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Preface

This Reprint, entitled “Small Molecule Modulators Targeting Emerging Therapeutic Pathways
Design Synthesis and Biological Evaluation”, comprises eight peer-reviewed articles published in
Molecules that collectively highlight recent advances in small molecule drug discovery. Despite major
progress in biologics and gene-based therapies, small molecules remain indispensable therapeutic
agents owing to their structural diversity, synthetic accessibility, favorable pharmacokinetic
properties, and ability to modulate both enzymatic and non-enzymatic targets. The scope of this
Reprint encompasses target identification and validation, rational molecular design, mechanistic
elucidation, and biological evaluation, with a particular emphasis on emerging and non-canonical
therapeutic pathways relevant to cancer, inflammation, and cardiovascular disease. Together,
the contributions reflect contemporary strategies aiming to expand the druggable proteome and
overcome resistance mechanisms associated with established therapies.

Two contributions are especially noteworthy for in-depth mechanistic insight and broad
translational relevance. In their study of anticancer quinolinol small molecules, Wang and
coauthors identified the molecular targets of MMRi62, a quinolinol-based compound frequently
associated with PAINS-related concerns. By integrating structure-activity relationship analysis,
chemical biology probe development, and quantitative proteomic profiling, the authors clarify
the complex mode of action of MMRi62-like compounds. Importantly, this work demonstrates
p53-independent, multi-pathway-mediated cell death in melanoma models, including those resistant
to BRAF inhibitors, thereby providing mechanistic validation for a class of compounds often viewed
with skepticism. These findings offer an important framework for the rational evaluation of
polypharmacological small molecules and support their potential utility in addressing drug resistance
in cancer therapy.

Stilzen and coauthors provide detailed structural insights into salinosporamide, a mediated
inhibition of the human 20S proteasome. Using high-resolution cryo electron microscopy, the authors
elucidate how this marine-derived y-lactam f-lactone compound covalently modifies the catalytic
subunits of the proteasome. The resulting structures define the molecular basis of irreversible
proteasome inhibition and underscore the continued relevance of natural products as sources of
structurally unique and mechanistically informative small molecule modulators.

The remaining contributions further broaden the scope of this Reprint by presenting
integrated biophysical and computational analyses of tryptase inhibitors, studies on LXR-driven
regulation of oxylipin formation during macrophage polarization, and the discovery of novel GLI1
inhibitors targeting Hedgehog signaling. Additionally, the articles review recent advances in nitro
heteroaromatic compounds for hypoxia-selective cancer therapy and imaging, examine moonlighting
enzymes as unconventional cancer targets, and summarize progress in naturally occurring PCSK9
inhibitors for cardiovascular disease. Collectively, these original research studies and comprehensive
reviews reflect the multidisciplinary nature of modern small molecule discovery.

Overall, this Reprint highlights how advances in chemistry, structural biology, biophysics, and
chemical biology are converging to enable the identification and modulation of emerging therapeutic
pathways. It is intended for researchers in medicinal chemistry, chemical biology, and related
biomedical fields who seek mechanistic insights and innovative strategies for small-molecule-based

drug discovery.

Yujun Zhao
Guest Editor
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Anticancer Quinolinol Small Molecules Target Multiple

Pathways to Promote Cell Death and Eliminate Melanoma

Cells Resistant to BRAF Inhibitors

Xinjiang Wang "*, Rati Lama !, Alexis D. Kelleher 2, Erika C. Rizzo 2, Samuel L. Galster 2, Chao Xue 3, Yali Zhang 4,
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Abstract: Small molecule inhibitors that target the E3 ligase activity of MDM2-MDM4
have been explored to inhibit the oncogenic activity of MDM2-MDM4 complex. MMRi62
is a small molecule that was identified using an MDM2-MDM4 E3 ligase-based high
throughput screen and a cell-death-based secondary screen. Our previous studies showed
that MMRi62 promotes MDM4 degradation in cells and induces p53-independent apoptosis
in cancer cells. However, MMRi62 activity in solid tumor cells such as melanoma cells,
especially in BRAF inhibitor resistant melanoma cells, have not been explored. Although its
promotion of MDM4 degradation is clear, the direct MMRi62 targets in cells are unknown.
In this report, we show that MMRi62 is a much more potent p53-independent apoptosis
inducer than conventional MDM2 inhibitors in melanoma cells. A brief structure-activity
study led to development of SC-62-1 with improved activity. SC-62-1 potently inhibits
and eliminates clonogenic growth of melanoma cells that acquired resistance to BRAF
inhibitors. We developed a pair of active and inactive SC-62-1 probes and profiled the
cellular targets of SC-62-1 using a chemical biology approach coupled with IonStar/nano-
LC/MS analysis. We found that SC-62-1 covalently binds to more than 15 hundred proteins
in cells. Pathways analysis showed that SC-62-1 significantly altered several pathways
including carbon metabolism, RNA metabolism, amino acid metabolism, translation and
cellular response to stress. This study provides mechanistic insights into the mechanisms of
action for MMRi62-like quinolinols. This study also suggests multi-targeting compounds
like SC-62-1 might be useful for overcoming resistance to BRAF inhibitors for improved
melanoma treatment.

Keywords: MMRIi62; quinolinol; MDM2-MDM4; E3 ligase; cell death; targets; chemical robe

1. Introduction

Small-molecule inhibitors targeting cancer-driver protein kinases and enzymes consti-
tute a majority of the targeted therapies approved by FDA in the past decades [1]. These
targeted therapeutics are designed to target the interfaces in ATP binding pockets, domains
of kinase activation, catalytic domains of enzymes or ligand binding for inactivation of
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the kinase activity that drives the cancerous cell proliferation. Although significantly im-
proved cancer treatment for many cancer types, these therapies without exception face
three challenges: low responsive rate, short-lived efficacy and drug resistance. Low respon-
sive rate may be caused by additional genetic alterations in addition to the alterations in
the intended drug targets in different patients. Short-lived efficacy is often intertwined
with drug resistance that includes intrinsic and acquired drug resistance. The intrinsic
drug resistance can be mediated by tumor cell heterogeneity, differential expression of
efflux pump, and tumor microenvironment, while acquired resistance of initial responsive
cancer cells can be gained through distinct mechanisms including gene mutation and non-
genomic alteration of the targeted signaling pathways [2]. For example, acquired resistance
to first and second-generation EGFR inhibitors in lung cancer can be conferred by point
mutations such EGFR T790M mutation and resistance to third-generation EGFR inhibitors
can be conferred by EGFR C797S mutation [3]. In the case of mutant BRAF inhibitors
in melanoma, the acquired resistance is conferred by mechanisms involving genetic and
epigenetic changes that activate different signaling pathways such as MAPK to bypass
the effect of BRAF inhibition [4]. Likewise, inhibitors targeting MDM2-p53 interaction
for p53-based therapies face resistance mechanisms involving mutations in p53 and other
components of the p53 pathway [5-7] including MDM4 overexpression [8-10].

Despite our understanding of the various resistance mechanisms, the root cause of
the limited efficacy of targeted therapies is lack of potent cell killing effect. This is because
most drug targets for targeted therapies are mutated or deregulated kinases or enzymes,
whose inactivation most likely results in reduced proliferation rather than cell death. While
reduced proliferation prolongs progression-free survival, it allows cancer cells to rewire
to alternative pathways or the treatment pressure selects resistant cancer populations.
Eventually, the once-shrank tumors adapt the blockade by the targeted therapies leading to
regrowth of more aggressive subtypes. In case of targeting MDM2 for p53-based cancer
therapy, drug response to MDM?2 inhibitors may differ significantly in terms of whether
apoptosis or growth arrest is the major endpoint. This is because p53 plays a differential
effect in apoptosis and cell cycle arrest in different cell types, with mainly apoptosis
in leukemic or lymphoma cells and mainly growth arrest in fibroblasts and other cell
types [11]. Indeed, MDM2 inhibitors induced a mixture of apoptosis and growth arrest in
cancer patients in clinical trials [12,13].

To identify inhibitors that target the oncogenic activity of MDM2 with better cell
killing activity, we used a unique approach for screening the lead compound. Our strategy
was to first identify small molecules that target the RING domain of MDM?2 which carries
the E3 ligase activity and then use apoptosis assay in the secondary screen of primary hits
identified by the biochemical screening [14]. This strategy is based on findings that the
RING domains of both MDM2 and MDM4 are essential for p53 regulation in vivo [15-17]
and that the E3 ligase activity of MDM2-MDM4 RING heterodimers is required for both
P53 regulation in vivo and p53-independent cell cycle regulation [18]. Using this strategy;,
we identified MMRIi62 that modulates the E3 ligase activity of MDM2-MDM4, promotes
MDM4 degradation in cells and potently induces p53-independent apoptosis in leukemic
cells [19] and ferroptosis in pancreatic cells [20]. Although MMRi62 hits the intended
targets of MDM2-MDM4 complex, it is not clear how MMRi62 potently induces cancer cell
death in different death mode. In this study, we report that MMRi62 has advantages over
conventional MDM?2 inhibitors in cell death induction in melanoma cells and SC-62-1 as
MMRIi62 derivatives has improved activity and is useful in eliminating melanoma cells
with acquired resistance. We also report the results of SC-62-1-targeted pathways using
SC-62-1 chemical probes and quantitative proteomics.
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2. Results and Discussion

2.1. MMRi62 Has Advantage of Preferential Induction of Apoptosis over MDM2-p53 Inhibitors in
Melanoma Cells

Our previous study showed that MMRi62 induces MDM4 degradation and p53-
independent apoptosis in leukemic cells [19]. We asked if this pro-apoptotic activity of
MMRi62 also takes place in solid tumor cells such as melanoma cells. We used A375 and
p53-knockdown shp53-A375 cells and treated them with either MMRi62 or AMG232, a
potent MDM2 inhibitor that specifically disrupts MDM2-p53 interaction [21] as a com-
parison in anti-proliferation assays. Our results showed that MMRi62 and AMG232 had
comparable ICsy values in A375 cells, but MMRIi62’s anti-melanoma activity was not af-
fected by p53 knockdown since A375 and shp53-A375 had similar ICsgs (Figure 1A,B). In
contrast to MMRi62, AMG232 showed a 40-fold reduced activity in shp53-A375 cells as
compared to A375 cells (Figure 1B). These data demonstrated that the anticancer activity
of AMG232 is p53-dependent and MMRi62’s activity is p53-independent, although both
compounds induced p53 accumulation in A375 cells (Figure 1C,D). In contrast to AMG232,
MMRi62-treated cells showed strong MDM4 downregulation in both A375 and shp53-A375
cells. MMRi62 treatment induced fast and strong apoptotic PARP cleavage (cPARP) in
A375 cells at 24 h while AMG232 induced cPARP in A375 cells only after 48 h treatment
(Figure 1C-E). MMRi62-induced cPARP was much weaker in shp53-A375 cells than in
A375 cells, suggesting a major p53-dependent apoptosis mechanism was triggered in A375
cells. However, the MMRi62-induced p53-independent apoptosis was sustained up to 72 h
in MMRi62-treated shp53-A375 cells (Figure 1C,F). Given that MMRi62 had similar ICs
values in A375 and shp53-A375 cells but with different levels of apoptosis, MMRi62’s anti-
melanoma activity must involve multiple death modes including p53-dependent apoptosis,
p53-independent apoptosis and non-apoptotic cell death.

