoma Cell Cycle

The cell cycle distribution of C32 and A2058 melanoma cells was assessed by flow
cytometry following PTB treatment at concentrations of 20, 40, and 60 uM for 72 h (Figure 2).
It was observed that PTB, in a dose-independent manner, markedly decreased the amount
of G1/GO0 cells and induced cell cycle arrest at the S phase in amelanotic C32 cells. Further-
more, pterostilbene, at concentrations of 40 and 60 uM, significantly reduced the number
of C32 cells in the G2/M phase and increased the sub-G1 fraction of cells (Figure 2a). In
A2058 melanotic cells, we observed that treatment with 40 and 60 uM PTB significantly
altered the percentage of G1/G0 phase cells compared to the control. Exposure of cells to
pterostilbene at all concentrations resulted in a significant increase in the population of
cells in the sub-G1 phase, suggesting that it induced cancer cell death (Figure 2b).

2.3. The Impact of Pterostilbene on Transcriptional Activity of Genes Encoding the Cell
Cycle-Regulating Proteins

The CCND1 and CDKN1A genes encode key cell cycle proteins, i.e., cyclin CD1 and
p21Wafl/CiP1 respectively. Cyclin D1 determines the cell’s transition from the G1 phase to
the S phase of the cell cycle, and the p21 protein acts as an inhibitor of cyclin-dependent
kinases, resulting in the course of cell cycle inhibition. Therefore, we determined the expres-
sion of CCND1 and CDKN1A mRNAs in melanoma cells treated with 20, 40, and 60 uM.
Exposure of amelanotic C32 melanoma cells to pterostilbene at all concentrations for 12 h
resulted in down-expression of CCNDI mRNA compared to untreated cells (Figure 3a).
However, the obtained results demonstrated that PTB had no statistically important influ-
ence on this gene expression in melanotic A2058 cells (Figure 3b).
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*p <0.05 vs. the control.

Compared to the control, an increase in the CDKN1A mRNA expression was detected
in both melanoma cell lines treated with PTB for 12 h. However, in the C32 culture, a
stronger effect of PTB action than on A2058 was observed (Figure 3). The increase in the
transcriptional activity of the CDKN1A gene in both amelanotic and melanotic melanoma
cells under the influence of pterostilbene may result in cell cycle arrest and a decrease in
the proliferation potential of melanoma cells.

2.4. The Effect of Pterostilbene on the p21"V¥#1/Cirl Protein Level

To establish whether the increase in CDKN1A mRNA expression corresponded with
p21Wafl/Cipl protein level at the next step of the study, the influence of pterostilbene on
the concentration of p21 protein in melanoma cells was evaluated (Figure 4). Amelanotic
(32 cells characterized higher p21 protein levels than melanotic A2058 cells. The obtained
results revealed that PTB had no effect on the p21 concentration in C32 cultures. Exposure
of A2058 cells to PTB at all concentrations for 24 h resulted in up-expression of the p21
protein compared to untreated cells. These findings indicated a pterostilbene effect on the
CDKN1A gene in melanotic A2058 cells, both at the mRNA and protein levels.
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Figure 4. Effect of pterostilbene at concentrations of 20, 40, and 60 uM on the p21 protein in (a) C32
and (b) A2058 melanoma cells at 24 h. The results are presented as mean + SD; * p < 0.05 vs. control.

2.5. The Influence of Pterostilbene on Melanoma Cell Apoptosis

To further examine whether the mechanism of action of pterostilbene in amelanotic and
melanotic melanoma cells involves the induction of apoptosis, the influence of pterostilbene
on the expression of genes encoding apoptosis-related proteins (BAX, caspases 3 and 9),
caspase 3 activity, and DNA fragmentation levels was evaluated. The transcriptional
activity of the examined genes was analyzed in control cells and cells treated with different
concentrations of pterostilbene for 12 h using quantitative RT-PCR (Figure 5). BAX belongs
to the BCL2 protein family and functions as an apoptotic activator that determines the
survival or death of cells. The experimental data revealed that pterostilbene was found, at
all concentrations, to significantly increase the expression of the BAX gene in amelanotic
(32 cells in relation to the controls (Figure 5a). However, treatment of melanotic cells with
pterostilbene negatively regulated BAX mRNA expression (Figure 5b).
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Figure 5. Expression of the BAX, CASP9 and CASP3 genes in (a) C32 and (b) A2058 cells after 12 h of
incubation with pterostilbene. The results are presented as mean + SD; * p < 0.05 vs. control.

In the next step, the transcription level of the genes encoding initiator caspase 9
(CASPY) and the executive caspase 3 (CASP3) were analyzed. Compared to the control,
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the expression of the CASP9 and CASP3 mRNAs in amelanotic C32 cells showed that
pterostilbene, at all concentrations, significantly increased the transcriptional activity of
both genes by approximately two-fold. However, the strongest effect was observed in
cells exposed to PTB at a concentration of 40 uM (Figure 5a). The results indicated that
pterostilbene had no influence on the expression of either CASP9 or CASP3 mRNAs in
A2058 cells (Figure 5b).

Caspase 3 is an enzyme that plays a crucial role in the execution phase of cell apoptosis.
To determine the influence of pterostilbene on the induction of caspase 3 activity, cells
were incubated with pterostilbene at concentrations of 20, 40, and 60 uM for 48 and
72 h. The effect of pterostilbene on caspase 3 activity in melanoma cells is presented in
Figure 6. Pterostilbene, at all concentrations, statistically increased caspase 3 activity in
amelanotic C32 cells after 48 and 72 h. The strongest effect was observed in cells exposed to
pterostilbene at a concentration of 40 uM at both time points. On the contrary, pterostilbene
did not influence caspase 3 activity in melanotic A2058 cells, which may indicate the
inability of pterostilbene to induce apoptosis of these cells. Thus, these data suggest
that active caspase 3 could be involved in the induction of apoptosis by pterostilbene in
amelanotic C32 cells, but not in melanotic A2058 cells.
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Figure 6. Effect of pterostilbene on caspase 3 activity in (a) C32 and (b) A2058 cells after 48 and 72 h
of incubation. The results are presented as mean + SD; * p < 0.05 vs. control.
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To confirm the apoptotic activity of pterostilbene in melanoma cells, a Cell Death
Detection ELISAPTUS assay was performed. Cultures C32 and A2058 were incubated
with pterostilbene for 24 and 48 h. After 24 h, statistically significant 6.7-fold, 7.6-fold,
and 6.6-fold increases in enrichment factors were observed in cells treated with 20, 40,
and 60 uM pterostilbene, respectively. Longer incubation (72 h) of C32 with this stilbene
caused a similar effect on released nucleosomes (Figure 7). Our results demonstrated that
pterostilbene did not influence the formation of nucleosomes in A2058 cells.
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Figure 7. Effect of pterostilbene on the induction of apoptosis in C32 cells evaluated by the mean
DNA fragmentation after 24 h and 48 h of incubation. Data are expressed as enrichment factors
(means + SD; * p < 0.05 vs. control).

These findings may suggest that pterostilbene induces caspase-dependent apoptotic
death of amelanotic C32 cells, but does not stimulate this pathway in melanotic A2058
melanoma cells. The different effects of this stilbene on melanoma cells may depend on
melanin pigmentation of cells and the difference in the origin of the tested cells.

3. Discussion

Melanoma is a serious medical problem. Relatively high mortality and a growing
number of newly diagnosed cases result in a growing need for research on melanoma.
Treatment of advanced melanoma is supported by chemotherapy, immunotherapy, or
radiotherapy, but its anticancer effects are unsatisfactory [19]. Therefore, novel and more
effective treatment strategies need to be developed.

Phytochemicals are natural compounds that have gained attention as promising
chemopreventive and chemotherapeutic agents due to studies that have demonstrated their
ability to prevent the development of skin cancer [20,21]. Different phytochemicals perform
various functions, including inducing the death of cancer cells by arresting the cell cycle and
inhibiting angiogenesis or metastasis [22]. Among the different classes of phytochemicals,
polyphenols are promising in the treatment of melanoma [20]. One of the most studied
polyphenols is resveratrol. Several preclinical studies have revealed that resveratrol is active
against melanoma; it has been shown to decrease the growth of amelanotic and melanotic
melanoma cells [23]. Furthermore, it has been shown to induce the death of melanoma
cells through caspase-dependent and caspase-independent pathways [24,25]. Despite
its promising anticancer role, resveratrol has unfavorable pharmacodynamics due to its
high metabolism leading to a reduced concentration in the human body [26]. Therefore,
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much focus has shifted towards other polyphenols with biological activity. Pterostilbene
is a naturally occurring polyphenol found in blueberries and grapes that shows a higher
level of bioavailability than resveratrol [27]. It has gained increasing attention due to its
role in the prevention of different diseases, such as cardiovascular diseases, neurological
disorders, and metabolic diseases [28-30]. Pterostilbene has previously been described to
have promising anticancer activity against various types of cancer by influencing cancer
cell proliferation and death, among other effects [31]. It has been reported to arrest cell-
cycle progression at the G1/G0 phase in breast cancer cells by up-regulation of p21 and
cyclin D1 suppression [32]. Furthermore, the antiproliferative and cell death-inducing
activity of pterostilbene has been shown against pancreatic [33], colon [34], lung [35], and
ovarian [36] cancer cells in vitro and in vivo. Despite reports on the anticancer properties
of pterostilbene, data on its activity against melanoma cells are still limited. Therefore, it is
important to investigate the effect of pterostilbene on melanoma cells.

Since evaluation of cancer cell proliferation and death is a key component in the
discovery and development of antineoplastic drugs in the current study, changes in the
growth of two different human melanoma cells, melanotic A2058 and amelanotic C32, were
studied after incubation with pterostilbene, as was the ability of this stilbene to induce
cell death. In more detail, the results of our study revealed a significant dose-dependent
reduction in the proliferation rate of both types of melanoma cells after incubation with
pterostilbene. The study by Bennloch et al. [37] also revealed that pterostilbene, at low
concentrations (1-5 uM), did not alter the growth nor the viability of melanoma cells
(A2058, MeWo, and MelJuso) after 72 h of incubation. The time- and dose-dependent
growth-inhibitory effect of pterostilbene was observed at concentrations of 10-100 uM
against A375 melanoma cells, as well as lung cancer cells (A549), colon cancer cells (HT29),
and breast cancer cells, in studies carried out by Mena et al. [38]. The obtained value of
pterostilbene’s half-maximal inhibitory concentrations for A549 cells was 14.7 uM, and was
lower than that for breast cancer cells (44 uM) and colon cancer cells (60.3 uM). Due to the
different sensitivities of the cells studied to pterostilbene, the authors suggested that the
reduction in the number of tumor cells depends on differences in the cell lines assayed.

Cell cycle analysis was performed to examine the mechanism underlying the effect of
pterostilbene on melanoma cells. The analysis performed herein indicated that pterostilbene
caused changes in the cell cycle profile of both C32 and A2058 cells; however, the influence
appeared to be different depending on the type of cells. Pterostilbene decreased the number
of cells in the G1/G0 and G2/M phases, and also induced cell cycle arrest at the S phase
in amelanotic C32 cells. Treatment of melanotic cells with pterostilbene also reduced the
percentage of cells in the G1/G0 phase, but the effect was weaker than in amelanotic cells.
In both cell lines, an increase in cell population in the sub-G1 phase was observed after
exposure to pterostilbene. Therefore, these results indicate the ability of pterostilbene to
induce the arrest of the melanoma cell cycle and the induction of cell death. Although many
studies have revealed the influence of pterostilbene on the cancer cell cycle and changes
in its distribution in various phases, so far only single studies have been published on its
effect on melanoma cells. It has been found that the mechanism of action of pterostilbene
varies in different cells. Pterostilbene led to inhibition of the cell cycle in the S phase
with a concomitant decrease in the number of cells in the G2/M phase in a SMMC-7721
hepatocellular carcinoma [39]. The results of these studies are consistent with the data
obtained in the present study for C32 melanoma cells. The accumulation of cells in the S
phase of the cell cycle may result from the activation of DNA repair processes. In lymphoma
cells, pterostilbene was found to increase the level of CHEK?2, a protein kinase known as an
important mediator of the DNA damage checkpoint for phosphorylate proteins involved
in DNA repair and cell cycle arrest [40,41]. Chen et al. [42] showed a pterostilbene-induced
increase in a marker protein of double-stranded DNA breaks contributing to cells” genomic
instability in H929R myeloma cells. They suggested that pterostilbene could induce DNA
damage leading to cell cycle arrest in the S phase. In oral cancer cells SAS and OECM-1,
pterostilbene caused both S phase cycle arrest and increased the percentage of the cell
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population in the G1/G0, which may indicate that arrest of cell division was inhibited in
the G1 phase [43]. Pterostilbene also induced cell cycle arrest in the G1 phase in HL-40
leukemia. However, in the case of these cells, it also caused a decrease in the number of
cells in the S and G2/M phases [44]. The effect on pterostilbene on melanoma cells was
only analyzed by Mena et al. [38]. They revealed that a high concentration of pterostilbene
(75 uM) induced the portion of A375 cells in the G1 phase. However, pterostilbene, at
lower concentrations, reduced the number of A375 melanoma cells in the G1 phase with an
increase in the population of cells in the S phase. These results are in line with the findings
of the current study. The presented studies suggest that the effect of pterostilbene on the
cell cycle varies depending on the concentration used, the origin of the cells, and their
invasiveness. Therefore, further experiments should be conducted to determine the exact
mechanism of pterostilbene activity in melanoma cells.

To clarify the mechanism of pterostilbene activity against colon cancer cells, we also
evaluated changes in the expression of the cell cycle regulatory genes CCND1 and CDKN1A.
Molecular analysis of human melanoma reveals that cell cycle regulators are frequently mu-
tated. The frequency of mutations in the CCND1 gene encoding cyclin D1 depends on the
melanoma subtype and ranges from 19 to 80%. Moreover, CCND1/cyclin D1 up-regulation
favors the growth and development of the primary tumor; therefore, it is considered as
the proto-oncogene [45]. The CDKN1A gene encodes the protein p21, which acts as an
inhibitor of cyclin-dependent kinases (CDKs). It not only promotes cell cycle arrest, but also
interacts with the proliferating cell nuclear antigen (PCNA), leading to the arrest of DNA
synthesis and the initiation of repair processes [46]. In melanoma cells, disturbances in
CDKN1A expression are frequent, and usually lead to their uncontrolled proliferation [47].
Cyclin D and the p21 protein participate in the regulation of the cell cycle at the G1/S
restriction point. Our data indicated that treatment of C32 amelanotic melanoma cells
with pterostilbene significantly decreased gene expression in C32, suggesting disruption
of the uncontrolled progression of the cell cycle of these cells. Surprisingly, pterostilbene
did not significantly affect CCND1 transcriptional activity in A2058 melanotic melanoma
cells; therefore, more studies are required to determine the antiproliferative mechanism of
pterostilbene against these cells. Interestingly, there is a lack of RB protein that is regulated
by cyclin D in A2058 cells. The loss of the functional RB protein was associated with the
failure of cells to arrest the cell cycle at the G1/S checkpoint [48]. Until now, the expression
of cyclin D in pterostilbene-treated melanoma cells has not been evaluated. However, pub-
lished studies have shown the ability of pterostilbene to down-regulate cyclin D in several
types of cancer cells, such as breast cancer [32] and colon cancer [36] cells. Furthermore,
pterostilbene increased the expression of the CDKN1A gene that encodes the p21 protein in
amelanotic and melanotic cells. However, changes in CDKNIA mRNA were accompanied
by up-regulation of p21 expression only in melanotic cells. Based on data from the literature,
increased expression of p21 blocks the transition of cells from the G1 to the S phase. Similar
results were obtained in the present study. Incubation of A2058 cells with pterostilbene
resulted in an increase in the p21 protein; however, it did not influence the number of cells
in phase S. In C32 cells, pterostilbene did not affect the concentration of the p21 protein
and did not increase the number of cells in S phase [49]. In this context, it can be suggested
that one of the possible mechanisms of the biological activity of pterostilbene is related to
the inhibition of proliferation. The arrest cell cycle in the G1 phase is an opportunity for
cells to go through the repair mechanism or follow the apoptosis pathway.

As observed, pterostilbene revealed a strong growth-inhibitory effect. Incubation of
melanoma cells with pterostilbene caused a reduction in DNA synthesis and cell cycle arrest,
as well as a significant decrease in the number of cells, which can only be explained when
cell death is induced. Pterostilbene has been shown to activate cancer cell death through
different mechanisms such as apoptosis, autophagy, and necrosis; however, apoptosis is
assumed to be the main type of pterostilbene-induced cell death [50-52]. Apoptosis plays a
crucial role in the elimination of damaged and abnormal cells, and dysregulation in the
apoptotic cell death machinery is a hallmark of a variety of cancer cells [53]. Melanoma
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cells are characterized by a low sensitivity to apoptosis associated with high expression of
antiapoptotic proteins of the BCL-2 family [7], loss of activity of Apaf-1 factor [54] and up-
regulation of the PI3K/AKT/mTOR pathway [55]. Therefore, apoptosis-targeted drugs are
promising in melanoma therapy. To determine the mechanism of pterostilbene-induced cell
death in the current study, the possible impact of pterostilbene on BAX, CASP9, and CASP3
gene expression was evaluated. We found that pterostilbene significantly increased the
expression of BAX, CASP9, and CASP3 in amelanotic C32 cells, but not in melanotic A2058
cells. Apoptosis is tightly regulated by effector molecules such as executioner caspase 3,
which is responsible for the breakdown of the nucleus and other cellular compartments
during apoptosis [56]. The current study revealed that pterostilbene activated caspase 3 in
(32 cells, but not in A2058 cells. To confirm the pro-apoptotic influence of pterostilbene, we
investigated nucleosome formation, a marker of apoptotic death. The results showed that
pterostilbene significantly increased nucleosome occurrence in amelanotic C32 cells, but had
no effect in melanotic A2058 cells, indicating different mechanisms of cell death-inducing
activity of pterostilbene in C32 and A2058 melanoma cells. Based on the current results, we
confirmed that pterostilbene activated caspase-dependent apoptosis in human melanoma
amelanotic C32 cells, as well as caspase-independent cell death in melanotic A2058. This
implies that pterostilbene could induce cell death through various molecular pathways.
Despite limited reports on the pro-apoptotic effects of pterostilbene on melanoma cells,
numerous studies have shown multidirectional mechanisms of pterostilbene-induced cell
death in breast, gastric, prostate, colon, and lung cancer cells [57-61]. Pterostilbene has
been shown to cause depolarization of mitochondrial membranes, release of cytochrome
C [59,62], up-regulation of the expression of pro-apoptotic proteins, increases in caspase
activity, and inhibition of the expression of anti-apoptotic proteins [63]. Research evidence
suggests that pterostilbene, dependent on the cell type, can induce different mechanisms
of cell death. Studies by Mena et al. [38] showed that pterostilbene significantly induced
caspase 3 activity in melanoma A375 cells and lung cancer A549 cells; however, it did not
have this effect in colon HT-29 cancer cells or breast MCE-7 cancer cells. Studies carried
out by Ferrer et al. [64] found that the pro-apoptotic properties of pterostilbene in B16M-
F10 melanoma cells were indicated by an increase in expression of the BAX gene and
inhibition of expression of the BCL-2 gene. Pterostilbene has also been reported to induce
the formation of apoptotic bodies and increase the activity of caspases 3 and 7 in SK-MEL-2
melanoma cells [52]. Furthermore, pterostilbene has also been reported to induce necrosis,
cancer cell autophagy [50], and permeabilization of the lysosomal membrane [38].