2.2. 5C-62-1, an MMRi62 Derivative with Improved Activity

A previous SAR study on MMRi62 and MMRi67 identified the critical role of the
quinolinol’s hydroxyl moiety in anti-proliferation activity of these molecules [22]. Opti-
mization of MMRIi62 led to development of SC-62-1. We synthesized the methoxy coun-
terparts of MMRi62 (MMRi62Me) and SC-62-1 (SC-62-1Me) and tested them together in
A375 melanoma cells. Our results reached the same conclusion that hydroxyl group of
MMRIi62/SC-62-1 is essential for its activity since their methoxy counterparts lost activity
(Figure 2). The calculated CLogP of SC-62-1 is 2.13, placing it in the realm of the mean value
of ClogP for approved drugs, which has stayed consistently at 2.3-2.6 over a long period of
time [23]. By replacing a chloro substituent with its bioisosteric nitrile [24] in the structure
of SC-62-1, we have improved the water solubility over MMRi62 whose calculated CLogP
is 3.42. To assess whether SC-62-1 is less toxic to non-cancer cells, we tested SC-62-1 in
immortalized human keratinocytes HaCaT cells and obtained an ICsy of 0.61 £ 0.13 pM
which is 5-fold higher than that of A375 cells, suggesting that SC-62-1 has limited degree of
selectivity for melanoma cells over immortalized keratinocytes. We noticed that HaCaT
cells grew as fast as A375 cells in culture which might suggest that SC-62-1 toxicity to
HaCaT cells may be related to its cancer-like fast proliferation.
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Figure 1. Westen Blot analysis of MMRi62 and AMG232 for the effect on MDM2, MDM4, p53 and
cleaved PARP induction. (A,B) Dose response curves in the presence of MMRi62 (A) or AMG232
(B) for A375 and shp53-A375 cells. ICsps are shown at the bottom. The representative data of three
independent experiments were shown and the IC5j values were obtained from three independent
experiments. (C,D) WB analysis of MDM2, MDM4, p53 and cleaved PARP (cPARP) induction in A375
and shp53-A375 cells treated with MMRi62 (C) or AMG232 (D) for 24 h (E). WB analysis of MDM2,
MDM4, p53 and cleaved PARP (cPARP) induction in A375 treated with AMG232 or MMRi62 for 48 h
and 72 h (F), WB analysis of cleaved PARP (cPARP) and p53 in shp53A375 cells treated with AMG232
or MMRIi62 for 48 h and 72 h. Tubulin is the protein loading control. The intensities of cPARP and
tubulin bands in (C,F) were quantified by Image]1.54P software and fold increases in cPARP over
untreated control shown under cPARP WB were obtained after normalization against tubulin.
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Figure 2. Chemical structure and antiproliferative activity of MMRi62, SC-62-1 and their inactive
counterparts. Top: Chemical structures of MMRi62, MMRi62Me, SC-62-1 and SC-62-1Me. Bottom:
The IC5p of MMRi62 and SC-62-1 in A375 cells.

2.3. 5C-62-1 Prevents Appearance of Drug Resistance and Effectively Kills Melanoma Cells with
Acquired Resistance to BRAF Inhibitors

Like most kinase inhibitors, BRAF inhibitors (BRAFi) such as Vemurafinib (Vem) potently
inhibit growth of BRAFV600E mutant melanoma cells but do not eliminate them by cell death.
A substantial population of resistant cells or drug-resistant persisters survives the BRAFi
treatment and lead to disease progression [25,26]. To know how SC-62-1 affects the drug-
resistant persisters in melanoma, we performed experiments with continuous drug exposure
of A375 cells for 2 weeks with either Vem or SC-62-1 in cell culture by replacing the medium
with fresh drug-containing medium every 3 days. The drug-resistant persisters always existed
in Vem-treated plates. Vem up to 4 uM (33 x ICsy dose) could not eliminate the persister cells.
In contrast, SC-62-1 at 1 uM eliminated persisters (Figure 3A, microscopy images of crystal
violet stained cells, top vs. middle). SC-62-1-Vem combination at 1:1 ratio eliminated Vem-
resistant persisters at 2 and 4 uM but failed at 1 uM, suggesting synergism at doses higher than
2 uM. We readily established Vem-resistant cell lines (A375VemR cells) by a stepwise increase
in Vem concentration in cell culture. The A375VemR cells acquired Vem resistance by a ~180-
fold increase in the IC5( value. However, the A375VemR cells showed only little resistance to
SC-62-1 with just a ~1.3-fold ICs( change in the ICs( value compared to A375 cells (Figure 3B).
Importantly, A375VemR cells remained sensitive to SC-62-1. Exposure of A375VemR cells to
SC-62-1 or SC-62-1-Vem combo at >4 uM for 8 days completely wiped out these cells, but
Vem alone at 4-to-16 puM failed to do so (Figure 3C). The results of the antiproliferation assay
indicated that the SC-62-1-Vem combinations generated strong synergisms in the A375VemR
cells in a wide range of drug concentrations with inhibition levels higher than 40% (Figure 3D).
The combination reached strong synergism level at effect levels >90% inhibition with a CI < 0.3.
These data suggest that SC-62-1 can prevent the development of resistance and eliminate the
resistant to Vem treatment cells on its own or with Vem at doses higher than 2 uM.

2.4. Design, Synthesis and Chracterization of SC-62-1 Probes

The capability of MMRi62 and SC-62-1 in inducing cancer cell death made them attrac-
tive tool compounds for uncovering the molecular basis of cancer cell killing. To identify
MMRi62/SC-62-1's direct targets beyond the induced MDM4 degradation, we used an un-
biased approach for profiling cellular targets with MMRi62/SC-62-1 probes coupled with
quantitative proteomics.

Quinolinol Betti bases like MMRi62/SC-62-1 are synthesized via a three component
Betti reaction involving condensation of 8-hydroxyquinoline, an aromatic aldehyde and 2-
aminopyridine (Figure 4A). We hypothesized that quinolinols act as covalent inhibitors as
their primary mechanism of action (MOA) via a retro-aza-Michael-quinone-methide mecha-
nism [27,28]. The reactive quinone methides target cysteine side chains of cellular proteins
for covalent bonding which may alter the enzymatic activity or structural function of their
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targets (Figure 4B). The potential targets of quinone methides can be broad including key
enzymes in various pathways required for cancer cell growth and survival whose inactivation
should trigger cell death due to cellular stress in different cancer types. This establishes a
rationale that the quinolinol Betti bases may compensate the limitations of kinase targeted
therapies by targeting multiple pathways to trigger cell death as an endpoint. In fact, about
30% of the marketed drugs are covalent inhibitors including tamoxifen and other targeted
therapies [29-31]. To identify targets for covalent binding of SC-62-1 predicted by our hypo-
thetical MOA, we designed and synthesized the SC-62-16/SC-62-16Me pair of probes where
SC-62-16 is the active compound and SC-62-16Me is the inactive counterpart (Figure 4C). This
pair of probes used an alkyl azide on C(5) for a “Click” reaction to crosslink the probe with
alkyne-functionalized beads for pulldown of probe-bound proteins [32]. As expected, SC-62-
16 was active in A375 cells with an ICs( of 1.36 pM and promotes MDM4/MDM?2 degradation
while SC-62-16Me was inactive with an ICsy of 134 uM without inducing MDM4/MDM?2
degradation (Figure 4D,E). Therefore, SC-62-16Me is a good negative control for identifying
off-targets of SC-62-1 not involved in anticancer mechanisms. As expected, downregulation of
MDM4 by SC-62-16 is accompanied with p53 accumulation up to 5 uM. However, both MDM4
and p53 were downregulated by 10 uM SC-62-16. We speculate that lower concentrations of
SC-62-16 below 5 uM induced specific effect on MDM4-p53 axis while high concentrations of
SC-62-16 at 10 uM or above caused inhibition of both MDM4 and p53 expression. A moderate
degree of apoptotic PARP cleavage was induced by 5 tM and 10 uM of SC-62-16 without clear
dose-dependency, suggesting that apoptosis is only a part of involved death mechanisms and
higher concentrations of the compound tend to trigger non-apoptotic endpoints.
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Figure 3. Effect of SC-62-1 and its combinations with Vemurafinib (Vem) on survival and proliferation
of melanoma cells and Vem-resistant cells in vitro. (A) Microscopy images of crystal violet stained A375
cells after 2 week exposure to 1, 2, 4 uM Vem, SC-62-1 or their combinations. (B) Dose response curves of
Vem-resistant A375 cells (A375VemR) with acquired resistance. (C) Microscopy images (top) and whole
plates of crystal violet stained A375VemR cells after 8 day exposure to 4, 8, and 16 pM Vem, SC-62-1 or
their combinations. (D) Combination index diagram obtained for SC-62-1-Vem combinations. CI <1,
synergism, CI = 1, additive, CI > 1, antagonism. Arrowheads indicate that the higher the CI values above
1, the more antagonistic they are, while the smaller the CI values below 1 toward zero, the more synergistic
they are.
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Figure 4. Synthesis of SC-62-1 and azide probes, hypothetical mechanisms of action of SC-62-1 and
molecular characterization of azide probes. (A) Synthesis of quinolinol Betti base SC-62-1. (B) Hy-
pothetical MOA for SC-62-1 as covalent inhibitors of target proteins via quinone methide to alkylate
target proteins. (C) Synthesis routes for SC-62-16 and SC-62-16Me. (D) Anti-proliferation assays in
A375 cells treated with SC-62-16 and SC-62-16Me for 72h. ICs values of the indicated compounds are
shown. (E) Western blot analysis of SC-62-16 and SC-62-16Me effect on MDM4/MDM2 degradation and
apoptotic PARP cleavage induction in treated A375 cells for 24 h. GAPDH is the protein loading control.