Overviewing all of our data together, pterostilbene demonstrates a potent anticancer in-
fluence against melanoma cells in vitro thought cyclin D1, p21, and caspase 3, causing cell cy-
cle arrest as well as both caspase-dependent and caspase-independent cell death (Figure 8).

Furthermore, our results showed significant differences between the studied C32 ame-
lanotic and A2058 melanotic cells. As observed, a more pronounced effect of pterostilbene
was detected against amelanotic cells than against A2058 cells. Moreover, in amelanotic
cells, it induced caspase-dependent apoptotic cell death.

Despite significant progress in our understanding of melanoma, its heterogeneity is
one of the major obstacles to clinical efficiency of anticancer drugs. Melanoma cells are
known for their high plasticity and ability to switch back and forth between different
melanoma cell states [65]. Heterogeneity can be observed at both the genetic and biologi-
cal levels, even within melanoma cell lines. Biological heterogeneity includes switching
between mostly melanotic proliferative and invasive mesenchymal-like states of cells.
Different phenotypes may also have different sensitivities to a drug. Moreover, some
melanoma cells that are responsive to drugs can evolve into a drug-tolerant state [65,66].
The consequences of the highly heterogeneous nature of melanoma are reflected in the
clinical presentation of the therapeutic response, and represent a challenge for identifying
effective treatment strategies. The sensitivity of melanoma cells to targeted inhibitors and
immunotherapies has been shown to be associated with different levels of cancer cell differ-
entiation (differentiated phenotypes exhibit higher sensitivity to BRAF inhibitors) [67,68].
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Furthermore, cells with innate sensitivities to BRAF inhibitors may become drug-resistant
as a result of BRAF inhibition [65]. Recently published studies have shown that even
isogenic melanoma cells can undertake different, independent trajectories between drug-
responsive and drug-tolerant states, each of them characterized by unique metabolic and
signaling networks [66]. New methods, such as single-cell functional proteomics, allow the
identification of signaling pathways activated after BRAF inhibition and before the appear-
ance of drug-resistant phenotypes. That cell-to-cell differences seem critical to therapeutic
response to single-agent therapies, and simultaneously, targeting these distinct pathways is
essential to fully prevent drug tolerance. Combination therapy using drugs targeting those
pathways with BRAF inhibition may be able to halt the adaptive transition [67,68]. There-
fore, it is important to incorporate intratumor heterogeneity and the expected evolutionary
trajectories to drug tolerance into the design of a new drug combination for melanoma
treatment. Studies also showed the relationship between cellular de-differentiation and
metabolic reprogramming. Therefore, it seems interesting to evaluate whether the metabolic
differences between cancer cells can be used to resensitize them to drugs. Differentiated
melanoma cell lines have been shown to be more sensitive to fatty acid synthesis inhibitors,
while differentiated ones are more sensitive to lipid monounsaturation [69]. Understanding
the role of heterogeneity in the aggressiveness of melanoma and resistance to treatment
could allow us to determine more effective types of therapy; develop new therapeutics,
including targeted polypharmacology; and achieve better outcomes for patients [70].
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Figure 8. The potential mechanism of pterostilbene action on melanoma cells.

The presented results suggest that pterostilbene is more effective towards the ame-
lanotic C32 cell line. Recognition of the underlying pathways affected by pterostilbene
in melanoma cells, as well as the relationship between the mechanism of action of pteros-
tilbene and its ability to synthesize melanin and the mutation profile, seems especially
important due to the high heterogeneity of melanoma. It is also essential due to the high
aggressiveness of amelanotic melanoma and diagnoses at a more advanced clinical stage
than pigmented melanomas. The question still remains as to how to explain the different
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sensitivities of C32 and A2058 cells to pterostilbene. The melanin content of the C32 and
A2058 cells varies. Melanin plays a crucial role in preventing damage caused by free
radicals, so melanoma cells with a low melanin content are significantly less resistant
to reactive oxygen species damage than cells with higher melanin content [71]. Further
investigation of the activity of pterostilbene against amelanotic and melanotic melanoma
cells is clearly warranted.

4. Materials and Methods
4.1. Cell Lines and Cell Culture

The A2058 melanotic and C32 amelanotic human melanoma lines were obtained
from the American Type Culture Collection (ATCC, Rockvile, MD, USA). Both melanoma
cell lines are highly tumorigenic in nude mice with the BRAFV600E mutation, but differ
in their ability to synthesize melanin. Cells were routinely cultured in MEM medium
(Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (BioWest,
Nualillé, France), 100 U/mL penicillin, and 100 pg/mL streptomycin (Sigma Aldrich) in a
humidified atmosphere containing 5% CO, and 95% air at 37 °C. Cells were treated with
pterostilbene solutions, and the experiment proceeded as described below.

4.2. Preparation of Pterostilbene Solution

The stock solution of pterostilbene (Sigma Aldrich) was prepared by dissolving it
in dimethylsulfoxide (DMSO, Sigma Aldrich). Subsequently, pterostilbene solution was
diluted in a sterile culture medium to the desired concentration directly prior to use. The
final concentration of DMSO was 0.1%.

4.3. Cell Proliferation Analysis

To evaluate the effect of pterostilbene on melanoma cell proliferation, a 5-bromo-
2'-deoxyuridine (BrdU) colorimetric enzyme-linked immunosorbent assay kit (ELISA)
(Roche, Mannheim, Germany) was used. Cells were seeded in 96-well plates at a density of
8 x 103 in 200 uL medium, followed by overnight incubation. Subsequently, the medium
was replaced with a fresh one containing pterostilbene (2.5; 5; 10; 15; 20; 40; 60 uM) and
treated for 48 h. The BrdU solution was added to the media for the last 4 h of incubation.
After removal of the labeling media, cells were fixed and DNA was denatured with FixDenat
solution for 20 min. Immune complexes were formed using a peroxidase-conjugated
antibody. The incorporation of BrdU into DNA was determined by absorbance measuring
at A = 450 nm (with reference A = 690 nm) using a microplate spectrophotometer Labtech
LT-5000c. The growth of treated cells was expressed as a percentage of untreated control
cells. The pterostilbene concentration that reduced proliferation by 50% (IC50) compared
to control was determined by fitting a four-parameter logistic model (Hill equation) to the
experimental data using computer curve fitting software (GraphPad Prism version 9, San
Diego, CA, USA).

4.4. Cell Cycle Analysis

To evaluate the distribution of the cell cycle, A2058 cells (1.5 x 10° cells) and C32 cells
(5 x 10° cells) were seeded in 21.5 cm? dishes (Nunc International, Rochester, NY, USA) and
grown for 24 h. Subsequently, cell cultures were treated with PTB at concentrations of 0, 20,
40, and 60 uM. After 72 h of incubation, cells were harvested by trypsinization, washed in
PBS buffer, and fixed in cold 70% ethanol at —20 °C overnight. Cell pellets were incubated
with RNaseA (final concentration, 200 pg/mL) in PBS buffer for 1 h at 37 °C in the dark and
then stained with a solution of propidium iodide (final concentration, 10 pg/mL) (Sigma
Aldrich). The DNA content and cell cycle distribution of cells were analyzed by a BD FACS
Aria II flow cytometer and BD FACSDiva software (BD Biosciences, San Jose, CA, USA).
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4.5. DNA Fragmentation Assay

To demonstrate the pro-apoptotic potential of pterostilbene “Cell Death Detection,
ELISAPLUS” (Roche) was used. This method reveals the occurrence of nuclear DNA frag-
mentation by the use of antibodies against DNA and histones. Melanoma cells were seeded
in 96-well plates at a density of 7.5 x 103 cells/200 uL and cultured for 24 h. Then, cells
were treated with pterostilbene at concentrations of 20, 40, and 60 uM for 24 h or 48 h.
According to the manufacturer’s instructions, cells were lysed and centrifuged to produce
a nucleosome-containing supernatant. The enrichment of mono- and oligonucleosomes
released into the cytoplasm of cell lysates was detected by biotinylated anti-histone- and
peroxidase-coupled anti-DNA-Ab. DNA fragmentation was expressed as the enrichment of
histone-associated mono- and oligonucleosomes released into the cytoplasm. Spectropho-
tometric results were measured at a wavelength of 405 nm. The enrichment factor used
as the parameter of apoptosis was calculated using the formula of absorbance of sample
cells/absorbance of control cells to estimate the fold increase of DNA fragmentation in
treated samples with reference to the control.

4.6. Total RNA Extraction and Quantitative Real-Time RT-PCR (RT-qPCR)

To evaluate the expression of the CCND1, CDKN1A, CASP3, CASP9, and BAX genes,
cells were seeded at a density of 8 x 10° onto 21.5 cm? culture plates (Nunc International,
Rochester, NY, USA) and grown for 48 h. Then, PTB, at concentrations of 20, 40, and 60 uM,
was added to the cell cultures for 12 h. Total RNA was extracted from cells with the use
of TRI REAGENT (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
instructions. RNA concentration and purity were detected using the Shimadzu UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan). Samples showing a ratio of Abs 260/280 nm
between 1.8 and 2.0 were only used for experiments. Detection of the expression of the
examined genes was carried out using a RT-qPCR technique with SYBR Green chemistry
(SensiFastTM SYBR Green No-ROX One-Step) (Bioline, Meridian Bioscience, Cincinnati,
OH, USA) and CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). Aliquots (0.1 pg) of total cellular RNA were applied to one-step RT-qPCR at 20 pL
reaction volume. Oligonucleotide primers specific for CASP3 and CASP9 mRNAs were syn-
thesized in Oligo.pl at the Institute of Biochemistry and Biophysics of the Polish Academy
of Sciences (Warsaw, Poland). The primers for CCND1, CDKN1A, and BAX were commer-
cially available (Sigma-Aldrich). The characteristics of the primers are presented in Table 1.
The thermal profile for RT-qPCR was as follows: 45 °C for 10 min for reverse transcription
and 95 °C for 2 min, followed by 45 cycles at 95 °C for 5 s, 60 °C for 10 s, and 72 °C for
5 s for amplification. Each gene analysis was performed in triplicate. The mRNA copy
numbers of the examined genes were determined on the basis of the commercially available
standard of 3-actin (TagMan DNA Template Reagent Kit, Invitrogen, Waltham, MA, USA)
and recalculated per pg of total RNA. The expression levels of all genes in cultured cells
were expressed as a fold change relative to the corresponding controls. The fold change > 1
and <1 were set as an increased and a decreased expression of the target gene, respectively.

Table 1. Characteristics of the primers used in the experiment.

Gene Forward Primer (5'-3') Reverse Primer (5'-3')
CCND1 GCCTCTAAGATGAAGGAGAC CCATTTGCAGCAGCTC
CDKN1A AGGGATTTCTTCTGTTCAGG GACAAAGTCGAAGTTCCATC

CASP3 GGCCTGCCGTGGTACAGAACTGG  AGCGACTGGATGAACCAGGAGCCA
CASP9 GACCGGAAACACCCAGACCAGTGGA GCAGTGGCCACAGGGCTCCAT
BAX TCTGAGCAGATCATGAAGAC TCCATGTTACTGTCCAGTTC
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4.7. Detection of the p21"¥1/Cirl Protein Level

To determine the concentration of the p2 protein, melanoma cells were
seeded at a density of 4 x 10° onto 56.7 cm? culture dishes and cultured for 24 h. One
day after plating, the cultures were exposed to pterostilbene at concentrations of 20, 40,
and 60 pM for 24 h. Afterwards, cells were washed with ice-cold PBS, scrapped from
the dishes, centrifuged, and lysed on ice in a cell extraction buffer. Expression of the p21
protein was determined with commercially available ELISA kits (Invitrogen) following
the manufacturer’s instructions. The absorbance was measured using the Labtech LT-5000
multiplate reader (Labtech International) at A = 450 nm. The concentration of p21 was
evaluated on the basis of the standard curve generated under identical conditions. The
results obtained were normalized to the total protein content in the cells, as measured by
the Bradford assay (Sigma-Aldrich).

1Waf1 /Cipl

4.8. Caspase 3 Activity

Detection of caspase 3 activity was performed with the commercially available “Col-
orimetric Caspase 3 Assay Kit” (Sigma Aldrich) based on the hydrolysis of the substrate,
Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp-pNA), by active caspase 3. Cells were seeded
(2.5 x 10°) onto 56.7 cm? dishes and cultured for 24 h. Then, cells were treated with
pterostilbene at concentrations of 20, 40, and 60 pM for 48 h or 72 h. Subsequently, cells
were scraped from the dishes, lysed, and centrifuged. Caspase-3 activity in cell lysates
was determined according to the manufacturer’s instructions and normalized to the total
content of cellular proteins, which was determined by the Bradford method.

4.9. Statistical Analysis

Statistical analysis was performed with the use of Statistica PL ver. 12.0 Software
(StatSoft Polska, Cracow, Poland). One-way analysis of variance (ANOVA) with Tukey’s
post hoc was used to evaluate significance in the examined group. All data expressed
as means £ SD were representative of at least three independent experiments. Values of
p < 0.05 were considered statistically significant.

5. Conclusions

Based on the present study, it may be concluded that pterostilbene exhibits antipro-
liferative activity in human melanoma cells and induces both caspase-dependent and
caspase-independent melanoma cell death. The molecular mechanism of pterostilbene
includes the regulation of cyklinD1 and p21 expression, activation of caspase 3, and in-
duction of DNA fragmentation. Furthermore, the results showed significant differences
between the studied C32 amelanotic and A2058 melanotic melanoma cells. As observed, a
more pronounced effect of pterostilbene was detected against amelanotic. Further research
is warranted to fully elucidate the effects of pterostilbene on amelanotic and melanotic
melanoma cells.
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Abstract: To develop novel microtubule-binding agents for cancer therapy, an array of N-cinnamoyl-
N’~(substituted)acryloyl hydrazide derivatives were facilely synthesized through a two-step process.
Initially, the antiproliferative activity of these title compounds was explored against A549, 98 PC-3
and HepG2 cancer cell lines. Notably, compound I»3 exhibited the best antiproliferative activity
against three cancer lines with ICsj values ranging from 3.36 to 5.99 uM and concurrently afforded a
lower cytotoxicity towards the NRK-52E cells. Anticancer mechanism investigations suggested that
the highly bioactive compound I3 could potentially promote the protofilament assembly of tubulin,
thus eventually leading to the stagnation of the G2/M phase cell cycle of HepG2 cells. Moreover,
compound I3 also disrupted cancer cell migration and significantly induced HepG2 cells apoptosis
in a dosage-dependent manner. Additionally, the in silico analysis indicated that compound I3
exhibited an acceptable pharmacokinetic profile. Overall, these easily prepared N-cinnamoyl-N’-
(substituted)acryloyl hydrazide derivatives could serve as potential microtubule-interacting agents,
probably as novel microtubule-stabilizers.

Keywords: cinnamic acid derivatives; antiproliferative activity; microtubule; tubulin stabilizer

1. Introduction

Cancer remains the chief and ever-expanding culprit in human mortality that prompts
significant concerns in every country [1]. As the International Agency for Research on
Cancer (IARC) reported, this intractable disease had been emerging in approximately
18.1 million new cases and thus leading to 9.6 million cancer deaths in 2018 [2,3]. Except
for the use of radiotherapy and surgery, chemotherapy is still an effective approach to treat
cancer in view of its fast-acting performance against adversaries, the practical applicability
and the available effectiveness, but sometimes certain pharmacologically induced side
effects coexist [4-7]. Therefore, exploring and developing a highly effective therapeutic
approach to selectively eliminate cancer cells should be actively pursued.

To date, cell cycle modulators or inhibitors, which can arrest uncontrollable tumor
growth, are considered as a kind of hopeful antiproliferative agent. Among these mod-
ulators, microtubule-interacting agents that target microtubule and subsequently affect
multiple cellular processes (e.g., mitosis, cell division, and intracellular transportation)
have become a promising group of anticancer agents that have been introduced to the
market for cancer therapy over 50 years [8-15]. To date, there have been three key bind-
ing sites in tubulin involving paclitaxel (Taxol), colchicine, and vinca alkaloid. These
agents have also been divided into two categories: microtubule destabilizing agents and
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microtubule-stabilizing agents [16-22]. Particularly, microtubule-stabilizing agents (MSAs)
were considered promising for clinical cancer treatment [23]. For instance, Taxol, the first
diterpene isolated from the western yew, had been verified with excellent antiproliferative
activity and was used in the clinic. Subsequently, docetaxel, obtained from the semisyn-
thetic derivatives of Taxol, was also approved in 1996 by the Food and Drug Administration
(FDA) for clinical treatment [24,25]. Moreover, epothilones and laulimalide, as natural
microtubule-stabilizing agents that could promote tubulin self-assembly into microtubules,
were also commercialized [26]. However, the wide application of these compounds was
restricted due to some urgent problems, including high toxicity, limited sources, complex
isolation processes, and the already discovered drug resistance [22]. To solve this issue,
some chemically synthesized small molecules were persistently explored and actively devel-
oped as microtubule stabilizers, such as GS-164, Synstab A, 4’-methoxy-2-styrylchromone,
and compound A (Figure 1) [22,27-30]. It is notable that «,f-unsaturated ketones, as the
privileged chemical scaffolds, frequently appeared in the microtubule modulators, exempli-
fied by curcumin and its derivatives that could inhibit tubulin self-assembly by interacting
with the unique binding site of tubulin [22,31-33]. Meanwhile, these similar substrates
have also been exploited as the correlative olefin polymer materials in the field of advanced
materials science [34]. Herein, to discover some potential anti-cancer agents targeting tubu-
lin based on the chemical modifications of natural ingredients of a,-unsaturated carbonyl
compounds, a series of facilely synthetic N-cinnamoyl-N'-(substituted)acryloyl hydrazide
derivatives from raw material cinnamic acid were designed, synthesized, and screened
for their anticancer activity in vitro (Figure 1). We expected that these designed frame-
works would have the ability to disrupt tubulin assembly, which should be investigated by
fluorescence imaging, tubulin polymerization assay and TEM imaging.
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Figure 1. Chemical structures of some microtubule-targeting agents (A). Design concepts of target
molecules (B).
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2. Results
2.1. Chemistry

To effectively obtain the target compounds, a facile synthetic route was designed as
depicted in Scheme 1. Briefly, the cinnamic acid was reacted with 60% hydrazine hydrate,
EDCI, and HOBt under basic conditions to give the intermediate cinnamohydrazide [35].
Then, the corresponding cinnamic acid analogue was reacted with cinnamohydrazide,
EDCI, and HOBt and subsequently yielded the precipitates. The final target compounds
I;-1; were afforded by being filtered and washed by CH,Cl,, respectively. Similarly,
compounds Ip3-I»6 were synthesized according to the same reaction condition by changing
to different starting substrates. Finally, these structures were confirmed by NMR and
HRMS analysis.