2.5. Identification of SC-62-16 Bound Proteins and Implicated Biological Pathways

We optimized a pulldown protocol in which biotin-PEG4-alkyne was used in click
reaction [33,34] to tag a biotin moiety to SC-62-16/SC-62-16Me molecules that are covalently
bound to proteins in treated cells, followed by pulldown of the biotin-tagged probe and
its bound proteins by streptavidin-magnetic beads. The identities of proteins bound to
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the probes were then identified by quantitative IonStar/nano-LC/MS (Figure 5A). We
treated A375 cells at 10 uM for 4 h before apoptosis occurs. Using 10 uM of the compounds
ensured catching all possible SC-62-1 targets since this concentration induced strong MDM4
degradation and cell death at 24 h post-treatment (Figure 4E).
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Figure 5. Identification of SC-62-16 bound proteins and targeted pathways. (A) Diagram for the
optimized procedure of pulldown of SC-62-1-bound proteins. (B) Number of SC-62-16-bound proteins
and their distributions in different categories. (C) Results of pathway analysis of the SC-62-16-bound
proteins. The top 11 significantly altered pathways in using KEGG and REACTOME database are
shown. (D) List of 11 pathways that are significantly impacted by SC-62-1.
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Our approach worked well since the negative control compound SC-62-16Me did
not bring down any proteins while SC-62-16 brought down more than 1500 proteins
(Figure 5B). More than 600 of the SC-62-16-bound proteins are enzymes. These proteins
are classified in several biochemical/biological categories including RNA metabolism,
mitochondrial function, ubiquitin proteasome system, protein translation, DNA repair
and checkpoint, cell migration, cell cycle and mitosis and DNA replication. When the
sequences of these proteins were subjected to pathway analysis using KEGG [35] and
REACTOME database [36], it was revealed that the significantly altered pathways include
those for carbon metabolism, RNA metabolism, amino acid metabolism, RNA splicing,
protein translation and cellular stress response (Figure 5C,D).

When the SC-62-16-bound proteins were grouped by biological processes or functions
in a common pathway and ranked by the protein numbers of each group, they could be
classified into six groups as shown in Table 1. RNA metabolism was in the number one
ranked category with a total of 124 proteins including 87 RNA binding proteins such as
SUB1, FUS, EWSR1, RBMX, RRP43, DDX17, .. .etc. (Table 1), and 37 proteins in mRNA
splicing including SF3B1, SF3A1, RBM39, SE3B4, PRPFS, U2AF], .. .etc. (Table 1).

The second highest group impacted mitochondrial function, with a total of 94 proteins
including 50 metabolic enzymes, namely, NDUFV1, MTHFD2, PYCR1, MCAT, GPD2,
GSR, PPA2, .. .etc. (Table 1), and 44 proteins for mitochondrial tRNA metabolism and
mitochondrial maintenance including VARS2, VARSL, MARS2, APEX1, HAP1, IARS2,
WARS2, AFG3L2, MRM1, CARS2, REXQO2, .. .etc. (Table 1).

Table 1. SC-62-16 covalent binding proteins.

II;Ztr}\llZ\i’;; Pathway Name II:ITI:SZ PROTEIN Names (Some Are Partial List)

1 RNA metabolism 124 87 RNA binding proteins such as SUB1, FUS, EWSR1, RBMX, RRP43, DDX17,
DDX9, ADAR, SRB, RNH1, LUC7L2, ILF3, UBAP2L, SERBP1, KHDRBS1, NONO,
IGF2BP2, SRRT, FTS]3, MED23, RBM4, RCL1, EXOSC3, SYNCRIP, DHX30, EBP2,
REXO2, ZFR, DDX]1, ...
37 mRNA splicing such as SF3B1, SF3A1, RBM39, SF3B4, PRPFS, U2AF1, SCAF11,
SF1, SFRS19, SRSF9, SRSF4, SFRS18, SF4, SFRS14, SFPQ, SRSF1, SRSF2, SRSF7,
SRSF3, SPF45, SAP145, PRPF4, SRRM?2, ...

2 Mitochondrial 94 50 metabolic enzymes such as NDUFV1, MTHFD2, PYCR1, MCAT, GPD2, GSR,

PPA2, PC, PCCA, MDH2, SHMT2, GOT2, ECHS1, IDH3A, CS, MCCC1, UQCRC1,

SUCLG1, ALDH2, ECH1, HAGH, FH, IVD, ACAT1, ACADVL, DBT,

SUCLG2, PDHB, CPOX, DLAT, AK2, PDHA1, COQ7, PDHX, HIBADH,

SDHB, PRDX3, ATP5F1A, UQCRC2, ATP5F1B, NDUFS1, PGAMS,

ATP5PB, HSD17B10, HADHB, GLS, ATP5PO, DLST, MECR, OGDH,,. . ..

10 for mitochondrial tRNA metabolism: VARS2, VARSL, MARS2, IARS2,

MRM1, CARS2, REXO2, TARS2, RPUSD3, WARS2.

34 proteins for mitochondrial maintenance: APEX1, HAP1, WARS2, AFG3L2,

TOMMY70, PMPCB, CLPB, HSPD1, HSPA9, SLC25A24, SCAMC1, MTCH?2,

TUFM, ETFA, LRPPRC, SLC25A3, SSBP1, SLC25A22, HSPE1, DAP3, VDAC2,

VDACI1, MRPS27, CCDC51, MTX1, MRPS5, TMEM126B, TMEM11, IMMT,

MINOS2, LETM1, MAVS, CYCS, DNMI1L.
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Table 1. Cont.

Pathway Proteins

Ranking Pathway Name Number PROTEIN Names (Some Are Partial List)

Protein L .
3 degradation 55 18 ubiquitin E3 ligases:

TRIM25, ARIH1, ARIH2, RNF20, CBL, HECTD1, HUWE1, TRIM18, RAD18,

RBBP6, RNF113A, RNF149, RNF220, RNF34, RNFT2, TRIP12, UBR1, UBR4

5 ubiquitin-conjugating enzymes: UBE2D2, UBE2D3, UBE2L3, UBE2N, UBE2Z,

4 deubiquitinases: USP47, USP5, USP7, USP9

28 proteasome components: PSMD4, PSMB2, PSMB6, PSMB4, PSMB1, ECPAS,

PSMAG6, PSMA1, PSMB7, PSMD2, PSMA3, PSMD7, PSMD13, PSMA2, PSM(4,

PSMC6, PSMDS8, PSMB5, PSMAS5, PSMD11, PSMC3, PSMD1, PSMC1, PSMD4,

PSMA7, PSMC2, PSMA4, PSMD12.

4 Protein 50 18 translation initiation factors: EIF3A, EIF6, EIF3G, EIF5A, EIF4G1, EIF5, EIF3I,
translation

EIF2S2, CDC123, EIF5B, EIF2S3, EIF3D, EIF3H, EIF3B, EIF3K, EIF4G3, EIF4G2,

EIF4B.

22 tRNA ligases, RARS1, VARSI, YARS1, AARS], IARS1, EPRS1, TARS2,

QARS1, HARS1, MARS1, WARS2, FARSB, IARS2, MARS2, AARS2, TARS1,

SARSI, CARS1, NARS1, GARS1, WARS1, FARSA.

10 ribosome proteins: GCN1, RRBP1, BMS1, NIP7, BOP1, MRTO4, LRRC59,

GCN1, TMA7B, EEF1D.

5 DNA repair and 18 RAD50, RAD23B, TREX1, MSH6, ERCC6L, RAD18, ERCC5, XRCC6, MRE11,

checkpoint

APEX1, MMS19, BUB3, SMC2, MDC1, TP53BP1, FANCI, BRAT1, TOP1.
response

6 Cell migration 12 AGRIN, RAC1, MIG8, NUDC, MIG10, MYH9, RHOC, GIT1, ARHGAP34,

ARHGAP17, ARHGDIA, MYL6B.

The third group targets protein degradation, with a total of 55 proteins that include 18
ubiquitin E3 ligases, TRIM25, ARIH1, ARIH2, RNF20, CBL, HECTD1, HUWE1, TRIM18,
RAD18, RBBP6, RNF113A, RNF149, RNF220, RNF34, RNFT2, TRIP12, UBR1, UBR4, 5 E2
ubiquitin-conjugating enzymes, UBE2D2, UBE2D3, UBE2L3, UBE2N, UBE2Z, 4 deubiq-
uitinases, USP47, USP5, USP7, USP9 and 28 proteasome components including PSMD4,
PSMB2, PSMB6, PSMB4, PSMB1, ECPAS, PSMA6, PSMA1, PSMB7, PSMD2, PSMA3,
PSMD7, PSMD13, PSMA2, PSMC4, PSMC6, PSMDS8, PSMBS, . . .etc. (Table 1).

The fourth group impacts protein translation, with a total of 50 proteins including
18 translation initiation factors including EIF3A, EIF6, EIF3G, EIF5A, EIF4G1, EIF5, . . .etc.
(Table 1), 22 tRNA ligases including RARS1, VARS1, YARS1, AARS1, IARS1, EPRS1, TARS2,
QARS], .. .etc. (Table 1), and 10 ribosome proteins including GCN1, RRBP1, BMS1, NIP7,
BOP1, MRTO4, LRRC59, GCN1, TMA7B, EEF1D. The fifth group contains 18 proteins
involved in DNA repair and the DNA damage checkpoint response (RAD50, RAD23B,
TREX1, MSH6, ERCC6L, RAD18, ERCC5, XRCC6, MRE11, APEX1, MMS19, BUB3, SMC2,
MDC1, TP53BP1, FANCI, BRAT1, TOP1) and the last group is involved in cell migration
and contains 12 proteins (AGRIN, RAC1, MIGS8, NUDC, MIG10, MYH9, RHOC, GIT1,
ARHGAP34, ARHGAP17, ARHGDIA, MYL6B) (Table 1).

Although our findings suggest that SC-62-1 alkylates ~1500 proteins in cells, the effect
of alkylation on individual proteins is difficult to assess without further study of their effect
on downstream components of their involved pathways. We speculate that the effect on the
function of individual proteins can vary significantly and not all these potential alkylation

10
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events have negative impact on the function of target proteins. For example, there were
28 proteasome components among the targets, the collective effect of their inactivation
on the proteasome activity could be significant and result in severe defect in proteasomal
degradation of ubiquitinated proteins such as MDM4. However, MMRi62 and SC-62-16
but not SC-16Me induced fast proteasomal degradation of MDM4 as we showed in this
study (Figures 1 and 4E). These results suggested that the proteasome function was not
defective at least for the induced proteasomal degradation of MDM4, despite that many of
the proteasome components were alkylated by MMRi62 and SC-62-16. This suggests that
while this target profile of SC-62-1 provides a comprehensive list of potential drug targets,
only a limited number of protein targets have a meaningful consequence upon alkylation
and are responsible for the drug effect. It appears that SC-62-1-mediated alkylation does
not occur by random contact with SH-group since simply mixing SC-62-1 and glutathione
in deuterated DMSOdg and heating at 37 °C for 24 h did not produce any change in the
'H NMR spectrum of SC-62-1, which may indicate that alkylation occurs primarily inside
proteins, possibly facilitated by acid/base catalysis and “intramolecularity”.