[0} 0 f o}
— A)L H
H. H, - H
R; /\)]\OH NNH - 0. EDCL HOBE % /\)J\N, NH, Ri of_EDCLHOBt R /\)J\N’ N\n/\/Rz
CH;CN, r.t. H CH;CN, r.t. H 0
I;: R;= phenyl, R,=phenyl I;9: R;= phenyl, R,=4-CHj3-phenyl I19: Ry= phenyl, R,=4-CH;-thiazolyl
Iy: Ry= phenyl, R,=2-NO,-phenyl I;1: Ry= phenyl, Ry=4-i-Pr-phenyl T20: Ry= phenyl, R,=cyclohexyl
I3: Ry= phenyl, R,=2-Cl-phenyl I;5: R;= phenyl, R,=4-OCH;-phenyl I>1: Ry= phenyl, R,=3-cyclohexen-1-yl
I,: R,= phenyl, R,=3-NO,-phenyl I3 R;= phenyl, R,=4-OC,Hs-phenyl i f"f‘;"[‘)yl_’plfgﬁpg ‘;‘;‘("’)ég[' bl
Is: Ry= phenyl, R,=3-OH-phenyl I,4: R;= phenyl, R,=4-N(CH3),-phenyl 1232 Ri= 4_N02_phen§dz R§= o CH[z_ghenil
Is: Ri= phenyl, R,=3-OCHj;-phenyl 15 Ry= phenyl, R,=-3-OCHj3-4-OH-phenyl Ls: R;= 4-OCH;-phenyl, R,=3-OCHj;-phenyl
I7: Ri= phenyl, R,=4-NO,-phenyl I;6: Ry= phenyl, Ry=cyclopropyl L Ri= 3-OCH;-phenyl, R,=3-OCH;--phenyl
Ig: R= phenyl, R,=4-Cl-phenyl 1y7: Ry= phenyl, R,=furanyl
Iy: Ri= phenyl, R,=4-F-phenyl 1;5: Ry= phenyl, R,=thiophenyl

Scheme 1. Synthetic route for the target molecules I;—Ip.

2.2. The Antiproliferative Activity of Title Compounds

The antiproliferative activity of all the synthesized target compounds against A549,
PC-3 and HepG2 cancer cells were evaluated using the MTT assay and expressed by ICs
values. As shown in Table 1, most of target compounds exerted certain antiproliferative
activity against A549, PC-3, and HepG2. Among them, compounds I5, Iy and I3 displayed
good antiproliferative activity (ICsy = 5.09 M, 4.17 uM, 5.99 uM, respectively) against A549,
which were significantly better than curcumin (ICs5p = 69.6 uM) and similar to gefitinib
(ICs50 = 5.47 uM). In addition, compounds Iy, Iy and I3 revealed excellent anti-PC-3 activity
with ICsp values of 5.95 uM, 4.68 uM and 4.17 uM, respectively, which were equipotent to
the positive drug gifitinib (5.99 uM). Moreover, compounds Iy, I14 and I3 exhibited out-
standing antiproliferative activity (ICsp = 4.75 uM, 3.42 uM, 3.36 uM, respectively) against
HepG2, which were better than curcumin, gefitinib and colchicine (ICsy = 40.2, 31.5 and 5.46 M,
respectively). Particularly, compound I3 displayed comprehensive antiproliferative activ-
ity with ICsg values of 5.99, 4.17 and 3.36 uM against A549, PC-3 and HepG2, respectively.
It was superior to those of the curcumin and gefitinib. The structure-activity relationship
(SAR) of target compounds against HepG2 cancer cells was further summarized as follows:
(1) a bulky electron-donating group at the meta-position was unfavorable to the bioac-
tivity, such as I3 (3-NO,-Ph, 6.32 uM) > I5s (3-OH-Ph, 8.69 uM) > I (3-OCHj3-Ph, 46.8 uM);
(2) a bulky electron-donating group at the para-position showed good bioactivity, illus-
trated by Ii4 (4-N(CHj3),-Ph, 3.42 uM) > Itz (4-OCyHs-Ph, 15.4 pM) > Iy, (4-OCHj3-Ph,
21.1 uM) > Iyq (4-i-Pr-Ph, 18.6 uM) and Iyg (4-CH3-Ph, 23.6 uM); (3) a bulky electron-
withdrawing group at the para-position was unfavorable to the bioactivity, such as Ig
(4-F-Ph, 4.75 uM) > Ig (4-C1-Ph, 6.98 uM) > Iy (4-NO,-Ph, 7.63 uM); (4) as R was 4-NO,, a
3-OCHj3 located at another benzene ring was beneficial to bioactivity, I»3 (3-OCHgs, 3.36 ptM)
and Ip4 (4-OCHs, 8.08 uM). Finally, a detailed SAR analysis of target compounds is depicted
in Figure 2.
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Table 1. The antiproliferative activity of all designed compounds against cancer cell lines ?.

(0}
H
No. RI/\)J\H’N\([)(\/ R ICs (uM) P
Ry R, A549 PC-3 HepG2
I -phenyl -phenyl 26.7 £0.43 595+ 1.52 8.17 £ 0.46
I -phenyl 2-NO;-phenyl 7.55 +1.22 8.08 £ 224 9.33 + 0.95
I3 -phenyl 2-Cl-phenyl 6.48 £ 0.41 738 £0.24 9.53 +1.74
Iy -phenyl 3-NO;-phenyl 6.05 + 0.08 15.8 + 1.67 6.32 + 1.00
I5 -phenyl 3-OH-phenyl 5.09 £+ 0.08 6.68 + 0.96 8.69 + 1.04
Is -phenyl 3-OCHj3-phenyl 41.0 +4.47 160 £+ 10.9 46.8 £ 0.14
I7 -phenyl 4-NO;-phenyl 4.17 £0.93 8.79 £+ 3.19 7.63 +£1.75
Is -phenyl 4-Cl-phenyl 9.57 +1.92 63.2 + 3.86 6.98 + 1.30
Iy -phenyl 4-F-phenyl 249 +1.54 4.68 £+ 0.69 4.75 £ 0.36
I1o -phenyl 4-CH3-phenyl 19.5 +4.95 70.3 +9.88 23.6 +2.67
I11 -phenyl 4-i-Pr-phenyl 43.0 +7.30 19.2 + 6.57 18.6 +3.90
I12 -phenyl 4-OCHj3-phenyl 10.9 +0.25 39.4 £+ 3.54 21.1 +4.07
I3 -phenyl 4-OCyHs5-phenyl 15.0 +4.90 225 +2.64 154 +0.93
I1a -phenyl 4-(CHsz)aN-phenyl 12.8 + 0.60 7.81 £ 1.69 342 +0.49
I5 -phenyl 3-OCHj3-4-OH-phenyl 35.8 +0.59 >300 31.1 £ 7.66
I16 -phenyl cyclopropyl 16.4 + 0.98 80.5 £ 543 78.5 +£1.39
I17 -phenyl furanyl 13.0 +2.40 36.0 £ 0.70 345+ 0.28
I1g -phenyl thiophenyl 13.8 +0.29 159 + 1.14 21.1 +£3.76
I19 -phenyl 4-CHj3-5-thiazolyl 26.6 £+ 5.08 96.4 + 8.36 89.3 + 8.89
Iz -phenyl cyclohexyl 16.3 £3.25 21.8 +3.15 >300
Inq -phenyl 3-cyclohexen-1-yl 8.27 £0.80 21.6 £ 0.89 20.4 £0.86
1093 -phenyl 3-pyridine-1-yl 60.2 +£2.37 159 + 5.88 43.3 +£1.10
In3 4-NO;-phenyl 3-OCHj3-phenyl 5.99 +1.07 4.17 +£0.57 3.36 + 0.80
Ing 4-NO;-phenyl 4-OCHj3-phenyl 5.17 £ 041 15.7 £2.98 8.08 + 2.25
Ins 4-OCHjs-phenyl 3-OCHjs-phenyl 144 + 8.95 142 +6.79 80.0 £ 4.04
I 3-OCHj3-phenyl 3-OCHj3-phenyl 11.0 +1.72 21.0 £2.32 14.5 + 2.56
Curcumin 69.6 + 1.18 734+ 499 402 +1.74
Colchicine 1.35 + 0.08 2.12 £0.29 546 +1.76
Gefitinib 5.47 + 1.06 5.99 +1.47 31.5+10.2

2 The anti-proliferation activities of all target compounds against cancer cells were determined by MTT assay
after 48 h. The data represent the mean of triplicate determinations. ? ICsq values are indicated as the mean + SD
(standard error) of at least three independent experiments.

A bulky electron-donating group at the
t para-position showed good bioactivity,
4-N(CH,),> 4-OC,Hs > 4-i-Pr.

4-NO, showed good t 0y
bioactivity. X N'N =
R Ho O R,

A bulky electron-donating group at
the meta-position was unfavorable to
the bioactivity, 3-NO, > 3-OH > 3-OCH,.

‘ A bulky electron-withdrawing group at
the para-position was unfavorable to
the bioactivity, 4-F > 4-C| > 4- NO,.

Figure 2. Description diagram of structure-activity relationship (SAR) analysis.

To evaluate the selectivity of target compounds against cancer cell lines and normal cell
lines, certain target compounds were evaluated by using the NRK-52E cell line. As Table 2
illustrates, compounds Is and Iy showed good cytotoxicity against A549, PC-3 and HepG2
cell lines, but exhibited weaker cytotoxic towards NRK-52E cells. Meanwhile, compound I14
revealed lower selectivity towards three cell lines and NRK-52E cells. Specially, compared
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with colchicine and gefitinib, compound I3 afforded a relatively lower cytotoxicity towards
normal NRK-52E cells, but exhibited the best cytotoxicity against three cell lines. Given
these obtained results, a possible disrupting effect of compound I3 on microtubule was
further investigated.

Table 2. Cytotoxicity and selectivity of title compounds Is, I7, I14 and I»3 2.

/\)?\ N
A NOAR2 b
ICsp (uM)
No. Ry E \ﬂ/\/ s0 TH
(0]
R; Ry A549 PC-3 HepG2 NRK-52E
Is phenyl 3-OH-phenyl 5.09 +£0.08 6.68 + 0.96 8.69 + 1.04 50.0 + 4.40
I; phenyl 4-NO;-phenyl 417 £0.93 8.79 +3.19 7.63 +1.75 21.0+1.75
Ig phenyl 4-(CH3)2N-phenyl 12.8 4+ 0.60 7.81 + 1.69 342 +0.93 7.00 + 0.30
I3 4-NO;-phenyl 3-OCHjz-phenyl 5.99 +1.07 417 £0.57 3.36 +0.80 6.99 + 1.60
Curcumin 69.6 +1.18 734 +4.99 402 +1.74 >300
Colchicine 1.35 + 0.08 212 +0.29 546 +1.76 3.32 £ 0.81
Gefitinib 547 +£1.06 5.99 + 1.47 31.5+10.2 21.0 £2.10

@ The anti-proliferation activities of all target compounds against cancer cells were determined by MTT assay
after 48 h. The data represent the mean of triplicate determinations. b [C5, values are indicated as the mean + SD
(standard error) of at least three independent experiments.

2.3. Immunofluorescence Staining of Tubulin

The disrupting effect of microtubule triggered by compound I3 in living cells was
disclosed using the immunofluorescence staining assay. Primarily, the HepG2 cells were
treated with 0, 3, and 6 uM of compound I3 for 24 h before cell imaging. Clearly, the agmi-
nated microtubule network and wrinkled nucleus were observed in cells after incubating
with compound I3, thereby leading to the morphological change in HepG2 cells (Figure 3).
By contrast, the cellular microtubule network was well assembled and arranged normally
in the control group. This result revealed that compound I3 might be capable of leading to
cell cycle disorder through disturbing microtubule assembly and targeting tubulin.
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Figure 3. Effects of compound I3 on the cellular microtubule network were visualized by immunoflu-
orescence assay. HepG2 cells were treated with vehicle control 0.1% DMSO, 3 uM and 6 uM I3 for
24 h. Then, cells were fixed and stained with anti-a-tubulin antibody (red) and counterstained with
DAPI (blue). Detection of the fixed and stained cells was performed using fluorescence microscope.
Scale bars are 50 um.
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2.4. Effects of Compound I3 on Tubulin Polymerization

Tubulin polymerization assay [36-38] triggered by compound I3 was carried out to
verify the interaction mode. Meanwhile, paclitaxel, served as a known microtubule stabi-
lizer that could promote the protofilament assembly. As shown in Figure 4, similar to pacli-
taxel, compound I3 could stabilize tubulin assembly and promote protofilament assembly
in a dosage-dependent manner, which was consistent with the outcome from previous
reports [38,39], indicating that the potential microtubule-stabilizer might be developed.
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Figure 4. Progress of tubulin polymerization in the presence of 10 uM and 20 uM compound Ip3.
Taxol (10 uM) was used as positive polymerization control, whereas untreated tubulin was used as
negative control.

2.5. Tubulin Polymerization Affected by Compound I3 via TEM

Transmission electron microscopy (TEM) was employed to directly visualize the influ-
ence of tubulin polymerization stimulated by compound I»3. Evidently, without the addi-
tion of compound I»3, the observed microtubules presented uniform fibrous nanostructures,
suggesting the spontaneous formation of microtubules occurred in general tubulin buffer
solution (Figure 5A). However, the spontaneous assembly of a/p tubulin heterodimers
was disturbed by the existence of 20 uM compound I3, subsequently affording more large
nonlinear disorganized aggregations (Figure 5B). These microscopic investigation results
manifested that I3 could promote the microtubular aggregation.

Figure 5. Effect of different concentrations of compound I»3 on tubulin polymerization: (A) 4 mg/mL
tubulin, (B) 20 uM I3 + 4 mg/mL tubulin, (C) 20 uM I3 without tubulin. Scale bars are 2 pm.

2.6. Cell Cycle Analysis

Microtubules play a critical role during the eukaryotic cell division [40]. Based on the
above results, compound I3 could clearly affect the tubulin polymerizations, and this event
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probably led to the stagnation of cell cycle. To investigate this effect, flow cytometry analysis
on HepG2 cell cycle arrest was performed as Figure 6A-C, and the corresponding results
were displayed as Figure 6D. Interestingly, the G2/M pattern was arrested after treatment
with compound I»3 (24 uM), thus providing the relevant percentages from 17.68% (0 uM)
to 20.56% (Figure 6), indicating the designed compound could cause cell cycle disorder
through targeting tubulin and the subsequent disturbance on microtubule assembly.
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Figure 6. Compound I3 affected the cell cycle distribution in HepG2 cancer cells. Untreated (Control)
and cells treated with compound I»3 at 24 uM concentration for 24 h.

2.7. Molecular Docking of Compound I3 with Tubulin

To better understand the possible interaction mode and binding sites between com-
pound I3 and tubulin, the related software Sybyl X 2.0, PyMOL and Discovery Studio (DS)
2020 were exploited. Meanwhile, the reported 3D crystal structure of tubulin (PDB code:
5syf) was used by the removal of the ligand molecule paclitaxel. Docking study (Figure 7)
displayed that compound I3 could embed in the active pocket around with the amino
acid residues, including Leu227, Leu217, His229, Leu230, Ala233, Phe272, Pro360, Arg320,
and Ser374. Apart from conventional hydrogen bonds and carbon hydrogen bonds, other
non-covalent interactions including m-donor hydrogen bonds, m-alkyl, etc., also were very
crucial donations for the interaction [41-43]. In detail, the Ser374 residue could form strong
hydrogen bond interactions with compound I3, thus affording a distance of 2.2 A located
in the 59-510 stabilizing loop of tubulin, which was the binding site of Taxol. The correl-
ative Ala233, Leu217, Leu230, Phe272, Pro360, and Arg320 residues could form m-alkyl
interactions. Simultaneously, -7t stacked interaction was also observed between His229
residue and compound Ip3. These results indicated that a strong interaction occurred
between the designed compound and tubulin, thereby disturbing the normal assembly of
tubulin, which was consistent with the aforementioned tubulin polymerization assays.

203



Int. J. Mol. Sci. 2022, 23, 12365

’--- --------------l

-

1
1
=

“2.2A
SER 374 -

Y
i

),

1

1

1

1
--4-------------------

PRO
B:360
ARG
B:320
Interactions
B van der ¥aals I Pi-Pi Stacked
Il Conventional Hydrogen Bond [ Alkyl
[] Carbon Hydrogen Bond [ pi-Alkyl

Figure 7. Predicted binding modes of compound I3 with tubulin. Binding of I3 into the active site
of tubulin was performed by PyMol software (A) and the 2D diagram of binding modes was shown
through Discovery Studio 4.5 software (B).

2.8. Effects on Cell Migration of Compound I3

Because the targeting-tubulin agents were validated, having the ability to interfere with
cell migration [44,45], the cell migration effect triggered by compound I3 was investigated
by the calculation of average migration rates of scratched A549 cells monolayer, which was
a widely used model. As depicted in Figure 8, a 12.5% migration rate was found in the
control after 12 h, while the decreased migration rates reached to 8.90%, 6.10%, and 3.98%
after treatment of 3 M I3, 6 uM I3, and 6 uM gefitinib, respectively. After incubation for
another 12 h, the migration rate of A549 cells that coexisted with compound I3 changed to
13.2% (blank control reached to 24.4%). This outcome indicated that compound I»3 could
significantly attenuate the migration of A549 cells in a dosage-dependent manner, which
could be a lead structure for the exploration of novel microtubule-stabilizing agents.
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Figure 8. Cell migration assay showed that compound I3 inhibited the migration of A549 cells.
(A) The cancer cells were incubated with 0 uM, 3 uM, 6 uM compound I3, the 6 uM gefitinib was
served as the positive control. Scale bars are 100 um (B) the cell relative migration was calculated
using the software.

2.9. Apoptosis Effects of HepG2 Cells Caused by Compound I3

To date, many reports have demonstrated that anti-mitotic cancer agents could also
cause cell death through inducing apoptosis [46,47]. Thus, the apoptotic behavior of HepG2
cells triggered by compound I3 should be tested since an appreciable antiproliferative
activity and substantial disturbance on microtubule assembly were achieved. As shown
in Figure 9, apoptosis effects were observed after incubating cells with 0 pM, 3 pM and
6 uM of compound I3, respectively. Particularly, as the dose was up to 6 uM, a strong
apoptotic phenomenon happened, indicating that compound I3 acting as a potential
microtubule-stabilizer could slightly induce HepG2 cancer cells apoptosis.
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Figure 9. The cells were incubated with 0 uM, 3 uM and 6 uM compound I3 for 24 h, subsequently
stained with Hoechst 33258 (10 pg/mL) and visualized by fluorescence microscopy. Scale bars are
100 pm.