A genetic screen for enriched genes in cells surviving SC-62-1 treatment might help sort
out the targets that are responsible for the drug response [37]. Nevertheless, we speculate
that SC-62-1 must have inactivated multiple key proteins and touched multiple pathways
that prevent cells from overcoming the collateral damage. Based on the phenotypical effect
of cell killing and the target profile of SC-62-1, we propose a working model as a possible
mechanism of action for SC-62-1, shown in Figure 6. This model proposes that SC-62-1
acts as a multi-targeting alkylating agent. Through alkylating its target proteins, SC-62-1
not only induces proteasomal degradation of MDM4 and lysosomal degradation of FTH1,
but also alters multiple pathways including RNA metabolism, mitochondrial function,
protein translation and regulated protein degradation by proteasomes. The collective
effect of its action creates overwhelming stressful state that cancer cells cannot overcome
leading to p53-independent cell death in form of apoptosis in apoptosis-default cell types
such leukemic cells or ferroptosis in ferroptosis-default cell types such as pancreatic and
melanoma cells.

In summary, this study reports that quinolinol derivatives like MMRi62 and SC-
62-1 preferentially induce cancer cell death compared to specific MDM2 inhibitors and
BRAF inhibitors. They induce proteasomal degradation of MDM4 [19] and lysosomal
degradation of FTH1 [20] but also target multiple other fundamental pathways for cell
death induction. These compounds lack the specificity of conventional targeted therapies,
a weakness measured by the concept of targeted therapies. However, pursuit of high
specificity comes at the cost of short-lived efficacy and drug resistance, which is a well-
established phenomenon for all targeted therapies. This limitation of targeted therapies
lies in the capability of cancer cells easily bypassing the blockade of very specific drugs
by mutating the well-defined interface or rewiring the affected signaling pathways. In
fact, Mencher and Wang decades ago proposed that promiscuity of drugs can be a virtue
compared to selective drugs [38]. Promiscuity has also been explored to overcome drug
resistance to HIV-1 protease inhibitors [39]. In a recent study, 54 of 62 FDA-approved
kinase inhibitors including Gleevec were reported to be promiscuous inhibitors with loose
specificity of targeting at least two or more kinases. More interestingly, the study found
that the more promiscuous type II inhibitors showed better pharmacodynamics than more
specific type I inhibitors [40]. Therefore, it is not the specificity but the general toxicity
and pharmacodynamics of a compound that determine its favorable therapeutic window.
The toxicity of SC-62-1 is acceptable since its maximum tolerated dose in Scid mice is
60 mg/kg given every other day by intraperitoneal (I.P.) injection. We tested SC-62-1 for
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its in vivo efficacy in monotherapy in subcutaneous models of melanoma A375Luc in Scid
mice at 57 mg/kg LP. every other day and achieved ~50% reduction in tumor burden
with body weight changes within 5%. However, due to small mouse number and large
individual variation in tumor size, the results did not reach statistical significance. Future
studies with a larger number of mice and development of derivatives with improved cancer
cell selectivity will inform the potential of these quinolinol compounds as a new class of

anticancer agents.
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Figure 6. Proposed model for MOA of SC-62-1 in induction of cancer cell death. SC-62-1’s anticancer
activity is via production of quinone methide which alkylates many target proteins. Its downstream
effect includes induction of proteasomal degradation of MDM4 protein and lysosomal degradation
of FTH1 and significant alteration of the pathways including RNA metabolism, carbon metabolism,
mitochondprial function, protein translation and protein degradation. Collectively, induction of
changes in these pathways by SC-62-1 creates overwhelming cellular stress that cannot be resolved,
thus leading to p53-independent cell death.

3. Materials and Methods
3.1. Representative Chemistry Methods

(£)-2-Chloro-3-((8-hydroxyquinolin-7-yl)(pyridin-2-ylamino)methyl) benzonitrile
(SC-62-1)

To a 250 mL round bottomed flask equipped with a magnetic stir bar, 2-chloro-3-
cyanobenzaldehyde (1.00 g, 6.04 mmol) was added along with 2-aminopyridine (568 mg,
6.04 mmol). 50 mL of absolute ethanol was added to the flask and the mixture was stirred
until solids fully dissolved, at which point 8-hydroxyquinoline (1.05 g, 7.25 mmol) was
added. The reaction flask was heated to 90 °C and refluxed for 24 h during which an
off-white solid precipitated. The solution was allowed to cool to room temperature and to
stand for several hours, then the resulting solid was isolated by filtration, giving SC-62-1
(1.75 g, 75% yield) as an off-white powder. Mp = 190-192 °C; 'H NMR (300 MHz, CDCl3) &
8.77(d,J]=3.0Hz 1H),8.13(d, ] =7.2 Hz, 1H), 8.09 (d, ] = 4.1 Hz, 1H),7.97 (d, ] = 7.9 Hz,
1H),7.59 (d, ] = 6.4 Hz, 1H), 7.50-7.26 (m, 6H), 6.70 (d, | = 6.4 Hz, 1H), 6.66—6.57 (m, 1H),
6.36 (d, ] = 8.4 Hz, 1H), 5.55 (d, ] = 6.2 Hz, 1H); 13C NMR (75 MHz, CDCl3) § 157.2, 149.8,
148.3, 141.5, 138.2, 137.7, 136.1, 136.0, 133.0, 132.9, 127.9, 127 .4, 127.0, 122.2, 120.6, 117.9,
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116.2,114.3, 114.0, 107.1, 53.6; IR (neat film): 3346, 2923, 2233, 1600, 1571, 1517, 1501 cm~;
HRMS (ESI) calculated for CooH76CIN4O [M + HJ*: 387.1016, found 387.1007.

(:£)-N-(2-azidoethyl)-2-(7-((2-chloro-3-cyanophenyl) (pyridin-2-ylamino)methyl)-8-
hydroxyquinolin-5-yl)-N-methylacetamide (SC-62-16)

(Note: The 3-component Betti reaction above did not work for this 5-substituted-8-
hydroxy quinoline, it is much less reactive than 8-hydroxy quinoline). To a 10 mL reaction
tube, the imine 3 (42 mg, 0.18 mmol) was added, followed by the amide 2 (40 mg, 0.14 mmol,
0.8 eq.) dissolved in PhCF3 (0.5 mL). The squaramide catalyst 3 (8 mg, 0.039 mmol, 0.1 eq.)
was also added to the reaction tube. Flame-dried 4 A molecular sieves (30 mg) were added,
and the reaction tube was sealed and kept in a dark environment at 105 °C for 5 days.
The reaction mixture was cooled to rt, diluted with CH,Cl,, and filtered through Celite
then concentrated to a crude mixture. The crude was then recrystallized from MeOH to
yield 42 mg of SC-62-16 as light brown crystals in 40% yield. The NMR data indicates the
presence of amide rotamers due to hindered rotation. Mp = 162-164 °C; H NMR (400 MHz,
CDCl3) 5 8.79 (dd, ] =4.2, 1.5 Hz, 1H), 8.36 (ddd, ] = 14.3, 8.6, 1.5 Hz, 1H), 8.08 (ddd, ] = 5.0,
1.9,0.8 Hz, 1H), 7.94 (dt, ] = 7.9, 2.5 Hz, 1H), 7.59 (dd, ] = 7.7, 1.6 Hz, 1H), 7.49 (ddd, ] = 8.6,
4.2,1.6 Hz, 1H), 7.45-7.30 (m, 2H), 7.25 (s, 1H), 6.69 (dd, | = 6.5, 2.4 Hz, 1H), 6.61 (ddd,
J=7.2,5.0,0.9 Hz, 1H), 6.38 (d, ] = 8.4 Hz, 1H), 5.54 (d, ] = 6.5 Hz, 1H), 4.08-3.91 (m, 2H),
3.51 (t, ] = 5.4 Hz, 2H), 3.47-3.33 (m, 3H), 3.07 (s, 2H), 2.92 (s, 1H); '*C NMR (101 MHz,
CDCl3) 6 170.5, 157.8, 149.3, 148.0, 147.8, 142.9, 138.5, 136.8, 135.4, 133.7, 133.4, 132.8, 127.9,
127.5,122.5,121.7, 120.8, 115.9, 113.8, 113.0, 108.8, 51.8, 51.7, 49.2, 48.7, 48.5, 47.0, 37.2, 36.7,
35.8, 32.5; HRMS (ESI) calculated for Co7H,4CINgO, [M + H]*: 527.1711, found 527.1704.

The full synthesis and characterization details of all new compounds are provided in
the Supplemental Information (SI).

3.2. Biological Assays and Methods
3.2.1. Cell Culture

Melanoma cell line A375 was cultured in DMEM-10% fetal bovine serum, 50 U/mL
penicillin and 50 pug/mL streptomycin. Cell line with stable p53 knockdown shp53-A375
was established using pLKO.1-p53 (purchased from Addgene) (Plasmid #19119) [41] fol-
lowed by puromycin selection at 1 pg/mL for 2 days, then clonal expansion in puromycin-
free medium.

3.2.2. Western Blotting Analysis and Crystal Violet Staining

The Western blotting procedure and the relevant antibodies was described previ-
ously [19]. For crystal violet staining, cell plates were fixed with 4% (w/v) paraformalde-
hyde for 15 min followed by 30 min of staining in 0.1% (w/v) crystal violet solution in 20%
(v/v) Ethanol-80% (v/v) PBS. After rinsing with tap water, the plates were airdried and the
images were taken on Olympus IX73 inverted fluorescence microscope at a magnitude of
20x. The images of whole plates were taken on iPhone.

3.2.3. IC5p Measurement and Analysis

The procedure for measuring ICsy was described previously [19]. Some data were
obtained by Chou-Median-Effect Equation using CompuSynversion 1.0 (CompuSyn.exe)
software [42] and some were obtained by GraphPad (Prism 8) using affected fractions
of compound-treated wells normalized against no-drug control wells with non-linear
regression model.
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3.2.4. Affinity Pulldown and Identification of SC-62-16/SC-62-16Me Covalently
Bound Proteins

The procedure uses 2% (w/v) SDS-PBS lysis buffer to lyse the treated cells followed
by treatment with 10 mM DTT, at 70 °C for 15 min to dissociate all non-covalent protein—
protein interaction and reduce all the disulfide bonds among peptides. Then, the proteins
were precipitated with 100% (v/v) methanol and 20% (v/v) chloroform, then were re-
dissolved in 2% (w/v) SDS-PBS buffer by sonication. Before the “click” reaction, the
samples were treated with iodoacetamide to alkylate sulthydryl groups from further
forming disulfide bonds. After “click” reaction with Biotin-PEG4-alkyne, the biotin-tagged
compound-bound proteins were pulled down with magnetic Streptavidin beads. The
bead-bound proteins were then eluted by 25 mM biotin heated at 95 °C for 5 min.