2.10. In Silico Drug-likeness Evaluation

Finally, the early evaluation of the lead compound for its potential is a critical step
in drug development. Therefore, to assess whether compound I3 has the potential as the
promising lead compound, ADMETlab 2.0 software was used to obtain more information
on the pharmacokinetic profile, including ADMET and drug-likeness properties (Figure 10).
The corresponding physicochemical properties, ADMET, and drug-likeness properties of
compound I3 are presented in Figure 11 and Table 3, respectively. Notably, the outcomes il-
lustrated that compound I3 exhibited acceptable physicochemical properties, ADMET, and
drug-likeness properties. For instance, compound I»3 possessed favorable physicochemical
properties: molecular weight = 369.13, logS = —4.140, logP = 2.821, and log D = 3.559.
Meanwhile, ADMET and drug-likeness properties of compound I3 were provided as
follows: (1) compound I»3 had appreciable absorption potency: for example, compound I3
was active in both human intestinal absorption (HIA) and had 20% bioavailability (F20%);
(2) compound I3 was active in blood-brain barrier (BBB) penetration; (3) compound I»3
possessed acceptable safety profiles (e.g., hERG blockers, eye corrosion and respiratory
toxicity), and displayed some satisfactory metrics on metabolism (See support informa-
tion Table S1) and excretion potency; and (4) more interestingly, compound I»3 met all
drug-likeness properties including Lipinski rule, Pfzer rule, Golden triangle, and GSK
rule. Based on the above-mentioned outcomes, compound I»3 displayed an acceptable
pharmacokinetic profile, making it a promising lead compound to excavate and discover

novel microtubule stabilizers.
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Figure 10. The predicted model of pharmacokinetic profile for compound I»3.
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Figure 11. The physicochemical properties of compound I»3.

Table 3. ADMET and drug-likeness properties of compound I»3 through the online prediction tool

ADMETlab 2.0.
Property Value Decision
Absorption
Caco-2 Permeability —4.82 Excellent
Madin-Darby canine kidney cells (MDCK) permeability 0.000185 Excellent
P-glycoprotein (Pgp)-inhibitor 0.984 Bad
P-glycoprotein (Pgp)-substrate 0.002 Excellent
Human intestinal absorption (HIA) 0.021 Excellent
20% bioavailability (F20%) 0.002 Excellent
Distribution
Plasma protein binding (PPB) 95.57% Bad
Volume distribution (VD) 0.285 Excellent
Blood-brain barrier (BBB) penetration 0.038 Excellent
The fraction unbound in plasma (Fu) 1.635% Bad
Excretion
Clearance 7.066 Excellent
The half-life (T1 ;) 0.404
Toxicity
hERG blockers 0.329 Medium
Rat oral acute toxicity 0.195 Excellent
Maximum recommended daily dose (FDAMDD) 0.449 Medium
Skin sensitization 0.916 Bad
Eye corrosion 0.004 Excellent
Eye irritation 0.305 Medium
Respiratory toxicity 0.145 Excellent
Drug-likeness
Lipinski rule Accepted Excellent
Pfzer rule Accepted Excellent
Golden triangle Accepted Excellent
GSK rule Accepted Excellent
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3. Experimental Section
3.1. Instruments and Chemicals

NMR spectra were performed using the JEOL-ECX500 instrument (Akishima, Japan)
or Bruker Biospin AG-400 instrument (Bruker Optics, Ettlingen, Germany) using DMSO-
de as the solvent and tetramethylsilane as the internal standard. HRMS spectra were
obtained on Waters Xevo G2-S QTOF MS (Waters MS Technologies, Manchester, UK).
Immunofluorescence staining assay was performed by the tubulin-tracker red kit (Beyotime
Institute of Biotechnology, Shanghai, China) and observed using a Nikon ECLIPSE Ti—S
fluorescent microscope (Nikon, Tokyo, Japan). The tubulin polymerization assay was
performed by the tubulin polymerization assay kit (cytoskeleton, #BK004P) and recorded
by Cytation™ 5 multi-mode readers (BioTek Instruments, Inc., Winooski, VI, USA). The
trans-cinnamic acid and analogues were purchased from Aladdin Industrial Inc. (Shanghai,
China). The FACSCalibur™ flow cytometer (Becton Dickinson Immunocytometry Systems,
San Jose, CA, USA) was employed to analyze the cell cycle arrest.

3.2. Pharmacology
3.2.1. Cell Culture

An A549 (human non-small cell lung cancer cell line) cell line was purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences; PC-3 (human prostate cancer cell
line) cell line was donated by the Key Laboratory of Natural Product Chemistry of the Chinese
Academy of Sciences of Guizhou Province; HepG2 (human liver cancer cell line) and NRK 52E
(normal rat kidney cell line) cell line was donated by Guizhou Medical University; all cell lines
were kept by the laboratory. Cells were maintained in RPMI 1640 or DMEM complete medium.

3.2.2. MTT Assay

The antiproliferative activity of target compounds against A549, PC-3, HepG2, and
NRK-52E were determined by MTT assay, as described in previous articles [48-50]. The
assay was recorded at 490 nm by an Infinite® M200 PRO multimode microplate (Tecan,
Mannedorf, Switzerland). Curcumin, gefitinib, and colchicine were used as positive controls.

3.2.3. Immunofluorescence Staining Pattern

According to the previous methods [51,52], compound solutions of various concentra-
tions were added to a 6-well plate in which HepG2 cells had been seeded for 12 h. After
incubation for 24 h and washed with phosphate-buffered saline (PBS, 10 mM, pH 7.3), each
well was treated with 4% formaldehyde solution for 15 min and washed with 0.1% Triton
X-100 of phosphate-buffered saline (PBS, 10 mM, pH 7.3). After that, the fixed cells were
incubated with diluted tubulin-tracker red for 40 min in a dark environment, followed
by washing three times by 0.1% Triton X-100 of phosphate-buffered saline (PBS, 10 mM,
pH 7.3). Finally, each well was added DAPI (2 ug/mL). Finally, the results were observed
using a Nikon ECLIPSE Ti-S fluorescent microscope (Nikon Co., Tokyo, Japan).

3.2.4. Tubulin Polymerization Assay In Vitro

The tubulin polymerization assay in vitro was determined by HTS-Tubulin Polymer-
ization Assay Kit (#BK004P, Cytoskeleton, Inc., Denver, CO, USA) as described in previous
articles [36-38,53,54]. The plate was pre-warmed at 37 °C, and the reaction assay contained
100 puL 4 mg/mL tubulin in G-PEM buffer. Then, 10 pL (10x) compounds solution or
100 uM paclitaxel solution as a control. Finally, the polymerization was carried out at 37 °C
and recorded at 340 nm each 10 s for 70 min using Cytation™ 5 multi-mode readers.

3.2.5. Tubulin Polymerization Affected by Target Compounds via TEM

Briefly, according to the protocol of tubulin polymerization assay [38,39], the 100 nL
centrifuge tubes were pre-warmed at 37 °C, and the reaction assay contained 20 uL
4 mg/mL tubulin in G-PEM buffer. Then, 2 uL (10x) compounds solution was added.
Finally, the assay was carried out at 37 °C for 30 min. The formed microtubules were trans-
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ferred to Formvar-caron-coated copper grids, negatively stained with 1% phosphotungstic
acid, and visualized under a transmission electron microscope.

3.2.6. Cell Cycle Analysis

The cells in the 6-well plates were carefully collected 24 h after dosing. After the cells
were washed with pre-cooled PBS, the pre-cooled 70% ethanol solution was added for
fixation (4 °C overnight). After that, the cells were washed with PBS, and incubated with
1 mg/mL RNase A for 30 min at 37 °C). Then, 20 mg/mL PI staining solution was added
and incubated in the dark for 30 min at 4 °C. Finally, the cell arrest was analyzed by the
FACSCalibur™ flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose,
CA, USA) as previously described [40].

3.2.7. Computational Docking Studies

The docking study was performed by Sybyl X 2.0 and the tubulin protein (PDB: 5syf)
was downloaded from RCSB Protein Data Bank (www.rcsb.org, accessed on 1 October
2020.). The protein and all ligands were prepared by minimization with the CHARMM
force field. Molecular docking was carried out using Sybyl X 2.0 protocol without constraint.
All bound water and ligands were eliminated from the protein and the polar hydrogen
was added to the proteins. The docking results were performed by PyMol software and
Discovery Studio (DS) 2020 [55-57].

3.2.8. Scratch Test

According to the previous methods [58], A549 cells of the logarithmic growth stage
were cultured in 6-well plates with two lines on the back, with each well containing a
density of 1 x 10° cells/mL. After the cells adhered to the wall, three uniform thin lines
were drawn in each well by a sterile pipette tip. Afterward, the medium containing 1%
fetal bovine serum (FBS) and various concentrations of compounds were added in wells.
After the different time of incubation, the cells were performed by an inverted fluorescence
microscope. Then the scratch healing rate was calculated: Migration distance (n h) = edge
distance (0 h) — edge distance (12 h or 24 h).

3.2.9. Hoechst Apoptosis Experiment

The nuclear morphological modifications were exhibited by fluorescence pattern. In
this assay [58-61], HepG2 cells were seeded in 6-well plates, after 24 h of incubation,
different compounds were added at various concentrations, and cells were incubated
again for 24 h. Afterward, the medium was removed and cells were washed twice with
phosphate-buffered saline (PBS, 10 mM, pH 7.3), and fixed with 4% paraformaldehyde for
15 min at room temperature, then stained with 10 mg/mL Hoechst 33258 in PBS for 20 min
at 37 °C in the dark. After incubation, the cells were incubated with an anti-fluorescent
attenuator and imaged with an inverted fluorescence microscope.

3.2.10. In Silico Pharmacokinetics

The structures of compound I3 were drawn using ChemDraw (version Ultra 12.0,
PerkinElmer Informatics, Waltham, MA, USA) and transformed as SMILES format. In silico
drug-likeness predictions were conducted using http:/ /www.swissadme.ch/index.php
accessed on 1 May 2022 [62,63].

4. Conclusions

To develop novel microtubule-binding agents for cancer therapy, an array of diacylhyd-
razine-functionalized cinnamic acid derivatives were facilely synthesized through a two-
step process. Antiproliferative bioassays showed that compound I»3 exhibited the best
antiproliferative activity against three cancer lines with ICs, values ranging from 3.36 to
5.99 uM and yielded a lower cytotoxicity towards the normal cell line. Anticancer mecha-
nism investigations suggested that the highly bioactive compound I3 could potentially

209



Int. ]. Mol. Sci. 2022, 23, 12365

promote the protofilament assembly of tubulin through fluorescence imaging, tubulin
polymerization assay and TEM imaging, thus eventually leading to the stagnation of G2/M
phase cell cycle of HepG2 cells. Meanwhile, molecular docking studies revealed that compound
I»3 could interact with Ser374 residue, Ala233, Leu217, Leu230, Phe272, Pro360, and Arg320
residues, and His229 residue of tubulin directed by the corresponding hydrogen bond interac-
tions, m-alkyl interactions, and 7-7t stacked interactions, which was similar with that of Taxol
located at the S9-510 stabilizing loop of tubulin. Furthermore, compound I3 could also reduce
the cancer cell migration rate and induce HepG2 cells apoptosis. Additionally, the in silico
analysis indicated that compound I3 exhibited an acceptable pharmacokinetic profile. Based
on the present findings, these simple hydrazide derivatives could be considered as potential
microtubule-stabilizer lead structures for future anticancer drug discovery.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/1jms232012365/s1, References [35,63] are cited in the supplementary materials.
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Abstract: Proteolysis-targeting chimera (PROTAC) is a heterobifunctional molecule. Typically, PRO-
TAC consists of two terminals which are the ligand of the protein of interest (POI) and the specific
ligand of E3 ubiquitin ligase, respectively, via a suitable linker. PROTAC degradation of the target
protein is performed through the ubiquitin—proteasome system (UPS). The general process is that
PROTAC binds to the target protein and E3 ligase to form a ternary complex and label the target
protein with ubiquitination. The ubiquitinated protein is recognized and degraded by the proteasome
in the cell. At present, PROTAC, as a new type of drug, has been developed to degrade a variety of
cancer target proteins and other disease target proteins, and has shown good curative effects on a
variety of diseases. For example, PROTACs targeting AR, BR, BTK, Tau, IRAK4, and other proteins
have shown unprecedented clinical efficacy in cancers, neurodegenerative diseases, inflammations,
and other fields. Recently, PROTAC has entered a phase of rapid development, opening a new
field for biomedical research and development. This paper reviews the various fields of targeted
protein degradation by PROTAC in recent years and summarizes and prospects the hot targets and
indications of PROTAC.
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1. Introduction

Targeted protein degradation (TPD) is an emerging therapeutic modality that has
the potential to solve the dilemma faced by traditional small molecule targeted therapy.
Targeted protein degradation currently mainly degrades target proteins through ubiquitin—
proteasome and lysosome. At present, molecular glue and PROTAC technology are the
fastest growing in the field of targeted protein degradation [1].

Crews et al. introduced PROTAC for the first time in 2001, and PROTAC works by
reducing protein levels rather than inhibiting protein function [2—4]. As a bifunctional small
molecule compound, typically PROTAC consists of two terminals which are the ligand of
the target protein and the specific ligand of E3 ubiquitin ligase, respectively, via a suitable
linker [5-10]. PROTAC degrades target proteins through the ubiquitin-proteasome system
(UPS). The general process is that PROTAC binds the target protein (POI) and E3 lig-
ase to form a ternary complex, marking the target protein with the label of ubiquitina-
tion. The ubiquitinated proteins are recognized and degraded by the intracellular 265
proteasome [11-19] (Figure 1). The E3 ubiquitin ligase has approximately more than
600 members and is the most diverse component of the ubiquitin-proteasome system. The
E3 ligases reported in the literature currently used in PROTAC mainly include Cereblon
E3 ubiquitin ligase complex (CRBN), Von Hippel-Lindau-containing complex (VHL), in-
hibitor of apoptosis protein (IAP), and mouse double minute 2 (MDM?2). The E3 ligases
with the best effect and the highest frequency are mainly CRBN and VHL. Among them,
the ligands of CRBN are mainly lenalidomide (Figure 2), thalidomide (Figure 2), and
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their analogs, while the ligands of VHL are mainly VHL-L (Figure 2) and 3-fluoro-VHL
ligand [20-24] (Figure 2). PROTAC structurally connects two ligands through the linkers.
The composition and length of the linker play an important role in PROTAC. Generally
speaking, the composition and length of the linkers have different effects on degradation
activity according to different targets. In addition, linked sites of the linkers also affect
degradation activity. The binding sites of POI ligands and E3 ligase ligands are generally in
the regions where the ligands are exposed to solvents. The connecting sites are generally
connected by amide bonds, carbon atoms, or heteroatoms [25].
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Figure 2. Existing E3 ligands used for targeted protein degradation applications.

Compared with traditional therapies, PROTAC technology has advantages such as
wider scope of action, higher activity, and targeting “undruggable” targets. First, PROTAC
can degrade the entire target protein to affect protein function, which is expected to solve the
potential drug resistance problem faced by current traditional therapies; second, in theory,
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PROTAC can grasp the target protein through any corner and gap; therefore, PROTAC
can target “undruggable target”; third, PROTAC can also affect non-enzymatic functions
and expand the drug space of the target. So far, PROTACs have been successfully used to
degrade several distinct target proteins associated with all kinds of illnesses, such as cancer,
immune disorders, neurodegenerative conditions, cardiovascular diseases as well as viral
infections [26-28]. In particular, 60 successful cases have demonstrated the effectiveness
of PROTACs in degrading target proteins, two of which are currently in clinical trials for
prostate and breast cancer treatment [29,30]. PROTAC has emerged as a fresh approach to
medication development, providing a fresh method of treating disease. This article reviews
the five applications of PROTAC in cancer, immune diseases, neurodegenerative diseases,
cardiovascular diseases, and viral infections, summarizes and prospects its potential targets
and indications.

2. Application of PROTAC in Anticancer

Cancer is one of the worst illnesses threatening human health. In recent years, the
treatment of cancer is no longer confined to traditional surgery and radiotherapy and
chemotherapy. Targeted therapy and immunotherapy play an important role in anti-cancer
treatment. However, there are still no effective targeted drugs for “undruggable targets”
such as KRAS and TP53 [31]. The ability to shift the target from “no drug” to “drug” is the
most main benefit of PROTAC technology. Traditional targeted drugs need to be firmly
bound to the target protein. Since PROTAC protein degrading agent can specifically “label”
the target protein only by weakly binding with it, PROTAC degradation agent may solve
about 80% of the current “undruggable” proteome. It is a timely help for patients who
cannot carry out traditional targeted therapy [32].

2.1. Breast Cancer

Breast cancer is the most frequent malignant tumor in women worldwide, and the
research and development of new anti-breast cancer drugs has always attracted much attention.
The E3 ubiquitin ligase MDM2 ligand nutlin-3 derivative and poly (ADP) ribose polymerase
1 (PARP1) ligand niraparib derivative PROTACs were used to target PARP1 degradation,
thus causing human breast cancer cells MDA-MB-231 to undergo apoptosis [33]. Naito
Mikihiko et al. reported that an IAP ligand derivative and estrogen receptor « (ERo) ligand
4-hydroxytamoxifen consists of PROTACs linked by alkyl or PEG between the two [34,35].
Their study showed that PROTAC 1 (Table 1) induces ERo degradation, reactive oxygen
species (ROS) production, and necrotic cell death in estrogen-dependent breast cancer MCF-7
cells, with therapeutic potential for ERx-positive breast cancer.

Table 1. Representative PROTACs for cancer.
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The Crews group reported the first VHL-based small molecule PROTAC 2 (Table 1) [36]
targeting estrogen receptor-related receptor « (ERRcx), which was able to specifically reduce
ERRa protein levels in McF-7 cells and MDA-MB-231 tumors at nanomolar concentrations.
In addition, they also reported another PROTAC molecule, PROTAC 10 (Table 1), which
targets the receptor-interacting serine-threonine kinase 2 (RIPK2). PROTAC 10 can signifi-
cantly degrade RIPK2 in the acute monocytic leukemia cell line THP-1 cells, which may be
an effective option for treating acute monocytic leukemia.

Focal adhesion kinase (Fak) is essential for tumor invasion and metastasis [74,75] and
acts as a scaffold for kinases and various signaling proteins [76]. Previously, modulation
of Fak activity was limited to kinase inhibitors with a low success rate limited success in
clinical studies, so the strategy of PROTAC for FAK degradation was investigated. The
Crews group synthesized PROTAC 3, a Fak degrader (Table 1), which significantly exceeded
the FAK inhibitor defactinib [37] in Fak signaling and cell migration and invasion in human
triple-negative breast cancer (TNBC) cells. Schlaepfer David D et al. synthesized a series
of PROTAC:s [38] based on CRBN ligand and FAK inhibitor PND-1186 through a series
of CRBN and PEG connections, among which compound PROTAC 4 (Table 1) observed
significant degradation of FAK in human pancreatic cancer cell PA-TU-8988 T cells and
PA-TU-8988 T xenograft model in nude mice.
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The components of p38 Mitogen-activated protein kinase (p38 MAPK), which includes
P38, p381, p382, are tissue-specific and react to cytokines and environmental stress [77,78].
Currently, inhibitors targeting p38a have not shown good efficacy and safety [79-81]. The
development of selective inhibitors for p385 is made difficult by the restricted ATP-binding
pocket [82-85]. To cause the degradation of p38 or p38 in MDA-MB-231, the Crews group
synthesized PROTAC 5 (Table 1) and PROTAC 6 (Table 1) based on foretinib and VHL,
which are p38 and p38 selective degraders [39].

The study by Zhou Daohong et al. [40] showed that the B-cell lymphoma extra-large
(BCL-X})-targeting PROTAC molecule PROTAC 7 (Table 1) combined with docetaxel can
more effectively inhibit the growth of tumors in MDA-MB-231 breast cancer xenotransplan-
tation model than docetaxel alone, without causing significant changes in body weight. In
addition, it has recently been found that the combination of nimbolide, a covalent ligand of
RNF114, with BRD4 inhibitor JQ1 to produce PROTAC 8 (Table 1), which targets BRD4,
reduced BRD4 expression levels in 231MFP breast cancer cells [41]. Another study presents
PROTACS that target the degradation of protein tyrosine kinase 6 (PTK®6), consisting of
CRBN and VHL E3 ubiquitin ligase ligands and a published PTK6 inhibitor, as a poten-
tial treatment for breast cancer [86]. Among them, PTK6 was degraded by PROTAC 9
(Table 1) in MDA-MB231 triple-negative breast cancer cells. Compared with a single PTK6
inhibitor, the compounds showed a better inhibitory effect on ER+ breast cancer cells and
platinum-resistant ovarian cancer cells [26].

2.2. Hematological Tumors

Hematologic malignancy (HM) is a malignant tumor originating from the hematopoi-
etic system. Clinically, there are three common types of leukemia, multiple myeloma, and
malignant lymphoma [87]. Some target proteins in hematological malignancies, such as
BCL-Xy, MDM2, STAT3, and MALT], are also difficult to be drugged. The emergence of
PROTAC technology brings hope for the treatment of such diseases. Herein, PROTAC
molecules targeting hematological malignancies in recent years are introduced.

2.2.1. Leukemia

Leukemia is the most prevalent cancerous blood malignancy, and inhibitors target-
ing leukemia-related proteins are not effective in the treatment of leukemia. PROTAC
technology may solve this dilemma.

The most prevalent acute leukemia in adults is acute myeloid leukemia (AML) [88],
which is distinguished by aberrant proliferation and weakened differentiation ability of
hematopoietic precursor cells, resulting in a large number of immature leukocytes in the
bone marrow, peripheral blood, and even other tissues aggregate, while the number of
other normal blood cells decreases dramatically [89]. Tripartite motif-containing protein 24
(TRIM24), also known as transcriptional intermediary factor 1« (TIF1w), is a multi-domain
protein involved in the transcriptional regulation of the androgen receptor (AR) and other
nuclear receptors [90]. A potential prostate cancer therapy target is TRIM24, which has
been implicated in various tumorigenesis and disease progression [91-96]. Bromodomain
inhibitors are far from enough as an anticancer strategy. Bradner’s team synthesized
PROTAC 11 (Table 1) based on the TRIM24 bromodomain inhibitor IACS-9571 and the
ligand of VHL. PROTAC 11 recruits VHL to cause the effective and selective degradation
of TRIM24 in human acute myeloid leukemia MOLM-13 cells [42]. This study proposes
TRIM24 as a fresh target for acute myeloid leukemia creation of drugs, providing a new
avenue for “undruggable targets”.

MDM?2 is an E3 ubiquitin ligase that promotes the degradation of the p53 tumor
suppressor gene [97,98]. Wild-type p53 protein is inactivated by overexpressed MDM2 due
to its reverse regulation [99]. Therefore, MDM?2 is an attractive target for a new therapy
for AML specifically for the treatment of MDM2-overexpressing but TP53 wild-type AML.
Because p53 stabilization upregulates MDM2 protein levels, which limits the clinical efficacy
of MDM2 inhibitors [100], Talpaz Moshe et al. developed an MDM2 PROTAC degrader
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that binds to and targets MDM2 for degradation, eliminating the inhibition of p53, thereby
inducing apoptosis in leukemia cells [101]. Unfortunately, the structure of this compound
has not been disclosed. Another team also reported PROTAC 12 (Table 1), a small-molecule
degrader targeting MDM2, which effectively induces the rapid degradation of MDM2 in
human leukemia cells at a concentration of <1 nm, which can inhibit the growth of B-cell
acute lymphoblastic leukemia (B-ALL) RS4-11 cells and human acute myeloid leukemia
cell MV4-11 at low nanomolar concentration and induce tumor regression in the RS4-11
xenotransplantation model [43].

FMS-like tyrosine kinase 3 (FLT-3) is a therapeutic target in AML, FLT-3 frequently
occurring mutation of an internal tandem duplication (ITD) in the juxta-membrane do-
main [102,103]. Regarding the limited clinical efficacy of FLT-3 inhibitors [104,105], the
Crews group converted the FLT-3 inhibitor quizartinib into the PROTAC molecule PROTAC
13 (Table 1), which induced MV4-11 cells at low nanomolar concentrations and degradation
of FLT-3 ITD mutants in MOLM-14 cells. The study showed that PROTAC was able to
inhibit cell growth more effectively than the inhibitor alone, and they also demonstrated
that the compound was able to induce FLT-3 ITD degradation in vivo. This suggests that
the degradation of FLT-3 ITD may provide a useful approach for therapeutic intervention
in AML [44].

Signal transducer and activator of transcription 3 (STAT3) is a member of the STAT
family, which responds to a variety of cytokines, growth factors, and other signals and
activates the expression of downstream genes [106]. Dysregulation of STAT3 contributes to a
variety of human cancers as well as many human illnesses. Therefore, STAT3 has long been
considered a therapeutic target for diseases such as cancer. Unfortunately, small-molecule
drugs targeting STAT3 are difficult to find due to poor specificity and other reasons [107].
In order to solve this problem, Shaomeng Wang’s research group used PROTAC technology
to design a small molecule PROTAC 14 (Table 1) that can specifically degrade STAT3 in
cancer cells. Apoptosis slows the development of a fraction of acute myeloid leukemia
and anaplastic large cell lymphoma cell lines, and at well-tolerated dosages, the chemical
completely and permanently eradicates tumors in a number of xenotransplantation mice
models. Therefore, a possible cancer treatment method is to degrade the STAT3 protein [45].

The cyclin-dependent kinase (CDK) family are serine/threonine kinases [108] that
function in cell cycle regulation and transcription. Excessive activation of CDK proteins
results in dysregulated cell proliferation that promotes tumor progression, and inhibition of
some CDK family members has been shown to be a viable approach to cancer therapy [109].
But the design of selective small-molecule inhibitors is often hindered by similar ligand-
binding pockets. Furthermore, current inhibitors cannot disrupt scaffold function [110]. To
solve this problem, Gray’s team used the PROTAC strategy to describe a phthalimide-based
degrader, PROTAC 15 (Table 1), since this degrader forms a different ternary complex with
the E3 ligase CRBN; so, this degrader is specific and proteome-wide selective for CDK®6.
PROTAC 15 exploits the selective dependence of AML cells on CDKG6 to rapidly degrade
CDKGe, enabling dynamic mapping of its direct role in coordinating signaling and gene
control in AML [46].

BRD2, BRD3, BRD4, and BRDT are the key members of the bromodomain and extrater-
minal domain (BET) family of proteins, which are crucial for epigenetic control [111-113]. A
large number of small molecule degraders targeting BRD4 have demonstrated therapeutic
activity in preclinical models of AML and inflammatory diseases. In 2015, Bradner’s lab
independently reported CRBN-dependent BET protein degradation of PROTAC molecules—
thalidomide-based PROTAC 16 (Table 1) [47]. In 2017, Ciulli et al. described a PROTAC
molecule PROTAC 17 (Table 1) related to VHL binders [15], the degrader can bind to BRD4
and VHL to mediate the degradation of BRD4. Due to the structural instability of CRBN
binder thalidomide, the Rankovic lab discovered new CRBN binders with higher chemical
stability and ligand efficiency in 2021 and designed a novel BET PROTAC molecule PRO-
TAC 18 (Table 1) with higher efficiency. Their data showed that PROTAC 18 can inhibit
the viability of human acute myeloid leukemia MV4-11 cells at picomolar concentrations
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(IC50 = 3 pM) [48]. Subsequently, Ciulli’s group designed a trivalent PROTAC molecule
PROTAC 19 (Table 1) based on MZ1 and the BET inhibitor MT1 that can bind to two BRD4
proteins, which carries two binding domains for BET proteins and one for the E3 binding
domain to which ubiquitin ligase binds. They found that PROTAC 19 was 300-fold more
active in degrading BRD2 protein than the existing bivalent PROTAC molecules ARV-771
and MZ1. And PROTAC 19 can more effectively inhibit the viability of MV4-11 cells and
induce apoptosis of prostate cancer cell line 22RV1 [49].

T-cell acute lymphoblastic leukemia (T-ALL) is a hematological malignancy originating
from immature T-cell precursors. A previous study found that T-ALL was dependent on
BCL-Xy, [114]. The BCL-2 protein family member BCL-X{ is essential for the survival of
cancer cells [115-117]. However, BCL-Xp -specific inhibitors targeted, dose-limiting platelet
toxicity, leading to thrombocytopenia, which limits their application in acute leukemia [118].
Konopleva Marina Y investigated the preclinical efficacy of PROTAC7 in T-ALL cell lines
in vitro and in living T-ALL patient-derived xenotransplantation (PDX) models. This study
shows that T-ALL cells are highly sensitive to PROTAC 7 in vitro. In a living T-ALL PDX
model, the use of PROTAC 7 in combination with chemotherapy can alleviate leukemia and
prolong patient survival. In conclusion, PROTAC 7 targeting BCL-Xy, is an efficient and safe
adjuvant therapy in T-ALL [119]. In another study, Zheng Guangrong et al. reported two
PROTAC BCL-Xj, degraders, PROTAC 20 (Table 1) [50] and PROTAC 21 (Table 1) [51], which
can act in a dose- and time-dependent manner. Degrades BCL-Xp, in MOLT-4 T-ALL cells with
unique selectivity for MOLT-4 cells compared to traditional BCL-X}, inhibitors, suggesting
that T-ALL can be improved by converting the inhibitor to PROTAC treatment window.

Chronic myelogenous leukemia (CML) is most often caused by the loss of auto-
inhibitory constraint of the c-ABL kinase domain in the oncogenic fusion protein BCR-
ABL [120,121]. With the advent of BCR-ABL-targeted tyrosine kinase inhibitors (TKIs),
CML has become a chronic but manageable disease, but due to the presence of persistent
leukemia stem cells (LSCs), all CML patients must receive lifelong treatment [122-124].
Therefore, targeting BCR-ABL degradation may bring new benefits to CML patients. In
2017, the Crews group demonstrated PROTACs that bind to VHL and CRBN E3 ligases, re-
spectively, to known kinase inhibitors (such as imatinib, bosutinib, and dasatinib). Western
blot showed that the CRBN-based PROTAC molecule PROTAC 22 (Table 1) could degrade
the BCR-ABL fusion protein and c-ABL-expressed receptors in K562 CML cells. When
using the VHL binder, only dasatinib-based PROTACs observed degradation of c-ABL, and
no degradation of BCL-ABL was observed for all VHL-based compounds. No degradation
of c-ABL and BCL-ABL was observed with imatinib-based PROTACs [52]. In addition,
Naito’s group developed BCR-ABL degraders PROTAC 23 (Table 1) [54] and PROTAC 24
(Table 1) [53] called SNIPER (ABL), which induced the degradation of BCR-ABL protein
in BCR-ABL positive CML cells and inhibited the growth of chronic myeloid leukemia
K562 cells. Taken together, the above-mentioned multiple studies suggest that the degra-
dation of BCR-ABL is a potential strategy for the treatment of BCR-ABL-driven chronic
myelogenous leukemia.

2.2.2. Malignant Lymphoma

New treatment medicines are urgently required to treat T-cell lymphoma (TCL). It
was discovered that BCL-Xy, was essential for the survival of the vast majority of T-cell
lymphoma cell lines, patient-derived xenografts, and significant patient samples [125].
Therefore, targeted inhibition of BCL-X; has therapeutic value for some TCL patients.
However, targeting BCL-X, small-molecule inhibitors failed due to targeted toxicity lead-
ing to thrombocytopenia. To overcome this toxicity, a study explored the therapeutic
effect of PROTAC 8 on several TCL cell lines in vitro and in a mouse model with a TCL
xenograft. The results show that PROTAC 8’s targeting of BCL-X|, preferentially kills
BCL-Xp -dependent TCL cells without causing any obvious platelet damage. In addition,
the combination of this degrader and other inhibitors targeting BCL-2 family proteins has
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broad therapeutic effects on multiple TCL types and other cancer types dependent on
BCL-X¢, [55].

Human mucosa-associated lymphoid tissue protein 1 (MALT1) is a protease and scaf-
fold protein involved in NF-«B signal transduction, which is essential for cell proliferation
and survival [126]. Recent studies have found that MALT1 has therapeutic targeting in
ABC-type diffuse large B-cell lymphoma (ABC-DLBCL) [127]. Studies have shown that
inhibiting the MALT1 protein causes autoimmune disease and death in mice. On the other
hand, the degradation of MALT1 protein also has an effective antitumor effect without
causing autoimmunity in mice. These findings prompted Ari Melnick’s team to investigate
alternative MALT1-targeted treatments for its scaffolding activity. They synthesized many
MALT1-targeting PROTACs. The data demonstrated that MALT1 PROTACs induce MALT1
degradation in the human diffuse large B-cell lymphoma cell line OCI-Ly3, suggesting
that MALT1 PROTACs may be excellent drugs for the treatment of ABC-DLBCL and other
lymphomas [128].

B cell receptor signaling pathway is significantly regulated by Bruton’s tyrosine kinase
(BTK). It plays a role in the proliferation, differentiation, and death of B cells and is
frequently expressed in several hematological malignancies. Therefore, it is regarded as a
key target for the therapy of hematological malignancies. Ibrutinib, its irreversible inhibitor,
has transformed the way that patients with chronic lymphocytic leukemia (CLL) and other
B-cell cancers are treated, but many patients have developed drug resistance [129,130]. BTK
degradation can be used as a strategy to solve the resistance of BTK inhibition [57]. Based
on this, Rao Yu’s research group, Zhu Jun’s research group, and Liu Wan Li’s research
group worked together to successfully and efficiently degrade a variety of clinically relevant
mutant BTK proteins by constructing a novel high solubility BTK protein degradation agent
PROTAC 25 (Table 1) and overcomes the clinical resistance of B-cell lymphoma (BCL) to
the clinical first-line drug ibrutinib caused by BTK protein mutation. More importantly,
the effectiveness of the new strategy to overcome tumor resistance has been validated by
in vivo experiments [56]. In addition, Crews’ group also proposed some BTK-degrading
PROTAC molecules [57] as potential treatments for patients with ibrutinib-resistant CLL.
This article presents VHL-based and CRBN-based PROTACs, compound PROTAC 26
(Table 1) is a PROTAC based on ibrutinib with CRBN-binder. This degrader degrades
BTK with a DCsy of 6.2 nM and a Dyax greater than 99% in human Burkitt lymphocyte
Namalwa cells. It has better efficacy than ibrutinib in primary cell samples from C481S
patients. Subsequently, since the pharmacokinetic properties of PROTAC 26 were not
suitable for further in vivo development, they made a series of structural modifications
to the linker and E3 recruiting ligands to synthesize the equally effective PROTAC 27
(Table 1), PROTAC 27 was more potent than PROTAC 26, a better pharmacokinetic profile
is expected to further explore BTK degradation in vivo [58]. In addition, the research
group also designed a BRD4-targeting compound PROTAC 28 (Table 1) in 2015, which
demonstrated rapid, efficient, and prolonged BRD4 degradation in all tested Burkitt’s
lymphoma (BL) cell lines [59]. Gray’s team developed many compounds based on BTK
binders with VHL as well as CRBN binders as recruiting groups for E3 ligases. Among
them, the compound PROTAC 29 (Table 1) showed BTK degradation ability in the human
AML cell line MOLM-14 and the B-cell lymphoma cell line Ramos B cells, and this substance
was reported effective when the QD was 50 mg/kg in a patient-derived xenograft mice
model of mantle cell lymphoma (MCL) [60]. Calabrese Matthew F et al. also reported
11 BTK PROTAC:s linked by PEG chains of different lengths, among which PROTAC 30
(Table 1) was able to degrade BTK [61] with high specificity in both Ramos cells and rats.

The second most prevalent hematological malignancy of multiple myeloma (MM)
is a frequent malignant tumor brought on by aberrant clonal plasma cell proliferation.
It accounts for 1% of all tumors and 10% of hematological malignancies. CRBN ligand
immunomodulatory drugs and proteasome inhibitors are commonly used in the treatment
of MM. However, due to the refractory and easy recurrence of MM, the search for new
therapeutic strategies is still imminent [131]. Lopez-Girona Antonia et al. described many
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PROTAC:S for the treatment of relapsed or refractory multiple myeloma (RRMM), and
finally screened PROTAC 31 (Table 1), PROTAC 31 is an Ikaros/Aiolos (IKZF1-3) degrader,
which has enhanced antiproliferative and tumoricidal activity in multiple myeloma cell
lines, including lenalidomide and pomalidomide resistant cells in vitro, which has strong
immune-stimulating activity, currently in phase 2 clinical trials [62]. In addition, Rao
Yu's group used a PROTAC strategy to design and synthesize CDK6-targeted degraders.
These PROTACS can effectively and specifically degrade CDK6 at low concentrations.
A representative palbociclib-derived PROTAC 32 (Table 1) can strongly inhibit multiple
proliferation of myeloma, leukemia, and MCL cells. These findings highlight the value and
promise of creating therapeutic compounds based on PROTAC [63].

2.3. Colon Cancer

In the United States, colon cancer ranks third among the causes of cancer-related
death, and it is considered one of the major cancers that seriously threatens human health,
together with lung cancer, prostate cancer, and breast cancer [132]. In recent years, very
important progress has occurred in the field of treatment of this common disease, targeting
relevant pathogenic proteins for degradation, such as ERK, CDK9, BRD4, TRK, etc., and
has been shown to be effective. A recent study demonstrated that a covalent inhibitor-
based PROTAC 33 (Table 1) targeting extracellular-regulated kinase 1-2 (ERK1-2) could
target malignant melanoma cells ERK1-2 degrades and inhibits the phosphorylated ERK1-2
signaling pathway in A375 and human colon cancer cells HCT116, and it is experimentally
confirmed that the binding to CRBN is the key to the degradation of ERK1-2 [64].

The first example of a PROTAC that selectively degrades CDK9 was reported by Rana
Sandeep et al., who found that PROTAC 34 (Table 1) degraded CDKO9 in a dose-dependent
manner in human colorectal cancer cell line HCT116 cells. While the levels of CDK2 and
CDKS5 in cells remained unchanged, indicating that the compound selectively degrades
CDKO, this study suggests that strategies targeting CDK9 degradation may be useful in the
treatment of colon cancer [65]. In 2019, the Crews team published a study targeting BRD4
degradation, which showed that a nutin-based PROTAC, PROTAC 35 (Table 1), was able to
degrade the human colon cancer cell line HCT116 cells at nanomolar concentrations. They
also found that PROTAC 35 inhibited the proliferation of many wild-type p53 cancer cell
lines more effectively than PROTACs that degraded BRD4 using VHL [66].

Liu Jing et al. reported two degraders of tropomyosin receptor kinase (TRK), PROTAC
36 and 37 (Table 1), the compound prepared in this paper is composed of CRBN E3 ligase
binding agent, which is connected with TRK inhibitor [133] as the target part of TRK. In
KM12 colon cancer cells, it was discovered that these two substances decreased the levels
of the TPM3-TRKA fusion protein. PROTAC 37 also decreased the levels of the AGBL4-
TRKB and ETV6-TRKC fusion proteins. Furthermore, both CRBN-based PROTACs showed
favorable plasma exposure levels in mice, thus, these two compounds are valuable chemical
tools to study the in vivo function of TRK fusions during colon carcinogenesis [67].