The click reaction conditions to link Biotin-PEG4-alkyne to SC-62-16 and SC62-16Me
azide were adapted from a report by A. J. Pradhan et al. [43]. The conditions for biotin-
streptavidin lysate preparation and biotin-streptavidin affinity purification and elution of
compound-bound proteins were adapted from the method reported by J. S. Cheah et al. [44].
Biotin-PEG4-alkyne was purchased from Sigma-Aldrich (St. Louis, MO, USA) (cat# 764213-
5MG) and PuroMAG™ Magnetic Beads-Streptavidin were purchased from Luna Nanotech
(Markham, ON, Canada, Cat# MGB-STRP-10). Briefly, A375 cells (20 x 10 cm plates at
90% confluency) were treated with 10 pM SC-62-16 or SC-62-16Me for 4 h. After collecting
the cells in a 50 mL centrifuge tube, they were washed with PBS and resuspended in
25 mL PBS and added 20% (w/v) SDS to final 2% (w/v) SDS-PBS followed by 20 cycles of
sonication (30”-on-30"-off at 30% intensity of output) (Fisher Scientific Sonic Dismembrator
Model 100 from Fisher Scientific, Waltham, MA, USA). Then, the cell lysate was treated
with 10 mM DTT at 70 °C for 15 min. After centrifugation of the lysate at 50,000 g at
20 °C for 2 h, the soluble proteins were precipitated with 1x volume of methanol and
1/5x volume of chloroform with 5 min vigorous vortexing and 10 min centrifugation. After
re-dissolving the proteins in 2% (w/v) SDS-PBS aided with sonication, the soluble protein
solution was treated with 20 mM iodoacetamide for 30 min in darkness. Then, the proteins
were precipitated again with methanol-chloroform and washed with cold methanol and
resuspended in 4% (w/v) SDS-PBS. The 10x click reaction stock reagents were then added,
to make a final concentration of 1 mM CuSQO,4, 1 mM TCEP, 0.25 mM TBTA and 0.25 mM
Biotin-PEG4-alkyne. After a brief vortex, the mixture was incubated at 37 °C for 1 h. Then,
the proteins were precipitated with methanol-chloroform followed by two washes with
methanol with sonication. The proteins were re-dissolved in 3 mL of biotin-streptavidin
lysis buffer (50 mM Tris HCI pH 7.4, 150 mM NacCl, 0.4% (w/v) SDS, 1% (v/v) NP, 1 mM
EGTA and 1.5 mM MgCl,) and underwent 10 cycles of 30 secs-on-30 secs-off sonication
in Sonic Dismembrator followed by centrifugation at maximal speed in a microcentrifuge
to remove insoluble proteins. Then, the biotin-labeled proteins were pulled down with
PuroMAG™ Magnetic Beads-Streptavidin at 100 pL of flurry beads/1 mL protein solution,
rotate the sample tubes overnight at 4 °C. Then, the beads were washed twice with 1 mL of
biotin-streptavidin lysis buffer with vigorous vortexing for 5 min followed by two washes
with 2% SDS-PBS and then two washes with biotin-streptavidin lysis buffer. The proteins
were eluted with two elution with 60 pL of 20 mM biotin in 50 mM Tris pH 8.3 and the
identity of proteins were determined by high-quality and robust protein quantification by
IonStar /nano-LC/MS at proteomics core facility run by Dr. Jun Qu [45] at the New York
State Center of Excellence Bioinformatics and Life Sciences (CBLS), University at Buffalo.
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3.2.5. Pathway Analysis of SC-62-16/5C-62-16Me Covalently Bound Protein

Genes encoding the proteins identified by mass spectrometry in SC-62-16 samples
were used to run pathway enrichment analysis using g:Profiler [46] and functional anno-
tation using DAVID [47,48]. For the pathway enrichment runs, KEGG [35] and Reactome
database [36] were used for the pathway search. The pathways with Benjamini-Hochberg
adjusted p-value < 0.05 were ranked by their p values with the lowest as the top hit.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules30132696/s1, References [49-52] are cited in the
supplementary materials.
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Abstract: The 20S proteasome, a critical component of the ubiquitin-proteasome system, plays a
central role in regulating protein degradation in eukaryotic cells. Marizomib (MZB), also known
as salinosporamide A, is a natural y-lactam-[3-lactone compound derived from Salinispora tropica
and is a potent 20S proteasome covalent inhibitor with demonstrated anticancer properties. Its
broad-spectrum inhibition of all three proteasome subunits and its ability to cross the blood—
brain barrier has made it a promising therapeutic candidate for glioblastoma. In addition to
this, MZB also demonstrates significant inhibition against the 20S proteasome of Trichormonas
vaginalis (Tv20S), a protozoan parasite, suggesting its potential for parasitic treatments. Here,
we present the cryo-EM structure of the human 20S proteasome in complex with MZB at 2.55 A
resolution. This structure reveals the binding mode of MZB to all six catalytic subunits within
the two B-rings of the 20S proteasome, providing a detailed molecular understanding of its
irreversible inhibitory mechanism. These findings enhance the therapeutic potential of MZB for
both cancer and parasitic diseases at the molecular level and highlight marine-derived natural
products in targeting the proteasome for therapeutic applications.

Keywords: 20S; proteasome; marizomib; MZB; cryo-EM

1. Introduction

Marizomib (MZB), also known as salinosporamide A, is a natural y-lactam-{3-lactone
compound isolated from the marine bacterium Salinispora tropica [1]. It is a non-peptidic
20S proteasome covalent inhibitor [1,2] that has garnered significant attention for its potent
anticancer properties and blood-brain barrier permeability [3-5]. This unique capability
makes marizomib particularly promising for the treatment of glioblastoma [3] and other
central nervous system malignancies.

The proteasome is a critical component of the ubiquitin—-proteasome system, which
regulates protein degradation in eukaryotic cells [6,7]. Structurally, the proteasome adopts
a barrel-like architecture consisting of four heptameric rings, each formed by seven « or 3
subunits [8-10]. The inner two rings harbour six catalytically active subunits (31, 32 and (35)
that possess N-terminal threonine residues critical for their enzymatic function [11]. Despite
the conserved architecture of these active sites, the substrate binding pockets preferentially
cleave on the C-terminal side of hydrophobic amino acids (35), positively charged residues
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(B2) or negatively charged residues (31). These variations confer chymotrypsin-like, trypsin-
like and caspase-like substrate specificity to the proteasome, respectively [12].

As proteasome activity is critical to numerous cellular processes, its dysfunction is
associated with a variety of diseases [13,14]. Cancer cells, characterized by rapid growth and
genetic instability, are particularly dependent on proteasome activity to manage the large
quantities of aberrant proteins they produce. Proteasome inhibitors like MZB disrupt this
process, leading to the accumulation of misfolded proteins, cellular stress and ultimately
apoptosis. This mechanism of action is especially effective in cancer cells, which are more
reliant on proteasome function than normal cells.

Marizomib irreversibly binds to the catalytic threonine of the 20S proteasome (Figure 1).
As it lacks a peptide moiety, MZB does not bind in a substrate-like manner and therefore
can target all three subunits [15-17]. MZB has highest affinity to the 35 subunit but readily
binds to the 31 and (32 subunits at higher concentrations [18,19]. This broad inhibition
profile is likely to contribute to its potent anticancer activity, even in tumours resistant to
other proteasome inhibitors. Furthermore, the unique 3-lactone pharmacophore is highly
specific for reacting with the catalytic threonine residues, as no other human hydrolases
have been shown to be targeted by MZB. In addition to its anti-cancer effects, MZB is
being investigated for applications in infectious diseases, such as malaria, by targeting the
proteasome of Plasmodium falciparum [20].

Thr1 Thr1 Thr1

Figure 1. Schematic of the putative reaction mechanism between MZB and the N-terminal threonine
of proteasome subunits.

Marizomib exemplifies the therapeutic potential of oceanic biodiversity in drug dis-
covery. Beyond its ability to cross the blood-brain barrier, it also has enhanced stability
and bioavailability compared to other peptide-like proteasome inhibitors. Currently in
Phase III clinical trials, MZB has been evaluated in combination with standard glioblastoma
treatments, such as temozolomide-based chemoradiotherapy. Recent trial results revealed
that there was no significant improvement in overall survival or progression-free survival
in patients with newly diagnosed glioblastoma. In addition, patients receiving MZB experi-
enced more documented adverse events when compared to those receiving the standard
temozolomide-based chemoradiotherapy [3]. However, ongoing research continues to
explore the use of MZB in combination therapies to enhance efficacy and address resistance
mechanisms (ClinicalTrials.gov: NCT02330562).

The molecular details of how MZB binds to all three catalytic 3-subunits have not
been described. Therefore, in this study, we used single-particle cryo-EM to provide a
detailed molecular explanation of the binding interactions with the human 20S proteasome.

2. Results
2.1. Biochemical Validation of the Human 20S Proteasome

The commercially obtained human 20S proteasome (h20S) was evaluated in biochemi-
cal assays for catalytic activity using fluorogenic reporter substrates that are each specific
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for either 31, 32 or 35 (Figure 2). After confirming the activity of all three catalytic subunits,
we assessed whether these activities could be inhibited in the presence of MZB. Using a
concentration range of 0 to 12.5 uM of MZB, we could demonstrate that the 35 subunits
were inhibited with an ICsy of 18.5 nM while the ICs for the 2 and 1 were 326.5 nM
and 596.6 nM, respectively (Figure 2). Under these conditions all subunits were completely
inhibited with 12.5 uM of MZB. These studies validate the quality of both the enzyme and
inhibitor for structural studies.

1504 o B5:1Cs, =185+ 0.8 M
= B2:1Cs, =326.5+27.1nM
+ BL:ICsy =596.6 % 65.0 NM

0 T .
0 2 4

log[l] nM

Figure 2. Half-maximal inhibitory concentration (ICs) of MZB for the proteolytic h20S subunits.

ICs5¢ curves for the inhibition of individual h20S proteasome subunits (31, 32 and 35) determined
using fluorogenic substrates Z-LLE-amc, Z-VLR-amc and Suc-LLVY-amc. Assays were performed in
3 technical replicates, and data are presented as mean values & SD.

2.2. Structural Characterisation of the h20S Proteasome

To gain structural insights into MZB-mediated inhibition of the h20S, we employed
single particle cryo-EM (Figure S1). The complex could be reconstructed to a reported
FSCo 143 of 2.55 A (Figures 3A and S2). Some of the human 20S particles formed filamen-
tous structures upon vitrification on cryo-EM grids, which we assumed to be an artifact
of the cryo-EM freezing process and had no visual effect on cryo-EM density (Figure S1).
While most particles observed in the micrographs appeared to present either-side or top-and-
bottom views of the complex, continuous coverage of the Euler angle distribution allowed
for a complete reconstruction (Figure S2B). The local resolution of the reconstruction ranges
predominantly between 2.53 and 5.7 A (25th to 75th percentile), with lower resolutions ob-
served primarily in regions corresponding to the solvent-facing surfaces of the x-subunits
(Figure S2C). The h20S proteasome could be modelled in its entirety except for flexible
regions, X1a1a46-Asp249, X2A1a235-Ala237, X3GIn257-Lys262, ¥Lys61, X4GIu241-Ser252, XOVal242-Tle246/

X6GIu241-His266, %7 Glu246-Met259, X1Pro203-Ala204, B2va122-Ser233, BALys198-Ser201, B5Ser201-Pro203,
Bbasp242 and B 6G1y262-Gluzes, covering 6256 of 6452 residues (96.96%) in total. An average

map-to-model correlation of 0.92 (CCgige chain, Calculated with phenix.validation_cryoem [21])
indicates an excellent fit of the model to the experimental data (Figure S2D).

As expected, the atomic model obtained for the h20S proteasome in complex with
MZB closely resembles the characteristic architecture commonly shared amongst 20S
proteasomes and displays C2 symmetry, with the two sets of 14 subunits arranged in
the conventional ring configuration of x1-«7, f1-p7/31-p7, xl-a7. Unsurprisingly, the
h20S/MZB model could be aligned to the h20S structure used as a starting model (PDB:
7PG9) with an RMSD of 0.97 (27449 atoms), confirming an overall nearly identical fold.
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Figure 3. Cryo-EM structure of h20S in complex with MZB. (A) Final cryo-EM reconstruction after
local sharpening using EMReady [22]. Density corresponding to the a-subunits is coloured in dark

blue, proteolytic subunits 1, 32 and 35 are coloured in olive, cyan and pink, respectively. The
remaining subunits 33, 34, 36 and 7 are coloured in orange, yellow, mint and grey respectively.
(B) Cartoon representation of one 3 subunit ring (left) and placement of the catalytic subunits relative
to the overall proteasome architecture (right). The catalytic subunits follow the same colour scheme
as in (A), the remaining subunits are coloured in light grey. The cryo-EM density for MZB is shown
as green mesh (left), and the atomic model is depicted as spheres (right). (C) Close-up views of the
three distinct active sites in 31, 2 and 35. MZB and interacting residues are displayed as coloured
sticks. The colour scheme is consistent with (B). Side chains of non-interacting residues (white) have
been removed for clarity. Hydrogen bonds are shown as blue dashed lines.
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2.3. Binding of MZB to Catalytic Subunits B1, B2 and B5

The human 20S proteasome contains three proteolytically active subunits, 31, 32 and (35,
within each 3-subunit ring. Each active site features a conserved catalytic triad comprised
of Thrl, Aspl7 and Lys33, in addition to residues Ser129, Asp166 and Ser169, which are
thought to provide structural integrity to the proteolytic centre and enhance catalysis [23]
The well-defined density of the sharpened cryo-EM reconstruction allowed for unambiguous
placement of the atomic model of the inhibitor (CCrigang = 0.93) (Figures 3B and S3). The
local resolution within a 10 A radius of the catalytic sites is 2.34-2.75 A for 1,2.34-2.72 A
for 32 and 2.34-2.62 A for 5, supporting our confident placement of MZB.

As expected, the carbonyl carbon atom derived from the beta-lactone ring of MZB
is covalently bound to the oxygen from the hydroxyl side-chain group of the N-terminal
catalytic Thrl residue in all proteolytic subunits. Similarly, the orientation of the inhibitor
is consistent across all three catalytic sites with the cyclohexenyl moiety occupying the
so-called S1 pocket. While few hydrophobic interactions stabilize the ring structure in the
S1 pocket, MZB is primarily coordinated via hydrogen bonding (Figure 3C). In all three
active sites, residues Thrl and Gly47 appear to coordinate the inhibitor via main-chain
interactions, while for subunits 31 and (35, the cryo-EM reconstruction additionally places
the peptide nitrogen (and carbonyl group) of the residue Thr21 in coordination distance of
the free carboxyl group in MZB (Figure 3C). Lastly, residue Ser130 in the catalytic site of the
(35 subunit appears sufficiently close to coordinate the nitrogen of the y-lactam ring of MZB
via a sidechain interaction (Figure 3C). Intriguingly, the increased number of coordination
sites for MZB in the active site of the 35 subunit correlates well with the higher potency
of the inhibitor to this subunit (Figure 2). More detailed descriptions of the interactions
between MZB and the active site pockets are shown in Figure S4.

2.4. Comparison of MZB Binding to the Active Proteasome Sites of Human and T. vaginalis

MZB is a pan-proteasome inhibitor and has been suggested as a potential treatment
for diseases caused by eukaryotic parasites. Recently, we determined the structure of the
Trichomonas vaginalis 20S proteasome in complex with MZB [19]. We compared how MZB
binds these two distinct proteasomes, as these differences could be significant for future
drug design.

While both, the human and T. vaginalis 20S proteasome (Tv20S), generally exhibit the
commonly shared and characteristic architecture, structural alignment across all atoms re-
veals a root mean square deviation (RMSD) of 3.184 A (Figure 4A), a surprising discrepancy
in light of the rather high conservation of the individual subunits, ranging from 25-51%
sequence identity [19,24]. The largest differences between the atomic models are observed
in the x-subunit ring (Figure 4A). Tv20S sample remained largely monodisperse [19]. Al-
ternatively, differences in the overall packing of the individual subunits could result in
structural differences reflected by the inflated RMSD. Individual structural alignment of
the proteolytic subunits results in RMSD (31 = 0.865 A, p2=0.782 A and B5 = 0.820 A), the
values between 0.78 and 0.87 A accentuate the conserved nature of the active sites.

Indeed, structural comparison of the 31 and 32 subunits reveal nearly identical
orientation and coordination of MZB (Figure 4B). While the residue Thr21 of the h20 31
subunit, predicted to form a hydrogen bond with MZB (Figure 4C), is replaced by Ser21
in the T. vaginalis equivalent, the peptide nitrogen is within bonding distance to the free
carboxyl group of the inhibitor as well (3.7 A).
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H. sapiens 20S

RMSD,,: 3.184 A (30590 atoms)
RMSDg;,: 0.865 A (1060 atoms)
RMSDg,: 0.782 A (1116 atoms)
RMSDgs: 0.820 A (1166 atoms)

Human 20S B5 subunit T. vaginalis 20S B5 subunit

Figure 4. Comparison of h20S and Tv20S in complex with MZB. (A) Alignment and structural
comparison of human (purple, PDB: 9HMN) and T. vaginalis (orange, PDB: 80IX) 20S proteasomes
bound to MZB. RMSD values for the alignment of the whole molecule and the individual catalytic
subunits were obtained via PyMOL align with 5 cycles of outlier rejection. (B) Close-up views of
the 31, 2 and 35 active sites. MZB and interacting residues are displayed as coloured sticks. The
colour scheme is consistent with (A). Side chains of non-interacting residues (light purple/orange)
have been removed for clarity. Labels for identical amino acids across both complexes are shown
in black, deviating amino acids are shown in their respective colour. (C) Surface representation
of the 35 subunit of human (left) and T. vaginalis (right) 20S proteasome. The catalytic site and S1
pocket are coloured pink and green, respectively. The atomic model for the Tv20S 35 subunit (PDB:
80IX) does not include a model of MZB. Instead, MZB bound to the human protein has been aligned,
superimposed and is shown as transparent sticks for representative purposes.
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Intriguingly, our previous cryo-EM reconstruction of Tv20S had insufficient density
to include MZB in the final model of the (35 subunit, despite the fact that the inhibitor
attenuated proteolytic activity almost entirely in vitro [19]. Alignment of the active site
to the human 35 subunit once more reveals a nearly identical arrangement (Figure 4B),
indicating structural differences elsewhere. As described earlier, in all three proteolytic
subunits of h20S, the cyclohexenyl moiety of the inhibitor occupies the S1 pocket. When
comparing the overall structural arrangement of the 35 subunits, it is apparent that access
to the S1 cavity is much more restricted in T. vaginalis (Figure 4C). It is conceivable that,
because of this steric impairment, a reduced number of coordination sites are available,
granting the covalently bound MZB increased flexibility and thereby smearing its cryo-EM
density. It is noteworthy that MZB inhibits all three active {3 subunits of Tv20S in a manner
similar to human 20S, with ICgy values of 1 =243.8 + 72.2 nM, 32 = 283.7 4+ 31.0 nM and
B5=3.9 &+ 0.2 nM, respectively (Figure S5).

3. Discussion

Proteasomal degradation of ubiquitinated proteins is a key cellular process that con-
trols protein turnover and thus plays a crucial role in numerous cellular functions. These
include development and differentiation, DNA repair, cell-cycle progression, immune re-
sponses, apoptosis and stress adaptation. The ability to selectively degrade specific targets
is crucial to maintain cellular homeostasis and to dynamically regulate essential biological
pathways [25].

Proteasome inhibition disrupts these tightly regulated processes by preventing protein
degradation, which induces cellular stress and, eventually, leads to apoptosis. This mech-
anism is particularly effective in selectively killing rapidly dividing cancer cells such as
myeloma cells. These cells rely heavily on protein integrity to sustain their high production
of gamma globulin [26].

Consequently, FDA-approved proteasome inhibitors, such as bortezomib, carfil-
zomib and ixazomib, are used to treat multiple myeloma and other cancers [27,28]. New
and promising drugs, such as marizomib (MZB), oprozomib and delanzomib, are cur-
rently undergoing testing, either as standalone treatments or in combination with other
therapeutics [29].

Structural information is crucial for guiding the development of new proteasome
inhibitors with enhanced efficacy and specificity. The knowledge of MZB'’s interactions
with the human proteasome can help design novel therapeutics for various cancers. In
this study, we investigated the binding of MZB to the human 20S proteasome using
cryo-EM, revealing its molecular architecture and specific interactions. High-resolution
cryo-EM maps confirmed that MZB irreversibly binds to all three catalytic subunits of
the proteasome: chymotrypsin-like (35), trypsin-like (32) and caspase-like (31). This pan-
inhibitory activity distinguishes MZB from other proteasome inhibitors, such as bortezomib
and carfilzomib [28]. Our findings provide structural insights at near-atomic resolution,
explaining the broad inhibitory action of MZB. This knowledge can serve as a foundation for
optimizing MZB'’s application or redesigning it to achieve more targeted therapeutic effects.

Furthermore, using a combination of proteasome inhibitors with other drugs may pave
the way for safer and more specific cancer therapies. Preclinical studies have demonstrated
promising results for MZB in triple-negative breast cancer (TNBC), where it effectively
inhibits primary tumour growth and metastasis to the lungs and brain, potentially address-
ing the limitations of existing therapies like bortezomib and carfilzomib [30]. In cervical
cancer, combining MZB with cisplatin shows synergistic effects both in vitro and in vivo,
underscoring the need for further investigation into optimal dosing and scheduling [31].
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Additionally, the potential of MZB combinations with other anti-cancer agents, such as
glycolysis inhibitors, is particularly compelling, given the observed upregulation of gly-
colysis pathway proteins following MZB treatment in TNBC cells [30]. However, further
research is required to evaluate the long-term efficacy of MZB, identify potential resistance
mechanisms and refine combination strategies with other therapeutics. Understanding
how MZB impacts cell-cycle progression, apoptosis and protein degradation pathways
will be critical, particularly for designing synergistic approaches. Moreover, addressing
whether prolonged MZB exposure induces acquired resistance, as observed with previous
proteasome inhibitors, will be crucial for maximizing its therapeutic potential [28,32]. These
efforts will be instrumental in optimizing MZB for the treatment of cancer and, potentially,
to treat parasitic infections [33,34].