The most cancer-related fatalities occur from lung cancer worldwide, 85% of which are
caused by non-small-cell lung cancer (NSCLC). In the past two decades, significant progress
has been made in the treatment of NSCLC [134] and targeting pathogenic targets for
degradation through the PROTAC strategy has created new opportunities for the treatment
of NSCLC as a new therapeutic approach. Hwang’s team designed and synthesized several
ALK-PROTAC molecules to degrade anaplastic lymphoma kinase (ALK) fusion proteins.
One of the compounds, PROTAC 38 (Table 1), effectively induced ALK degradation and
inhibited the growth of the ALK fusion-positive cell line SU-DHL-1 and the human NSCLC
cell line H3122, and also inhibited tumor growth in the H3122 xenograft model [68].
Furthermore, in 2018, Gray Nathanael S et al. disclosed the development of the first
PROTACS targeting ALK degradation. These PROTACs were based on the binding of ALK
inhibitors to E3 ubiquitin ligase ligands, and they screened two compounds, PROTAC
39 (Table 1) and 40 (Table 1). These two compounds efficiently induced the degradation
of ALK in NSCLC, anaplastic large cell lymphoma (ALCL), and neuroblastoma (NB) cell
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lines. As potential chemotherapeutics for NSCLC, their data also suggest that compounds
targeting ALK degradation also promote the degradation of other kinases, such as PTK2,
Aurora A, FER, and RSK1 for further investigation [69]. In the same year, a successful
example of targeting EGFR and PARP dual PROTACs was introduced for the first time in
an article by Li Hua et al., in which novel dual PROTACs were synthesized using gefitinib,
olaparib, CRBN, or VHL E3 ligands as substrates. Among them, compound PROTAC 41
(Table 1) successfully degraded both EGFR and PARP in H1299 human NSCLC cells. This
research will substantially expand the PROTAC method’s application possibilities and
create a new avenue for the development of human non-small cell lung cancer drugs [70].

Macrophage migration inhibitory factor (MIF) is involved in diseases through protein-
protein interactions in cancers and inflammations such as melanoma [135], neuroblas-
toma [136], and lung cancer [137]. Studies have found that MIF is down-regulated by
protein degradation. Expressing [138] or reducing the level of MIF [139,140] can reduce
tumor metastasis and induce antitumor responses [141]. Therefore, MIF may be a new
target for cancer therapy. Dekker Frank J's team reported the first MIF-targeting PROTAC
molecule PROTAC 42 (Table 1) in 2021. Their research data showed that this degradation
agent can inhibit the proliferation of A549 cells by downregulating the level of MIF in non-
small cell lung cancer A549 cells and inhibiting MIF-related signal transduction, proving
the potential of PROTAC technology in the treatment of NSCLC [71].

2.4. Prostatic Cancer

Prostate cancer is the second most prevalent cancer to cause mortality in males and
has a significant impact on men’s health globally [142]. Scientists have never stopped
exploring treatment strategies for prostate cancer. Naito’s team developed PROTAC
43 (Table 1), which showed potent protein-degrading activity against AR. In addition,
PROTAC 43 potently induced caspase activation and apoptosis in prostate cancer cells
compared to AR inhibitors. These findings imply results suggest that targeting AR degra-
dation may be one of the treatment approaches for AR-dependent proliferation in prostate
cancer [72].

2.5. Pancreatic Cancer

Pancreatic cancer is one of the deadliest malignancies to us. Pancreatic cancer survival
rates have remained largely unchanged since the 1960s [143]. The research on pancreatic
cancer has never stopped, and by causing the degradation of associated kinase proteins,
it may be a possible method for the therapy of pancreatic cancer. The IKK protein kinase
family includes TANK-binding kinase 1 (TBK1), a key player in innate immunity. Some
studies have found that abnormal TBK1 can cause a variety of diseases and inhibiting the
activity of TBK1 can slow or prevent the growth of cancer cells. Therefore, TBK1 is a crucial
target for research in the process of tumorigenesis, but there is still no approved TBK1
inhibitor [144]. However, the Crews group reported a PROTAC that induces TBK1 degrada-
tion, and PROTAC 44 (Table 1) [73] may serve as an alternative strategy. Interestingly, the
Kd of this compound binding to TBK1 in mouse pancreatic cancer Pan02.13 cells was 4 nM.
After 16 h of treatment, DCsp was 32 nM and Dpax was 96%. In addition, this compound
could not degrade the TBK1 homologous protein IKKe with a binding affinity of 70 nM Kd.

3. Application of PROTAC in Immune Diseases

Immune inflammatory diseases are very common diseases in life, such as rheumatoid
arthritis, systemic lupus erythematosus, ulcerative colitis, and so on. These diseases are
threatening people’s health all the time. Scientists’ research on the treatment strategies for
these diseases has never stopped. As an emerging strategy, PROTAC has penetrated into
the treatment field of immune-inflammatory diseases. The following introduces the use of
PROTAC in several applications in immune inflammatory disease targets.
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3.1. IRAK3

Interleukin-1 receptor-associated kinase 3 (IRAK3) is a member of the IRAK fam-
ily [145], and related studies have shown that IRAK3 can inhibit pro-inflammatory signal-
ing in congenital leukocytes [146]. In addition, knockout of the IRAK3 gene in mouse bone
marrow cells promotes the proliferation of effector T cells, which is conducive to enhancing
the host response to checkpoint inhibition and overcoming immunosuppression [147,148].
Therefore, IRAK3 is a potential target for immune diseases. Edmondson’s team first re-
leased the IRAK3 PROTAC molecule PROTAC 45 (Table 2) [149] based on the linkage of
the IRAK3 ligand and CRBN ligand. Their data showed that more than 98% of IRAK3 was
degraded in human monocytic leukemia THP1 cells and primary macrophages. This study
provides a good tool for IRAK3 degradation.

Table 2. Representative PROTACs for immune diseases.
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3.2. IRAK4

Interleukin-1 receptor-associated kinase 4 (IRAK4) is a key protein in the immune
response mediated by toll-like receptors and interleukin receptors and has been identi-
fied as an autoimmune disease and cancer dual target [133,150,162,163]. At present, the
inhibitor [164] against IRAK4 has not yet been approved. Therefore, using PROTAC technol-
ogy to knock out IRAK4 may be an alternative strategy for the treatment of IRAK4-related
diseases. Anderson Niall A. et al. developed and designed some PROTACs [150] that
induce the degradation of IRAK4, among which the compound PROTAC 46 (Table 2) suc-
cessfully induced the degradation of IRAK4 in peripheral blood mononuclear cells (PBMC)
and human dermal fibroblasts. Dai Xuedong et al. also reported an IRAK4-targeting
degrader, PROTAC 47 (Table 2) [151], and their data showed that more than 90% of IRAK4
was rapidly degraded after treating HEK293T cells with this compound for 24 h. In another
study, Duan Wenhu et al. [152] also described and screened a compound targeting IRAK4,
PROTAC 48 (Table 2), which induces IRAK4 degradation in diffuse large B-cell lymphoma
OCILY10 and TMDS cells. Meanwhile, PROTAC 48 suppressed the proliferation of cell
lines expressing the B-cell lymphoma MYD88 L265P mutant and hindered the IRAK4-NF-B
signaling pathway. In addition, KT-474, a potential “first-in-class” IRAK4 oral protein
degrader developed by Kymera, has entered phase 1 clinical trials. The trial results showed
that, in healthy volunteers, a single dose of KT-474 dose-dependently reduced the levels of
IRAK4 and various pro-inflammatory cytokines with good safety and tolerability. These
studies illustrate the potential application of IRAK4 degraders for the management of
oncology and inflammatory indications.

3.3. HDAc3

A class of proteases known as histone deacetylases (HDAcs) are responsible for altering
chromosomal shape and controlling gene expression. Inflammatory illnesses such as asthma
and chronic obstructive pulmonary disease are affected by HDAc3, which is crucial [165].
Dekker’s group [153] synthesized PROTAC 49 (Table 2) for the degradation of HDAc3.
PROTACA49 is a linker between the HDAc inhibitor anthranilide derivative and the CRBN
ligand pomalidomide. Their results showed that PROTAC49 had a small impact on gene
expression in RAW 264.7 macrophages activated by lipopolysaccharide/interferon, and

230



Int. ]. Mol. Sci. 2022, 23, 10328

was able to selectively downregulate HDAc3 levels compared to biochemical evidence
using siRNA. That same year, Liao’s team [154] developed PROTAC 50 (Table 2), the
compound PROTAC 50 induces selective and efficient degradation of HDAC3. The dose-
limiting toxicity of traditional HDAC inhibitors may be overcome by PROTAC 50’s catalytic
mechanism of action and isoenzyme selectivity.

3.4. HDAc6

Studies have shown that HDACS6 is indispensable for the assembly and activation
of the NLRP3 inflammasome. Furthermore, activation of the NLRP3 inflammasome is
primarily dependent on the zinc-finger ubiquitin-binding domain of HDACS6 rather than its
deacetylation function [166,167]. Therefore, traditional small-molecule inhibitors targeting
the deacetylation domain of HDAC6 are not suitable for inhibiting the activation of the
NLRP3 inflammasome. In 2021, He’s group reported an HDAC6 degrader PROTAC 51
(Table 2) based on the natural product indirubin derivatives and the CRBN ligand poma-
lidomide. Their data showed that compound PROTAC 51 can downregulate NLRP3 levels
in THP-1 cells that construct the NLRP3 inflammasome activation model, accompanied by
downregulation of related cytokines such as IL-1f3. This study sheds light on the value of
targeted protein degradation strategies in the treatment of inflammatory disorders to some
extent [155].

3.5. HPGDs

Excessive hematopoietic prostaglandin synthase 2 (PGD2) causes many diseases such
as allergic disease, physiologic sleep, and Duchenne muscular dystrophy [168]. PGD2
synthesis requires the participation of hematopoietic prostaglandin D synthases (H-PGDs);
therefore, H-PGDs are possible treatment targets for such diseases, and in vivo research
has also shown that inhibition of H-PGDs is available in the management of allergic inflam-
mation [169]. It is vitally necessary to develop novel therapeutic methods that specifically
target H-PGDs as the inhibitors for inhibiting H-PGDs that have been produced so far are
not therapeutically effective. In 2021, Demizu et al. [156] reported PROTAC 52 (Table 2)
for targeting H-PGDs for degradation and sustained inhibition of PGD2 production. Their
findings suggest that knockdown of H-PGDs protein through the PROTAC strategy, thereby
inhibiting the production of PGD2, has the potential to become a new therapeutic modality.

3.6. IDo1

Indoleamine 2,3-dioxygenase 1 (IDO1) is an enzyme that causes immunological tol-
erance by preventing T cells from proliferating [170]. Recent studies have found that
IDO1 plays an important role in cancer immune escape [171]. In a paper, the Xie team
published the first PROTAC 53 (Table 2) that induces downregulation of IDO1 protein
levels, a degrader that induced more than 93% of IDO1 protein to be degraded by UPS in
HeLa cells [157]. The study not only demonstrates the feasibility of degrading IDO1 but
also provides a method to investigate the role of IDO1 protein in tumor immune evasion.

3.7. Sirt2

The sirtuins family includes sirtuin 2 (Sirt2), by deacetylating a variety of substrates, it
participates in various biological processes including gene silencing, cell cycle regulation,
metabolism, and apoptosis. Sirt2 dysregulation has been linked to cancer development,
type Il diabetes, bacterial infections, and neurological disorders [172-177]. This suggests
that Sirt2 may be a viable drug intervention target. Jung Manfred et al. reported for the
first time the compound PROTAC 54 (Table 2) [158] used to induce Sirt2 degradation,
which is composed of Sirt2 inhibitor and CRBN ligand. The results showed that PROTAC
54 can selectively and dose-dependently degrade sirt2 compared with Sirt2 inhibition.
Subsequently, they designed and developed a Sirt2 degrader PROTAC 55 (Table 2) [159]
with a more optimized performance compared with PROTAC 54. PROTAC 55 can degrade
Sirt2 at a 10-fold lower concentration than PROTAC 54.
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3.8. PCAF/GCN5

A set of epigenetic proteins called P300/CBP-associated factor (PCAF) and general
control nonderepressible 5 (GCN5) are essential for a number of cellular processes, such
as DNA damage repair, metabolic control, and cell proliferation and differentiation [178].
However, chemical inhibition targeting the PCAF/GCN5 bromodomain was not suffi-
cient to attenuate the inflammatory response of PCAF-deficient immune cells. In 2018,
Tough David F et al. first reported a compound [160] targeting PCAF/GCNS5 degradation,
PROTAC 56 (Table 2), which induced PCAF/GCNS5 degradation in THP1 cells at nanomo-
lar concentrations. Meanwhile, the decline in PCAF/GCNS5 inhibited the production of
many inflammatory factors, which further illustrates the importance of constructing a new
PROTAC strategy to prevent inflammation.

3.9. RIPk2

The receptor-interacting protein kinase (RIPK) family consists of RIPK1, RIPK2, and
RIPK3, which play important roles in inflammation and innate immunity [179]. Numerous
inflammatory cytokines are released when RIPK2 is activated, and dysregulation of this
pathway is closely related to autoimmune disorders including inflammatory bowel disease.
Despite both RIPK1 and RIPK?2 inhibitors having entered clinical studies, RIPK inhibitor
medications have not yet received approval. The Crews team announced a RIPK2 degrader
PROTAC 57 (Table 2) [36] based on the RIPK2 binder and VHL binder in 2015. Their
research data showed that PROTAC 57 can degrade more than 95% of RIPK2 at nanomolar
concentrations. In 2020, Harling’s team synthesized RIPK2 degraders PROTAC 58 (Table 2)
and 59 (Table 2) [161] based on the IAP binder and CRBN binder. They found that compared
with PROTAC 57, The effect of PROTAC 58 and 59 in degrading RIPK2 in THP-1 cells is
not satisfactory. Although PROTAC 57 has a strong degradation ability, the study found
that its binding ability to RIPK2 is much weaker than that of PROTAC 58 and 59.

3.10. ASK1

Apoptosis signal-regulating kinase 1 (ASK1) is a widely expressed protein kinase
that is extremely redox-sensitive and is directly involved in the regulation of apoptosis
and signaling pathways such as inflammation and fibrosis under oxidative stress [180].
Previous animal-level studies have shown that inhibition of ASK1 can effectively reduce
liver and kidney injury and fibrosis and is expected to be a possible target for the therapy
of nonalcoholic steatohepatitis (NASH) [181] and diabetic kidney disease (DKD) [182] and
other diseases. At present, the development of ASK1 inhibitor G54997 has entered phase III
clinical trials [183], but its two key clinical trials for the treatment of NASH have failed one
after another, casting a shadow over the development of drugs for this target. PROTAC
technology can achieve low-dose degradation of target proteins. Therefore, targeting
ASK1 degradation through PROTAC molecules may develop into a new approach to the
treatment of diseases such as NASH and DKD.

4. Application of PROTAC in Neurodegenerative Diseases

Neurodegenerative diseases are an area in need of new therapies and molecular
insights. The aggregation of misfolded proteins such as tau protein and x-synuclein protein
is the main cause of such diseases, and they cannot be modulated by traditional small
molecule drugs; therefore, the treatment of neurodegenerative diseases has always been a
challenge. In recent years, the use of PROTAC technology to degrade target proteins has
become a new treatment method. Therefore, PROTAC technology is expected to play a
potential role in neurodegenerative diseases caused by protein aggregation.

4.1. Alzheimer’s Disease

Tau protein is a microtubule-associated protein abundant in neurons and plays a role
in axonal transport and microtubule stabilization [184]. Abnormal regulation of tau protein
is the cause of numerous neurodegenerative disorders such as Alzheimer’s disease (AD).
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Therefore, tau is a possible therapeutic target for neurodegenerative disorders. In 2016
and 2018, Li Yan-Mei and Jiang Zhengyu et al. revealed peptide-based induction of tau
degradation in PROTACS respectively [185,186]. In 2019, Kargbo’s group reported the
first small-molecule tau degrader [187]. In this paper, six tau-targeting PROTACs were
developed based on CRBN and VHL binders. The results showed that tau-targeting PRO-
TACs successfully degraded tau in human tau-p301L and tau-al52T neurons, and several
favorable pharmacokinetic parameters were shown. In the same year, Haggarty’s team also
announced the synthesis of a series of novel targeting tau PROTACs [188]. The representa-
tive compound PROTAC 60 (Table 3) could effectively degrade wild-type and mutant tau.
Furthermore, PROTAC 60 preferentially degrades tau in FTD neurons of frontotemporal
dementia compared to normal cells. In 2021, Wang Jian-Zhi et al. synthesized a PROTAC
based on the binding of tau ligand and VHL ligand, named PROTAC 61 (Table 3) [189].
They used PROTAC 61 in both in vitro and in vivo investigations. The experimental results
indicated that PROTAC 61 effectively induced tau degradation under both physiological
and pathological conditions. At the same time, they demonstrated that knocking out
tau did not cause significant abnormalities in mice. These data suggest that induction
of tau protein degradation using PROTAC technology is a possible method for treating
neurodegenerative illnesses including AD.

Table 3. Representative PROTACs for neurodegenerative diseases.
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Glycogen synthase kinase 3 (GSK-3) is a class of serine/threonine protein kinases [194].
Relevant studies have demonstrated that GSK-3(3 can boost the phosphorylation of tau
protein and the production of the amyloid-f peptide to induce AD. And GSK-3f3 has a
strong pro-inflammatory effect leading to neuronal loss [195-197]. Therefore, GSK-3f3
is thought to be a potential target for neurodegenerative disorders. Sun Haopeng et al.
developed many bifunctional PROTACs targeting GSK-3f3 for the first time [190]. They can
achieve nanomolar degradation of GSK-33. Among them, the representative compound
PROTAC 62 (Table 3) can degrade more than 44% of GSK-3§3; additionally, it is worth
noting that PROTAC 62 can also prevent the death of mouse hippocampal neurons HT-22
cells induced by glutamate. Their study is of great significance, which presents a fresh
approach to the creation of GSK-3(3 degraders.

4.2. Huntington’s Disease

An inherited neurological disorder called Huntington’s disease (HD) is brought on by
the HTT gene’s exon 1 developing more than 35 CAG repeats, and the resulting mutant
huntingtin (mHtt) accumulates in nerve cells [198]. These aggregates can cause nerve cells
to die, which can lead to numerous symptoms, including motor impairment and cognitive
deficits. In 2017, Ishikawa’s group [191] designed PROTACs 63 (Table 3) and 64 (Table 3)
against this target. PROTAC 63 and PROTAC 64 successfully induced downregulation of
mHtt protein levels in HD patient primary cells and mHtt-transfected HeLa cells. Sub-
sequently, they synthesized a new PROTAC 65 (Table 3) [192]. The newly synthesized
PROTAC was synthesized with IAP inhibitor MV1 and mHtt ligand through PEG linkage,
and the newly synthesized compound showed stronger affinity compared with PROTAC
63 and PROTAC 64. Furthermore, the newly synthesized PROTAC was able to degrade
mHtt in fibroblasts from HD patients in a time- and dose-dependent manner.