Beyond cancer treatments, MZB shows potential for combating parasitic infections.
Our comparative analysis of MZB binding to the human 20S proteasome and the eukary-
otic parasite Trichomonas vaginalis (Tv20S) proteasome reveals a promising pathway for
developing targeted treatments against eukaryotic parasites. Structural insights into the
binding of MZB to Tv20S suggest that it could be chemically modified to selectively target
the Tv20S 35 subunit over the human 35 subunit. A previous study has demonstrated
that MZB can be modified at the P2 position to enhance its reactivity and selectivity [34].
Specifically, substituting the original chloroethyl group with alternative functionalities
such as bromoethyl, iodoethyl or tosyloxyethyl retains the leaving group character while
improving reactivity. Conversely, incorporating non-leaving groups like thiocyanoethyl,
azidoethyl, hydroxyethyl or ethyl significantly alters the electronic and physicochemical
properties at this position [35]. These structural modifications influence molecular weight,
lipophilicity and hydrogen-bonding capabilities, which could ultimately improve pharma-
cokinetic profiles, target specificity and the overall therapeutic index of these proteasome
inhibitors. As a result, such modification could lead to drugs highly specific to T. vaginalis,
offering novel therapeutic options for diseases caused by this parasite while minimizing
off-target effects on human cells.

In conclusion, elucidating MZB’s mechanism of action represents a critical step toward
designing more effective therapeutics. MZB could be improved to more effectively treat
cancer and, moreover, could be transformed into a drug to effectively target eukaryotic
parasites such as T. vaginalis.

4. Materials and Methods

Human constitutive proteasome (h20S, #E-360, R&D Systems), marizomib (MZB,
MedChemExpress), fluorogenic substrates Suc-LLVY-amc, Z-VLR-amc and Z-LLE-amc
were purchased from Cayman Chemical, Ann Arbor, MI, USA. Substrates were dissolved
in DMSO at a concentration of 10 mM and stored at —20 °C. MZB and h20S were aliquoted
and stored at —80 °C.

4.1. Half-Maximal Inhibitory Concentration (ICsp) Assays

The inhibition of individual h20S subunits was confirmed using subunit-specific
fluorogenic substrates for the 31, 32 and (35 subunits, namely Z-LLE-amc, Z-VLR-amc
and Suc-LLVY-amc. Kinetic assays were performed in 384-well plates using 1 nM h20S
preincubated with 100 nM PA28x human activator. The PA28«x activator was expressed
in E. coli using the pSumo vector, as previously described [33]. The assay was conducted
in a reaction buffer containing 50 mM HEPES (pH 7.5) and 1 mM DTT, with substrate
concentrations of 80 uM Z-LLE-amc, 30 uM Z-VLR-amc and 65 uM Ac-LLVY-amg, in a
final volume of 8 pL per well. Inhibitors were dispensed into the plates using an Echo650
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liquid handler (Beckman Coulter, Brea, CA, USA). Pre-steady-state kinetic measurements
were carried out for the irreversible inhibitor, and ICsy values were calculated 60 to 90 min
after initiating the reaction. Data analysis was performed using GraphPad Prism software
version 10.4.1. All assays were conducted in triplicate using 384-well black plates (Greiner
Bio-One, Monroe, NC, USA) at 37 °C. Fluorescence measurements were recorded with a
Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA), using excitation
and emission wavelengths of 360 nm and 460 nm, respectively.

4.2. Preparation of Cryo-EM Grids and Data Acquisition

h20S (approx. 0.6 uM) in a buffer consisting of 20 mM HEPES pH 7.5, 50 mM NaCl
and 0.25 mM THP (Tris(hydroxypropyl)phosphine; Sigma-Aldrich, St. Louis, MO, USA)
was incubated with 50 pM MZB at room temperature for 1 h before cooling the sample on
ice. We applied 4 uL of the proteasome-inhibitor complex (0.45 mg/mL) to freshly glow
discharged Quantifoil R2/1 300-mesh copper grids (EM Sciences Hatfield, PA, USA, Prod.
No. Q350CR1). Excess sample was removed by blotting with an FEI Vitrobot Mark IV
(Thermo Fisher Scientific, Waltham, MA, USA) (4 °C, 100% humidity, blot force —5) before
plunge freezing the grids in liquid ethane.

The sample was imaged on a Titan Krios G3i microscope (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a Gatan K3 detector and operated at 300 kV. We
recorded 4625 multi-frame movies (40 frames with a total dose of 60 e~ /A2) at a magnifica-
tion of 105,000 %, yielding a final pixel size of 0.8336 A. Data were collected using the EPU
v 3.0.0 data collection software (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Cryo-EM Data Processing

All image processing steps were performed in cryoSPARC (version 4.6.2) [36]. Movies
were motion and CTF corrected using the Patch Motion and Patch CTF (both cryoSPARC
4.6.2) correction jobs, respectively. Initial particle picking was performed using the Gaussian
Blob Picker (from cryoSPARC 4.6.2), resulting in a total of 1,949,389 particle picks. After
several rounds of iterative 2D classification, 16,120 particles were used to generate an ab
initio model without enforcing symmetry (C1).

Selected 2D classes were subsequently used as templates for reference-based particle
picking, yielding 2,091,825 particle locations. Particles were extracted with a 400 px box
and fourfold binning applied, resulting in a final pixel size of 3.32 A/px. After iterative
2D classification, 355,436 selected particles were re-extracted with a 400 px box and no
binning applied. The re-extracted particles and the ab initio model generated previously
were used to perform a round of non-uniform refinement with C2 symmetry enforced,
before subsequently subjecting the aligned particles to a 3D classification job with 6 classes,
resulting in 4 practically empty junk classes (<32 particles) and 2 classes resembling the
h20S proteasome. The best 3D class, comprised of 209,994 particles, was selected and
subjected to homogenous refinement with C2 symmetry enforced, followed by reference-
based motion correction. We rejected 257 particles due to their proximity to the micrograph
edge, and the remaining 209,737 particles were subjected to global and local CTF refinement
before performing a final homogenous refinement with C2 symmetry, resulting in the final
reconstruction with an FSCg 143 of 2.55 A (Table S1). Finally, the handedness of the resulting
map was flipped using the Volume Tool utility within cryoSPARC before sharpening the
map using the EMReady software (version 1.2) [22]. An overview of the cryo-EM data
processing workflow is shown in Figure S1.
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4.4. Modelling and Refinement

A previously determined cryo-EM structure of the human 20S proteasome (PDB:
7PGY) [37] was used as a starting model and initially docked into the sharpened density
map using ChimeraX (version 1.7.1) [38]. Next, the model was iteratively refined using
a combination of automated real-space refinement using Phenix real_space_refine [39],
manual refinement in Coot 0.9.8.95 [40,41] and structure optimization using the ISOLDE [42]
package in ChimeraX version 1.7.1 until satisfactory validation metric and map-correlation
had been achieved. Refinement restraints for MZB were generated using Jligand [43].
Model validation was performed with MolProbity [44]. Visualisation was performed in
ChimeraX version 1.7.1 and PyMOL version 3.0.1 (Schrodinger, LLC, New York, NY, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules30061386/s1, Figure S1. Workflow of cryo-EM data processing;
Figure S2. Cryo-EM single particle analysis of h20S in complex with MZB; Figure S3. Detailed views
of the cryo-EM maps in active sites of human 20S with covalently bound MZB inhibitor; Figure S4.
2D representation of the interactions between small molecule inhibitor MZB and the h20S active sites;
Figure S5. Half-maximal inhibitory concentration (ICs) of MZB for the proteolytic Tv20S subunits;
Table S1: Cryo-EM data collection, refinement and validation statistics [22,36,45].
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Abstract: Tryptase is a tetrameric serine protease and a key component of mast cell granules.
Here, we explored an integrated approach to characterize tryptase ligands, combining
novel experimental binding studies using Surface Plasmon Resonance, with in silico anal-
ysis through the Exscalate platform. For this, we focused on three inhibitors previously
reported in the literature, including a bivalent inhibitor and its corresponding monovalent
compound. All three ligands showed concentration-dependent binding to immobilized
human tryptase with the bivalent inhibitor showing the highest affinity. Furthermore,
Rmax values were similar, indicating that the compounds occupy all four binding pockets
of the tryptase tetramer. This hypothesis was supported by in silico computational analysis
that revealed the binding mode of the monovalent ligand, one in each monomer pocket,
compared with crystal structure of the bivalent one, which simultaneously occupies two
binding pockets. Additionally, we solved the 2.06 A X-ray crystal structures of human
Tryptase beta-2 (hTPSB2), in both its apo form and in complex with compound #1, experi-
mentally confirming the binding mode and the key molecular interactions predicted by
docking studies for this compound. This integrated approach offers a robust framework
for elucidating both the strength and mode of interaction of potential tryptase inhibitors.

Keywords: tryptase inhibitors; molecular interactions; molecular modeling; surface
plasmon resonance; in silico docking; X-ray crystal structures

1. Introduction

Mast cells are immune cells derived from myeloid progenitors that play a crucial role
in inflammatory responses, neuroimmune regulation, and tissue remodeling. These cells
contain granules rich in bioactive molecules, including histamine, heparin, and proteases,
which are released upon activation [1]. Among these proteases, tryptase, a tetrameric serine
protease, is one of the most abundant and functionally significant enzymes in mast cell
granules [2,3]. Tryptase is implicated in extracellular matrix (ECM) remodeling and in-
flammatory diseases, including asthma, chronic pain, fibrosis, and cancer progression [4,5].
Due to its central role in mast cell-mediated responses, tryptase inhibition has emerged as a
promising therapeutic strategy for conditions linked to excessive mast cell activation [6,7].
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Despite the strong therapeutic interest in tryptase inhibitors, a detailed understanding
of their binding stoichiometry and mechanism of action remains incomplete. While many
inhibitors have been evaluated based on potency, their exact mode of interaction with the
tryptase tetramer is not well characterized at the molecular level. In particular, bivalent
inhibitors—which engage multiple active sites simultaneously—have shown increased
potency compared to monovalent compounds, yet the molecular basis of this enhanced
affinity is not fully understood.

To address this gap, we employed an integrated approach that combines computa-
tional and experimental methodologies to investigate both binding affinity and stoichiome-
try of tryptase inhibitors, with the additional aim to cross-validate these methodologies
for more reliable screening of novel compounds. For this, in the present study we resyn-
thesized and examined three tryptase inhibitors reported in the literature (Figure 1) [8,9].