4.3. Parkinson’s Disease

Parkinson’s disease is a motor system-affecting, progressive neurodegenerative condi-
tion, and its main feature is the neuronal cytoplasmic aggregation of Lewy bodies composed
of aggregates of x-synuclein protein, leading to neuronal degeneration [199]. In 2020, a PRO-
TAC that induces x-synuclein protein degradation was reported by Kargbo’s group [193].
Six key PROTACs were screened in the paper. These six compounds can target x-synuclein
protein degradation, and the representative PROTAC 66 (Table 3) can significantly reduce
the protein level of a-synuclein in HEK293 TREX u-syn A53T cells, the Dax value is 65%. It
can be seen that this compound can be utilized as a possible Parkinson’s disease medication
and has broad prospects.

5. Application of PROTAC in Cardiovascular Diseases

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) catalyzes 3-hydroxy-3-
methylglutaryl coenzyme A in the cholesterol synthesis pathway. HMGCR is a target of
statins for the prevention and treatment of cardiovascular diseases [200,201]. In 2020, Luo’s
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team reported a series of PROTAC molecules [202], among which PROTAC 67 (Table 4)
has the greatest impact on the HMGCR protein’s ability to degrade in Chinese hamster
ovary SRD15 cells. Additionally, PROTAC 67 activates the sterol regulatory element-
binding protein pathway (SREBP) and blocks cholesterol synthesis. That same year, Xiang’s
group [203] reported two kinds of lovastatin acid and VHL ligand-conjugated HMGCR
targeting PROTAC 68 (Table 4) and 69 (Table 4), and PROTAC 68 could effectively degrade
HMGCR in HepG2 cells (DCsp = 120 nM). In vivo studies have shown that PROTAC
69 induces HMGCR breakdown and cholesterol reduction in mice with diet-induced
hypercholesterolemia.

Table 4. Representative PROTACs for cardiovascular diseases.

Activity
Protac Target Structure Ref.
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Note: red: molecule to bind to POI, black: linker, blue: ligand of E3 ligase.

6. Application of PROTAC in Antiviral

Infection with hepatitis C virus (HCV) is the main cause of chronic liver disease, in
which the hepatitis C virus (HCV) NS3 protein plays an important role [204,205]. Al-
though VX-950, an inhibitor of the NS3/4A protease, has been authorized for the treatment
of HCV, patients are prone to develop drug resistance, so a new treatment method is
urgently needed to solve this problem. Yang Priscilla L. et al. synthesized many NS3-
targeting PROTACs [206] by linking VX-950 and CRBN Binder based on the PROTAC
strategy. Among them, the representative compound PROTAC 70 (Table 5) can effectively
degrade NS3 in human hepatoma adherent Huh7.5 cells. In addition, PROTAC 70 can also
degrade V55A and A156S mutant NS3. Therefore, the successful discovery of this degra-
dation agent is a boon for HCV-infected patients. This study also suggests that PROTACs
may also be potential antiviral drugs, a strategy that has also been used to target SARS-
CoV-2 as it emerges. The major proteases (Mpro and PLpro) [207] and RNA-dependent
RNA polymerase (RARP) [208] of SARS-CoV-2 are currently targeted by small molecule
inhibitors [209]. They could be potential targets for PROTAC molecules.
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Table 5. Representative PROTACS for antiviral.

Activity
Indication PROTAC Target Structure Ref.
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Note: red: molecule to bind to POI, black: linker, blue: ligand of E3 ligase.

7. Conclusions and Prospects

PROTAC technology has been developed for 20 years, and some molecules have
entered the clinical stage; this sheds light on the huge therapeutic potential of PROTAC in
tumors, immune diseases, neurodegenerative diseases, cardiovascular diseases, and viral
infections. First, targets for drug resistance were particularly sensitive to PROTACs. The
mainstay of cancer treatment in the past has been chemotherapy, but acquired resistance to
chemotherapeutic drugs hinders clinical application, resulting in disease recurrence. The
subsequent development of kinase inhibitors and immunotherapy have also exposed the
problem of drug resistance. Since PROTACs affect protein function, including enzymatic
and non-enzymatic functions, by clearing the entire target protein, this technology is ex-
pected to address potential drug resistance faced by current treatments. The second is that
PROTACSs may aim for “undruggable targets.” The majority of small-molecule medications
or large-molecule antibodies need the active site of a binding enzyme or receptor to work;
however, it is thought that over 80% of proteins in human cells don’t have these sites.
PROTAC:S, on the other hand, can grab target proteins through any nooks and crannies.
Third, PROTACS can affect non-enzymatic functions. Conventional small-molecule medi-
cations often work by stopping their targets” enzyme activity. Accumulating studies have
shown that PROTACSs have the potential to increase the “druggable space” of targets and
to regulate protease as well as non-enzyme functions. Some of the difficulties posed by
conventional small molecule inhibitors can be overcome. Of course, in terms of clinical
practice, PROTAC drugs are still in a relatively early stage, and there are challenges such as
slow development of PROTACSs and a slow success rate, poor membrane permeability and
oral bioavailability, and insufficient evidence from human clinical studies. However, with
the accumulation of time and in-depth research, these problems will basically be solved,
and once a clinical breakthrough is formed, it will open a new era of drug innovation. PRO-
TAC has a wide range of targets and a huge market. It is believed that with the continuous
progress and improvement of this technology, PROTAC can become as successful as small
molecule inhibitors, monoclonal antibodies, and immunotherapy, so that more patients
with diseases can benefit from it.
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Abstract: While the fungal metabolite illudin M (1) is indiscriminately cytotoxic in cancer and non-
malignant cells, its retinoate 2 showed a greater selectivity for the former, especially in a cerebral
context. Illudin M killed malignant glioma cells as well as primary neurons and astrocytes at
similarly low concentrations and destroyed their microtubule and glial fibrillary acidic protein (GFAP)
networks. In contrast, the ester 2 was distinctly more cytotoxic in highly dedifferentiated U87 glioma
cells than in neurons, which were even stimulated to enhanced growth. This was also observed
in co-cultures of neurons with U87 cells where conjugate 2 eventually killed them by induction
of differentiation based on the activation of nuclear receptors, which bind to retinoid-responsive
elements (RARE). Hence, illudin M retinoate 2 appears to be a promising drug candidate.

Keywords: illudin M; retinoic acid; neuronal cells; brain tumors; anticancer agents

1. Introduction

The sesquiterpene illudin M (1) was first isolated from the culture broth of Omphalotus
olearius mushrooms [1]. After a pre-activating reduction of its enone by NADPH-dependent
oxido-reductases or glutathione (Nu'), 1 can alkylate DNA, RNA and proteins (Nu?) via
opening of the spirocyclopropane and thereby induce apoptotic cell death [2]. Although
illudin M, similar to its congener illudin S and the related semisynthetic irofulven, is
highly efficacious against cancer cells, its indiscriminate toxicity has prevented clinical
applications [3,4]. Occasionally, illudin derivatives with reduced toxicity and improved
therapeutic indices were reported [5]. Irofulven even underwent several phase II clinical
trials but proved largely ineffective, except for some prostate and pancreatic cancers [6].

Retinoic acid (RA) induces differentiation of various types of stem cells, including can-
cer and neural stem cells, and a retardation of cancer cell proliferation [7,8]. These effects
are mediated by nuclear retinoic acid receptors, usually consisting of heterodimers be-
tween RAR and RXR proteins, and sometimes by interfering with estrogen signaling [9,10].
Retinoids were particularly efficacious against various human carcinomas when applied as
part of combination regimens with standard drugs such as cisplatin or with HDAC and
DNA methyltransferase inhibitors [11,12]. Here, we report on the selective impact of a new
illudin M retinoate 2 on glioma and stem-cell rich astrocytoma cells, when compared with
normal neurons and astrocytes.

2. Results

Retinoate 2 was prepared by esterification of all-frans retinoic acid with 1 under
Yamaguchi conditions (Scheme 1) [13]. The antiproliferative activities of compounds 1 and
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2 were first evaluated by cell viability (MTT) assays against a panel of seven cancer and
three non-malignant cell types. These comprised human 518A2 melanoma, HL-60 leukemia,
the multi-drug resistant carcinomas KBv1*VP! cervix and MCF-7+T°P° breast, the HT-29
colon carcinoma, the cancer stem cell-rich rat C6 astrocytoma, human U87 glioma as well
as non-malignant primary mouse astrocytes and neurons, and the NE-4C neuroectodermal
stem cells isolated from the fore- and midbrain vesicles of p53-deficient 9-day-old mouse
embryos [14]. Generally, the retinoate 2 was 100-fold less efficacious than 1 against the
non-neural cancer cell lines, with the exception of MCF-7+1°P°, which responded equally
and well to both compounds (Table 1). This cell line is estrogen-dependent and also
overexpresses ABC-transporters of the BCRP (breast cancer resistance protein) type, which
are assumed to contribute to cancer stem cell resistance and inefficient trespassing of some
drugs through the blood brain barrier [15,16]. Against the brain-derived cells, e.g., neuronal
progenitors (NE-4C), neurons, astrocytes (Table 2), and glioma lines C6, U87, U251, and
MZ-54 (Table 1), 1 again showed similar activities with ICsq (48 h) values ranging from 50
to 400 nM. In contrast, the retinoate 2, while being generally less active than 1, displayed a
significantly greater cytotoxicity against the human U87, U251 and MZ-54 glioblastoma
cells than against normal neurons and astrocytes (Tables 1 and 2). The NE-4C neuronal
progenitor cells were also sensitive to treatment with compound 2 (Table 1).

2
Nuj(DNA) Nu2
HO' EHLL = \ﬁ;ﬁ
O K Nu1 OH Nl.l1

(glutathione, reductases)

Scheme 1. Synthesis of the retinoate 2 of illudin M (1) and mechanism of action. Reagents and
conditions: (a) retinoic acid, C¢H,Cl3COCI, DMF, NEt3, then 1, DMAP, toluene, 16 h, r.t., 41%.

Compound 1 is a natural prodrug and undergoes activation by reaction with bionu-
cleophiles such as glutathione forming an activated cyclopropane, which readily reacts
with other bionucleophiles, for example, nucleobases of DNA (Scheme 1). The reactivity
of the illudin M scaffold was significantly reduced by esterification, explaining the higher
antiproliferative activity and toxicity of 1 when compared with ester conjugates [13]. In
order to investigate whether retinoic conjugate 2 is also less reactive than 1, the fading
of the enone band of compounds 1 and 2 was monitored at 330 nm in the presence of
glutathione, showing a stabilization of conjugate 2 compared with 1 (Figure 1). The stability
of conjugate 2 in cell medium was also investigated using HPLC techniques, and 2 showed
a high stability under these conditions (cf. Table S1, Supporting Information). A cleavage
of the ester bond over the time of observation can be ruled out as neither free 1 nor free
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all-trans retinoic acid were detectable by HPLC. Thus, the anticancer effects of 2 are not
based on any 1 formed upon degradation of 2, but on the intact molecule.

Table 1. Inhibitory concentrations ICs (M) ! of 1 and 2 in cancer cells including several GBM cells.

Compd./Cell 1 2
Line 24h 48 h 24h 48 h
518A2 0.04 + 0.01 0.02 + 0.01 50+03 40 £0.7
HL60 0.007 =+ 0.002 0.001 = 0.000 6.8+28 45+ 1.1
KBv1+Vb! 0.003 + 0.001 0.002 + 0.000 1.6 + 0.4 12401
MCE-7+Topo 0.35 £ 0.13 0.05 £ 0.01 25+06 0.08 & 0.01
HT-29 15+0.6 0.06 + 0.01 38 +4 40+13
C6 1.0+03 0.40 &+ 0.06 40 + 4 12+1.3
us7 0.63 & 0.04 0.13 +0.03 37+3 27407
MZ-54 0.55 + 0.16 0.06 + 0.01 nd. 548 +1.2
U251 0.3 £+ 0.05 0.12 + 0.02 nd. 451+13

1 Values are derived from dose-response curves obtained by measuring the percentage of viable cells relative to
untreated controls after 24 /48 h exposure of test compounds using an MTT assay. Values represent means of four
independent experiments. n.d., not determined.

Table 2. Inhibitory concentrations ICsy (uM) L of1and 2in non-malignant brain-derived cells.

Compd./Cell 1 2
Line 24h 48 h 24 h 48 h
neurons 0.60 +0.12 0.19 + 0.04 26 +£1 14+£2
astrocytes 15+04 0.20 £ 0.03 45+ 2 33+4
NE-4C 0.40 +0.10 0.05 £ 0.02 7.0+3.2 20+1.2

! Values are derived from dose-response curves obtained by measuring the percentage of viable cells relative to
untreated controls after 24/48 h exposure of test compounds using an MTT assay. Values represent means of four
independent experiments.

0.00—{~——n=== seccccccozoeceoooomo--
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S
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0 20 40 60 80 100 120
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Figure 1. Time-resolved measurement of the absorption at 340 nm (enone group) of 200 pM 1, 2
or solvent (DMSO) mixed with 6.5 mM glutathione in phosphate-buffered saline (PBS). Data are
means £ SD of at least four independent measurements every 30 s.

More typical of retinoic acid is its contribution to cell differentiation during verte-
brate embryonic development by interacting with nuclear receptors, which bind to specific
retinoid-responsive elements (RARE) within the promoters of subordinate genes, activating
their transcription [17-20]. To verify that retinoate 2 also binds to RARE, we used a reporter
assay with F9 teratocarcinoma cells featuring a RARE located within the cis-acting regula-
tory sequences of the human retinoic acid receptor alpha gene and immediately upstream of
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the E. coli lacZ genes, which thus acquire retinoid responsivity [21]. LacZ expression in cells
treated with various concentrations of 2 was then quantitated by densitometric analysis of
[-galactosidase activity visualized by X-Gal staining [22]. Figure 2 shows that compound 2
bound to the F9 RARE-lacZ reporter cells in a concentration-dependent manner.

Mean Gray Value

2 [uM]

Figure 2. F9 RARE-lacZ reporter cells show concentration-dependent activation upon treatment
with 2 for 20 h. Top: bright-field images of cells treated with 2 ((a): 0 uM, (b): 0.3 uM, (c): 0.6 uM,
(d): 1.3 uM, (e): 2.5 uM, (f): 5.0 uM), and P-galactosidase activity was visualized by X-Gal staining
(scale bar: 100 um). Bottom: densitometric image analyses (mean + SD); a greater gray value means
stronger RARE binding. The threshold lines at 45 and 175 represent the control and the effect of
10 nM all-trans retinoic acid. * p < 0.001, Student’s t test, groups treated with 2 were compared to
control, n = 5.

While binding to the RARE of these reporter cells, retinoate 2, unlike all-trans retinoic
acid itself, did not induce neuronal differentiation of NE-4C neural stem cells even at
concentrations as high as 1 uM. NE-4C cells and their differentiated progeny neurons
can be immunohistochemically distinguished by the presence of 3-tubulin III only in
the latter (Figure 3). While short term (48 h) 1 application (1 uM) did not completely
disorganize neuronal networks, it affected astrocytes within neuronal cultures, resulting in
altered expression/localization of glial fibrillary acidic protein (GFAP), a major cytoskeletal
element of glial cells responsible for maintaining mechanical cell stability [23]. As illustrated
by fluorescent immunocytochemistry, GFAP filaments were markedly pitted after 48 h
exposure to 1, while retinoate 2 did not cause similar alterations to astrocytes (Figure 4).
Moreover, neuronal cells developed normally when exposed to 1 uM retinoate 2 for as long
as 3, 6 or 8 days (Figure 5).
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Figure 3. Upper row: NE-4C neural stem cells differentiate to neurons upon treatment with 10 nM of
all-trans retinoic acid (RA). Bottom row: retinoate 2 (10 nM) did not elicit differentiation of NE-4C
stem cells. Right column shows immunohistographs after staining for neuron specific 8-tubulin III
(green) and for nuclei with DAPI (blue). Scale bar: 50 pm.

Phase contrast GFAP pllI-Tubulin/DAPI

1uM 2 TuM 1 Control
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Figure 4. Immunostaining of primary neurons derived from E14, 5 forebrains treated with 1 uM of 1,
2 or all-trans retinoic acid (RA) plus 1. Blue: nuclei stained with DAPI; green: tubulin stained with
BIII-tubulin specific antibody; red: GFAP stained with a-GFAP antibody. Fluorescence microscope
Zeiss Axiovert 200 M, 63 x objective, 1024 x 1024 res. Scale bar: 50 pum.

In contrast to astrocytes and neuronal cells, cultures of U87 glioma cells were far more
sensitive to retinoate 2 at concentrations between 1 and 10 M, undergoing rapid apoptosis
(Figure 6). Further studies on the pro-apoptotic effects of 1 and 2 were carried out with
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MZ-54 glioblastoma cells. Annexin V/propidium iodide (PI) flow cytometry of MZ-54 cells
treated with 1 or 2 revealed a dose- and time-dependent increase in cell death (Figure 7).

Control 1uM 2

DIV11
(2:
DIV5-11)

DIV13
(2:
DIV5-13)

Figure 5. Micrographs of cultures of mouse embryonal neuronal cells untreated (control) or treated
with 1 uM of 2; DIV, days in vitro. Scale bar: 100 um.

Phase contrast Calcein Annexin V Calcein/Annexin V

Figure 6. U87 glioma cells undergo apoptosis upon 48 h treatment with 10 uM of 2. Cells in the early
stages of apoptosis show calcein (green)/Annexin V-Cy3 (red) double labeling. Scale bars: 50 um;

Control

10uM 2

20 um for inserts.

The selectivity of illudins 1 and 2 for U87 glioblastoma cells versus normal neuronal
cells was evaluated by applying them to co-cultures of these cells serving as a surrogate
brain tumor model. To this end, isolated murine primary neurons were grown on IBIDI
dishes and after 5 days and the establishment of neuronal aggregates, the glioma U87
cells (~ 25,000 cells) were added to the neuronal culture [24]. After 12 h, 1 and 2 were
applied in 1 uM concentrations and the response of the different cells was monitored over a
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period between 15 and 48 h post incubation (Figure 8). In the control samples, the number
of proliferating U87 cells increased with time and overgrew the diminishing number of
differentiating neurons. In contrast, in the samples treated with 1, both the neurons and
the U87 cells had undergone considerable cellular fragmentation as early as 15 h after
treatment, leaving merely cell debris after 48 h. Co-cultures incubated with retinoate 2
featured healthy and compact neuronal aggregates (not quantified numerically) after 15 h

compared with control cells. After 48 h exposure to 2, many neurons were still present in
the culture.
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Figure 7. (A-D). Annexin V/PI flow cytometry of MZ-54 cells upon treatment with 1 or 2, mean
+ SEM; Brown—Forsythe ANOVA test with Dunnett’s T3 multiple comparison test (compared with
DMSO control); * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001.

For further investigation of drug efficacy and selectivity, an ex vivo tumor growth
assay employing organotypic brain slice cultures of adult murine brains were used. For this
purpose, GFP-expressing NCH644 (NCH644CP*) glioma stem-like cells were transplanted
onto these slices, and after 1 day, the treatment was started and renewed three times
per week, similar to our previous studies [25,26]. These cultures are suitable ex vivo
models, which simulate original brain architecture and the presence of vessels, including
angiogenesis and microvascular proliferation as well as specific homing of GBM cells
toward those vessels, while requiring much fewer laboratory animals when compared
with common in vivo animal drug tests [27-29]. Both 1 and 2 showed antitumor activity in
the organotypic brain cancer model using NCH644% "+ at a dose of 5 uM (Figure 9). The
activity of 2 was significantly reduced at doses of 0.1 and 0.5 uM, which is in line with
results from the in vitro MTT experiments, hinting at a considerable stability of the ester
conjugate 2 under these conditions (Figure 10).
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Figure 8. Co-culture of neuronal cells and U87 glioma cells in the absence or presence of 1 uM of 1 or
2. The neuronal aggregates are marked by arrowheads. Scale bar: 100 pum.
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Figure 9. Ex vivo tumor growth assay using organotypic brain slice cultures in the absence (DMSO)
or presence of 5 tM of 1 or 2. (A) Growth curves of the NCH644C P+ tumors over time after treatment
with solvent (DMSO, black line) or 5 pM 1 (green line) or 2 (blue line) normalized to the tumor size one
day after transplantation (d0) depicted as mean +/— SEM. (B,C) Point plots of the data summarized
in (A) after treatment for (B) 5 days or (C) 7 days). Dashed line on y = 1 display the original tumor size.
***: p < 0.001; ****: p < 0.0001; two-Way ANOVA with Tukey’s multiple comparisons test (GraphPad
Prism 7).
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Figure 10. Ex vivo tumor growth assay using organotypic brain slice cultures in the absence (DMSO)
or presence of 5 pM of 1 or 0.1 uM or 0.5 uM 2. (A) Growth curves of the NCH644SF™ tumors over
time after treatment with solvent (DMSO, black line) or 5 uM 1 (green line), 0.1 uM (light blue line)
or 0.5 uM 2 (blue line) normalized to the tumor size one day after transplantation (d0) depicted as
mean +/— SEM. (B,C) Point plots of the data summarized in (A) after treatment for (B) 5 days or (C)
7 days). Dashed line on y = 1 display the original tumor size. **: p < 0.001; ***: p < 0.0001; two-way
ANOVA with Tukey’s multiple comparisons test (GraphPad Prism 7).
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3. Discussion

[lludin M (1) is a fungal product with a unique DNA-damaging mechanism. However,
its high toxicity toward laboratory animals stopped its development as an anticancer agent
at an early stage [5]. Esterification of the secondary alcohol of 1 led to compounds with
reduced toxicity and increased selectivity [13]. Conjugation of 1 to all-trans retinoic acid
via ester bonding led to remarkable results. In vitro MTT experiments revealed that MCF-
7*+T0P0 breast carcinoma cells responded well to ester 2. These cells are multidrug-resistant
cells generated by the exposure to topotecan. In addition to their hormone-sensitive
character, they overexpress the BCRP (breast cancer resistance protein) transporter, which
plays a role for cancer stem cell resistance, and impaired crossing of drugs through the
blood brain barrier [15,16]. The strong time dependence of the activity of ester 2 in the
MCE-7*T°P° breast carcinoma cells can be a hint at a metabolism of 2 in these cells leading to
active illudin M. Similarly, a strong time dependence of compound 2 activity was observed
in HT-29 colorectal cancer cells, which are also ABC-transporter expressing multidrug-
resistant cells [30]. The multidrug-resistant phenotype is characterized by an increased pH
value and alkalinity in the cytoplasm of cancer cells, which might facilitate the hydrolysis
of retinoate 2 and the release of 1 from 2 in these cells [31,32]. In addition, U87 glioblastoma
cells exhibited strong time-dependent sensitivity to compound 2. Although intrinsically
not multidrug-resistant, ABCG2/BCRP expression can be induced in U87 cells by treatment
with anticancer active drugs such as perphenazine and prochlorperazine [33]. If this is also
the case for 2, it remains to be elucidated.

Ester 2 unlike 1 is distinctly more cytotoxic in the cancer stem cell-rich rat C6 astro-
cytoma cell line than in normal astrocytes. This is somewhat paradoxical since retinoic
acid is a known inhibitor of c-Jun N-terminal kinase (JNK), and illudin derivatives such as
irofulven were shown to induce apoptosis via activation of JNK and ERK [34-36]. How-
ever, C6 astrocytoma cells, unlike normal astrocytes, naturally express cannabinoid CB;
receptors, which enhance JNK activity upon binding of certain unsaturated fatty acids such
as arachidonates, and maybe also of retinoic acid [37,38]. The latter was found to induce
apoptosis in C6 glioma cells at relatively high concentrations [39].

The new illudin M retinoate 2 exhibited distinct antiproliferative and apoptosis-
inducing effects on various glioblastoma cells. The high selectivity of 2 was confirmed in
the co-culture assay using U87 glioma cells and neuronal cells and is corroborated by the
high stability of this ester conjugate in cell medium under the conditions applied for the
in vitro experiments. Finally, our application of the compound in an organotypic model fur-
ther underscored the selective targeting of tumor cells within a complex non-transformed
environment, since no signs of toxicity could be observed in the tumor-free regions of
the brain slices. OTCs are a widely used, 3R-compatible and valuable ex vivo method to
recapitulate the physiological brain environment of GBM over an extended time period.
This demonstrates vividly the selective antitumor activity of compound 2. In addition,
compound 2 was able to exert its effects via RARE in F9 embryonal carcinoma cells, while
it kept its illudin-type properties to a certain extent. This observation indicates an excellent
interplay of the retinoate and illudin moieties of the conjugate molecule 2 and warrants a
more detailed study of its mechanism of action in tumor cells vs. healthy cells, including
models allowing to assess/compare drug effects in a more authentic brain environment.
Further studies are planned in order to substantiate the drug-like properties of 2 and
the potential of 2 as a promising drug candidate against glioma and multidrug-resistant
tumors. This approach will also uncover if 2 can effectively cross the blood-brain barrier
(BBB). Other illudin derivatives such as irofulven have been shown to enhance survival of
intracranial glioma xenografts in mice, suggesting active crossing of the BBB [40].

4. Materials and Methods
4.1. General

Starting materials and reagents were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Illudin M was isolated according to published procedures [13]. The following
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instruments were used: melting points (uncorrected), Gallenkamp (Cambridge, UK); IR
spectra, Perkin-Elmer Spectrum One FI-IR spectrophotometer (Rodgau, Germany) with
ATR sampling unit; nuclear magnetic resonance spectra, BRUKER Avance 300 spectrometer
(Billerica, MA, USA); chemical shifts are given in parts per million (8) downfield from
tetramethylsilane as internal standard; mass spectra, Varian MAT 311A (EI, Palo Alto,
CA, USA).

4.2. Synthesis of Compound 2

Retinoic acid (100 mg, 0.33 mmol) was suspended in dry DMF (1 mL), and EtsN
(53 uL, 0.36 mmol) and 2,4,6-trichlorobenzoyl chloride (59 pL, 0.36 mmol) were added. The
reaction mixture was stirred at room temperature for 20 min. Illudin M (83 mg, 0.33 mmol)
and DMAP (81 mg, 0.66 mmol) dissolved in dry toluene (5 mL) were added and the
reaction mixture was stirred at room temperature for 16 h. After dilution with ethyl acetate
and washing with water, the organic phase was dried over NaySO4 and concentrated in
vacuum. The residue was purified by column chromatography (silica gel 60). Yield: 64 mg
(0.12 mmol, 36%); yellow oil; R¢ = 0.61 (ethyl acetate/n-hexane 1:4); vmax (ATR)/ cem L
3492, 2962, 2928, 2866, 1696, 1606, 1580, 1447, 1360, 1255, 1235, 1139, 1105, 966, 945, 821, 730;
TH-NMR (300 MHz, CDCl3): § 0.3-0.5 (1 H, m, 9-H?), 0.8-1.0 (2 H, m, 8-H?, 9-HP), 1.00 (6 H,
s,2 X Me), 1.1-1.6 (17 H, m, 4 x Me, 2 x CH,, 8-HP), 1.69 (3 H, s, Me), 1.9-2.1 (5 H, m, Me,
CH,), 2.35 (3 H, s, Me), 3.55 (1 H, s, OH), 5.68 (1 H, s, 3-H), 5.77 (1 H, s, 2/-H), 6.0-6.3 (4 H,
m, 4'-H, 6/-H, 8'-H, 9-H), 6.50 (1 H, s, 1-H), 6.9-7.1 (1 H, m, 5'-H); *C-NMR (75.5 MHz,
CDCl3): 4 6.0 (C-8), 8.8 (C-9), 12.9 (7'-Me), 14.0 (3'-Me), 14.5 (4-Me), 19.2 (cyclohexyl-CHy),
20.8 (2-Me), 21.7 (cyclohexyl-CMe), 24.8 (6-Me), 26.8 (2-Me), 29.0 (cyclohexyl-CMe,), 31.5
(C-5), 33.1 (cyclohexyl-CHy), 34.3 (cyclohexyl-CMej), 39.6 (cyclohexyl-CHy), 49.0 (C-2), 76.1
(C-6), 78.1 (C-3), 117.8 (C-2’), 128.9 (C-9'), 129.4 (C-6'), 130.1 (cyclohexyl-CMe), 131.4 (C-5'),
133.6 (C-7a), 134.9, 135.1 (C-3a, C-4), 137.2 (C-4'), 137.7 (cyclohexyl-C=CMe), 140.0 (C-7"),
146.5 (C-1), 153.7 (C-3'), 166.9 (CO,), 200.3 (CO); m/z (EI) 293 (13), 282 (13), 231 (11), 209 (20),
177 (21), 84 (100).

4.3. Cells and Cell Culture

518A2 (Department of Radiotherapy, Medical University of Vienna, Vienna, Austria)
melanoma, KB-V1VP! (ACC-149) cervix carcinoma, MCE-710P° (ACC-115) breast carcinoma,
HT29 (ACC-299) colon carcinoma were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic at 37 °C,
5% COy, and 95% humidity. To keep MCF-71P° and KB-V1"?! cells resistant, the maximum-
tolerated doses of topotecan or vinblastine were added to the cell culture medium 24 h after
every passage. The human HL60 leukemia cells were obtained from the German National
Resource Center for Biological Material (DSMZ), Braunschweig. Neuroectodermal stem
cells NE-4C (ATCC No. CRL-2925), primary mouse astrocytes, rat glioma C6 (ATCC No.
CCL-107) and human glioma U87 (ATCC No. HTB-14) were used [41].

NE-4C cells derived from the anterior brain vesicles of p53-deficient 9-day-old mouse
embryos were maintained in Minimum Essential Medium (MEM; Sigma Aldrich, Taufkirchen,
Germany) supplemented with 5% fetal calf serum (FCS; Invitrogen-Gibco, Carlsbad, CA,
USA), 4 mM glutamine (Sigma-Aldrich, Taufkirchen, Germany) and 40 ug/mL gentamycin
(Chinoin, Budapest, Hungary). For maintenance, subconfluent cultures were regularly
split by trypsinization (0.05 w/v% trypsin in PBS) into poly-L-lysine-coated Petri dishes.
Primary astrocytes were isolated from whole brains of neonatal (P0-P3) mice, as described
earlier [24]. In brief, meninges were removed, and the tissue pieces were subjected to
enzymatic dissociation, using 0.05% w/v trypsin and 0.05% w/v DNase for 10 min at
room temperature. The cells were plated onto poly-L-lysine coated plastic surfaces and
grown in MEM supplemented with 10% fetal calf serum, 4 mM glutamine and 40 ug/mL
gentamycin. Primary neuronal cultures were prepared from embryonic (E15-E16) mouse
(CD1) forebrains, as described earlier [42]. In brief, cell suspensions were prepared by
mechanical dissociation over a nylon mesh with a pore diameter of 40-42 pm. The cells were

255



Int. ]. Mol. Sci. 2022, 23, 9056

seeded at 10° cells/cm? density onto PLL-coated surfaces. The cultures were maintained in
MEM supplemented with 5% FCS, 4 mM glutamine, 40 ug/mL gentamicin and 2.5 ug/mL
amphotericin B (Sigma). In co-culture experiments, U87 glioma cells were seeded onto
established neuronal cultures at DIV3 in a 25,000 cell/cm? density.

U251 (formerly known as U-373 MG; ECACC 09063001), Mz54 (CVCL_M406) human
glioblastoma cell lines were cultured in DMEM+GlutaMax supplemented with 10% fe-
tal bovine serum and 1% penicillin/streptomycin mixture. The human glioma cell line
Mz54 was obtained from the Dept. of Neurosurgery, University Medical Centre, Johannes
Gutenberg University Mainz, Germany, where this line was isolated from a recurrent grade
IV glioblastoma. U251 and Mz54 cells were used in passages between 10 and 25 after re-
authentication and 40 to 55 after culture establishment, respectively. Only mycoplasma-free
cell cultures were used.

NCH6445FP* have been described previously and are derived from NCH644, which
were kindly provided by Christel Herold-Mende (University Hospital Heidelberg, Ger-
many) and were cultured as free-floating spheres in serum-free medium [34,35,43]. Specif-
ically, the cells were cultured in Neurobasal-A medium (Gibco, Darmstadt, Germany)
supplemented with 1x B27 (Gibco), 100 U/mL penicillin, 100 pg/mL streptomycin (P/S,
Gibco), 1 x GlutaMAX (Gibco), 20 ng/mL epidermal growth factor (EGF, Peprotech,
Hamburg, Germany), 20 ng/mL fibroblast growth factor (FGF, Peprotech) and 2 pg/mL
puromycin for GFP-expressing cells.

4.4. Cell-Based Assay

Non-GBM cells (5 x 10* cells/mL, 100 uL/well) were grown in 96-well plates for
24 h. Then, they were treated with various concentrations of the test compounds or vehicle
(DMSO, or EtOH) for 72 h at 37 °C. After the addition of 12.5 uL. of a 0.5% MTT solution
in PBS, the cells were incubated for 3 h at 37 °C so that the water-soluble MTT could be
converted to formazan crystals. Then, the plates were centrifuged (300x g, 5 min, 4 °C),
the medium withdrawn, and the formazan dissolved in 25 pL. of DMSO containing 10%
sodium dodecylsulfate (SDS) and 0.6% acetic acid for at least 2 h at 37 °C. In the case of the
HL60 cells, after 2 h, the precipitate of formazan crystals was redissolved in a 10% solution
of SDS in DMSO containing 0.6% acetic acid.

Adherently grown GBM cells were seeded at 5 x 10* cells/mL and floating spheres at
8 x 10* cells/mL in 100 uL/well and incubated as above for 48 or 72 h at 37 °C. Afterward,
10 uL of a 5 mg/mL MTT solution in PBS was added to the cells for 3 h at 37 °C. Then,
the spheres were centrifuged shortly to collect the cells on the bottom of the plate, and the
medium was removed by careful pipetting for both adherently grown and floating sphere
GBM cultures. Afterward, formazan was dissolved in a mixture (24:1 v:v) of isopropanol
and 1 M HCl using 100 uL for adherent cells by shaking the plates for at least 20 min. The
absorbance of formazan (A = 570 nm), and background (A = 630 nm) was measured with a
microplate reader (Tecan Spark, Tecan Deutschland GmbH, Crailsheim, Germany).

4.5. RA Reporter Assay

The F9 embryonal carcinoma cell line, stably transfected with the 1.8 kb promoter
sequence of RARDb2 coupled to the lacZ gene, was used to measure active retinoids [44].
The assay is appropriate for detection of all-trans RA but is able to detect other retinoid
isomers as well. The F9 reporter cells were maintained in 10% FCS containing DMEM
in the presence of 400 ug/mL G418. A day before the assay, F9 cell were seeded onto
24-well plates (100,000 cell/well). The cells were than treated with various concentrations
of 2. After 20 h, the (3-galactosidase activity was visualized by X-Gal staining, which was
followed by densitometric image analyses from 7 = 3 fields of view (10x magnification) of
n = 4 independent cultures.
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4.6. Reactivity Test with Glutathione

In a cell-free activity assay, the reaction of 1 and 2 with glutathione was measured by
the decreasing absorption at 340 nm (enone group). Then, 2 uL of the substances (10 mM in
DMSO) was mixed with 98 uL glutathione solution (6.5 pM in PBS) in a 96-well plate. The
absorption was measured at 340 nm every 30 s for 2 h at rt (Tecan F200). All experiments
were performed at least four times.

4.7. Cell Death and Apoptosis Induction

U251 und Mz54 glioblastoma cells (6 x 10° cells/mL, 0.5 mL/ well) were seeded
in 24-well plates. The next day, the cells were treated with 1, 2 or vehicle (DMSO) for
48 h. Prior to the measurement, the cells were harvested and stained using Annexin-
V-APC (BD Biosciences, Heidelberg, Germany) and propidium iodide (PI, 0.05 mg/mL,
Sigma-Aldrich, Taufkirchen, Germany). Cells were analyzed with BD Accuri C6 flow-
cytometer (BD Biosciences), and data processing was performed using BD Accuri C6
software (BD Biosciences).

4.8. Immunohistochemistry

Astroglia cells grown on poly-L-lysine-coated glass cover slips were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature and then permeabilized with
Triton X-100 (0.1% v/v in PBS; 5 min). Nonspecific antibodies were blocked by incubation
with 3% FBS in PBS (room temperature, 1 h). a-GFAP antibody (rabbit, DAKO) was used
in a dilution of 1:2000 and was visualized by anti-rabbit IgG Alexa 594 (1:1000). DAPI
(4',6-diamidino-2-phenylindole) was used for nuclei staining. Fluorescence images were
captured manually on a Zeiss Axiovert 200 M microscope fitted with 20- to 60-fold zoom
and a Zeiss AxioCam MRm digital camera. Further applied antibodies were tubulin III
(Sigma T5076), used at a dilution of 1:1000, and Annexin V. Cy3.18 (Sigma A4963).

4.9. Adult Organotypic Brain Slice Cultures and Ex Vivo Tumor Growth Assay

Adult organotypic brain slice culture was carried out as described previously [26,45,46].
Briefly, the brains from adult C57BL/6 ] (Envigo, Horst, The Netherlands) were dissected,
and dura mater was removed after the mice were euthanized. Subsequently, mouse brains
were placed in warm (35-40 °C) 2% low-melting agarose (Carl Roth, Karlsruhe, Germany)
and cut on a Vibratome VT1000 (Leica, Wetzlar, Germany) in 150 pm thick sections. These
sections were placed on Milli-cell culture inserts (Merck KGaA, Darmstadt, Germany) and
cultured in 6-well plates using FCS-free medium consisting of DMEM/F12 supplied with
1x B27 and 1x N2 supplement and 100 U/mL penicillin and 100 png/mL streptomycin (all
from Gibco, Darmstadt, Germany). One day later, multiple spheres were placed on the
mouse brain slices. Adequate spheres were prepared by seeding 275.000 NCH644%F+ cells
in a total volume of 5 mL in a T25 flask. One day after sphere transplantation, pictures
were taken (day 0), and the treatment was started, which was refreshed 3 times per week.
Tumor growth was evaluated using FIJI, after which pictures were taken regularly with a
Nikon SMZ25 stereomicroscope equipped with a P2-SHR Plan Apo 2 X objective operated
by NIS elements software. As the tumor size was normalized to the size on day 0, growth
curves were created.

Supplementary Materials: The following supporting information (stability tests) can be downloaded
at: https://www.mdpi.com/article/10.3390/ijms23169056 /s1.
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