HA

s
A
o

compound #1 compound #2m compound #2d

599.48 Da 408.57 Da 799.13 Da

C[Si](C)(O[S51)(C)(C)cleoc2eec(cc12)C(=0)N3CCC(C
C3)cdcccc(CN)cd)cdcocbeec(cc56)C(=0)N7CCC(CC7
)e8cccc(CN)e8.0C=0.0C=0

(a) (b) (c)

NCCCC[C@H](NC(=O)clccc(F)ccl)C(=0)2noc(Cc3 C[51](C)(O)clcoc2ecc(cc12)C(=0)N3CCC(CC3)cdcce
ccc(OCCc4ccc(Cl)e(Cl)cd)ec3)n2 ¢(CN)c4.0C=0

Figure 1. Structure, molecular weight and SMILE of compounds #1 (a), #2m (b), and #2d (c).

To experimentally determine the binding properties, we exploited Surface Plasmon
Resonance (SPR) technology, which allows us to measure the association and dissociation
rate constants and, as a consequence, to provide information on the binding mode (e.g.,
on the presence of avidity effects, possibly exhibited by bivalent inhibitors) and on the
binding stoichiometry [10,11]. It was already described that bivalent inhibitors usually
enhance binding affinity compared to the monovalent ones by exploiting the ability to
occupy two binding sites on a target molecule simultaneously through a cooperative
effect [12]. Gathering this information during drug discovery helps to design more effective
drugs, and the SPR approach provides these data quickly and cost effectively. Molecular
docking simulations with the Exscalate platform were then applied to obtain the molecular
details of the interaction of these inhibitors within the tryptase tetramer and to support the
experimental findings. In order to further validate our findings, the X-ray crystal structure
of one inhibitor—tryptase complex was solved, confirming the data.

By integrating in silico predictions with biophysical and structural validation,
this study offers new insights into the molecular mechanisms of tryptase inhibition.
The findings not only enhance our understanding of ligand—tryptase interactions but
also support the rational design of more potent and selective tryptase inhibitors for
therapeutic applications.

2. Results
2.1. Surface Plasmon Resonance Experimental Validation

For the present studies, aiming at investigating the binding properties of small
molecules flowing over human tryptase immobilized on the sensor chip, we used a highly
sensitive SPR instrument, and a chip allowing high immobilization levels. The experimen-
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tal conditions were optimized, as described in the Methods section, to have adequate and
reproducible binding signals.

Each of the three investigated compounds (Figure 1: #1, #2m, #2d) was tested in at
least three independent SPR experimental sessions and injected at different concentrations.

Representative sensorgrams are shown in Figure 2a—c to highlight the concentration-
dependent binding and the good interpolation of the data with a global fitting (i.e., consid-
ering both the association and the dissociation phases at all the compound’s concentrations).
For these fitting, we needed to use an equation including two binding sites, suggesting
the presence of a specific high-affinity interaction occurring at lower drug concentrations,
while at higher concentrations, a lower affinity interaction also appears. Figure 2d reports
representative sensorgrams obtained with a saturating concentration of the compounds for
a more reliable determination of the Rmax values.
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Figure 2. Representative SPR sensorgrams (i.e., the time course of SPR binding signals, in Resonance
Units, RU) were obtained by injecting different concentrations of #1 (a), #2m (b), and #2d (c) over
human tryptase immobilized on the sensor chip. For each compound, the sensorgrams were fitted
globally using a two-site binding model, with the resulting fitting curves represented by black lines.
(d) Overlay of SPR sensorgrams at saturating concentrations: 3.3 uM for compound #1 and 10 uM for
compounds #2m and #2d.

The affinity constants of the high-affinity component obtained in each independent
experiment, together with the mean values, are reported in Table 1 to allow for appreciation
of the inter-assay variability. The high-affinity site was chosen as it accounts for the majority
of interactions and is therefore possibly more relevant to the overall binding mechanism.
The compound with the highest affinity (Kp = 2.1 nM) was the bivalent inhibitor #2d,
whereas the one with the lowest affinity (Kp = 81 nM) was the corresponding monova-
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lent compound #2m, while compound #1 showed an intermediate affinity (Kp = 12.3 nM).
Considering the two monomers, the higher affinity of compound #1 in comparison with
compound #2m is mainly due to a 17-fold faster association, partially counteracted by a
3-fold faster dissociation; the comparison of monomeric compound #2m with the corre-
sponding dimeric compound #2d shows that the higher affinity of the latter is also mainly
due to a faster association (38-fold) while dissociation constants are similar.

Table 1. Summary of the kinetic constants obtain from the fitting curves in different experimental
sessions. The last row for each compound represents the mean + standard deviation (SD) of the
individual measurements.

ka kq Kp Rmax

Compound [1/Ms] [1/s] [nM] [RU]

1.187 x 10* 2.6 x 1074 22.0 48.0

1.287 x 10% 0.8 x 1074 6.5 45.8

#1 1.143 x 104 1.0 x 104 8.5 38.6
1.2 +0.08 x 10* 1.5+ 0.99 x 1074 12.3 + 8.4 441+ 49

729.0 7.6 x 1075 105.0 29.3

721.0 21x10°° 29.1 224

#2m 633.1 7.2 x 1073 114.0 27.2
694 + 53.2 5343 x 1070 81 + 46.4 26.3 + 3.5

2.611 x 10* 85 x 10~° 32 27.4

2.638 x 10* 5.0 x 107° 1.9 40.0

#2d 2.931 x 10* 47 x 1075 1.7 34.1

2.397 x 10* 4.0 x 107> 1.7 29.6
2.7 +021 x 10* 5.6+201 x 107 21+07 32.8+56

As reported in Table 1, the Rmax value of the monomer #2m (26.3 £ 3.5 RU, MW409)
was similar to the Rmax value of the dimer #2d (32.8 + 5.6 RU, MW 800). A similar
Rmax can be also calculated for compound #1, taking into account that its MW (600 RU) is
1.5-fold that of compound #2m, resulting in a normalized Rmax of 29 + 3.2 RU. These data
indicate that all four binding pockets of the tryptase tetramer are occupied but with different
stoichiometric ratios. Monovalent compounds (#1 and #2m) follow a 4:1 stoichiometry, with
four molecules binding per enzyme, whereas the bivalent compound (#2d) follows a 2:1
stoichiometry, binding two molecules per enzyme. This suggests that monovalent inhibitors
engage each active site independently, while the bivalent inhibitor spans two adjacent sites.

2.2. Molecular Docking Supports Affinity and Binding Stoichiometry of Tryptase Inhibitors

The SPR studies provided insights into the binding kinetics, affinities, and binding
stoichiometry of compounds #1, #2m, and #2d. To further characterize these interactions,
docking studies were performed to explore their binding modes.

While the binding mode of bivalent inhibitor #2d has been previously character-
ized (PDB: 4MPW) [8], the exact interaction patterns of monovalent inhibitors, including
compounds #1 and #2m, required further investigation.

In order to explore and validate these binding modes through molecular docking, we
generated X-ray crystal structures of human tryptase beta-2 (hTPSB2) in its apo form.

The structure was solved at a resolution of 2.06 A and displayed the typical trypsin-like
serine protease fold. It forms a homotetramer, with the catalytic sites facing toward the
central channel (Figure 3).
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Figure 3. Overall structure of hTPSB2 tetramer shown as ribbon diagram.

The docking studies presented in Figure 4 revealed distinct binding interactions among
the inhibitors, with compound #1 exhibiting a higher number of polar interactions, five
hydrogen bonds with key catalytic site residues instead of the three ones estabilished by
compound #2m, and a more extended network of hydrophobic contacts, reaching a new
larger portion of the protein, compared to compound #2m. Also, comparison between
compound #2m and compound #2d shows a more efficient binding mode with additional
hydrophobic interactions involving the central disiloxane linker of the bivalent compound
#2d, in agreement with experimental results showing an increase in the binding affinity.

Figure 4. Docking-predicted binding modes of compound #1 (a,d), compound #2m (b,e), and

compound #2d (c,f), within the tryptase active site respectively showing H-bond networks (yellow
dashed lines panel (a—c)) and hydrophobic contacts (purple dashed lines panel (d-f)).

In-depth analysis of compound #1 revealed that it engages key catalytic site residues
via hydrogen bonds to the side chain atoms of Ser209, His59, and Lys66, as well as hydrogen
bonds to the main chain atoms of Gly207 and Ser204 (Figure 5).
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(b)

Figure 5. Docking binding mode showing interactions of compound #1 with key residues of tryptase.

Three-dimensional binding interaction representation (a) and two-dimensional binding interaction
map (b).

In particular, the H-bond network between the ketone group of the ligand and the
hydroxyl group of the residue Ser209 suggests a potential covalent binding mode for
compound #1 [13]. In order to verify this hypothesis, we applied a covalent docking
procedure confirming our assumption: the covalent mechanism is favored and the binding
mode is very similar to the previous one described.

To experimentally confirm the effective mechanism of action of compound #1, we
have solved the crystal structure of its complex with tryptase (Figure 6).

Figure 6. Overall structure of hTPSB2, containing compound #1, shown as ribbon diagram.

Based on a distance of less than 3.5 A of the donor and acceptor atoms, we identify
nine specific hydrogen bonds of the ligand compound #1, namely to the main chain atoms
of Ser204, Ser228, Cys205, Gly207, and Ser209, as well as the side chain atoms of Ser204,
GIn206, and His59. According to the above distance criteria, we also suggest the presence
of additional hydrophilic interactions with the main chain atoms of Trp229, Ile241, Gly232,
and Arg238. The crystal structure of the complex confirms the binding mode hypothesized
by docking studies, retrieving almost all the key interactions (Figure 7).
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Figure 7. Overlay of the docking-predicted binding mode of compound #1 (green) with its experi-
mentally determined crystal structure (violet).

The experimental electron density clearly shows that the compound #1 is covalently
bound with C12 of the electrofilic carbonyl group with the hydroxyl group of the active
site serine residue, Ser209, forming a reversible hemiketal (hemiacetal), in agreement with
the SPR-derived Kd values. In particular, it represents an example of covalent-reversible
inhibition of serine protease (Figure 8).

covalent
reversible
binding

Figure 8. Focus on the reversible covalent binding mode of compound #1 (violet) in the X-ray complex
structure with tryptase.

3. Discussion

The integrated SPR and computational approaches described here offer a robust
framework for elucidating both the strength and mode of interaction of potential
tryptase inhibitors.

To our knowledge, this is the first study determining the binding constants of tryptase
inhibitors, whose activity is usually measured by functional assays. For this aim, we
developed a novel SPR-based assay in which the inhibitors flow over human tryptase
immobilized on a sensor chip. The assay proved to be sensitive and reproducible, with a
relatively low inter-assay variability.

In particular, SPR data provided clear evidence for binding stoichiometry—
distinguishing monovalent from bivalent binding modes—even in the absence of crystal
structures. This capability is crucial in guiding rational drug design, as seen by the dra-
matic increase in binding affinity when the monomeric ligand (#2m) is converted into its
dimeric counterpart (#2d), yielding a 40-fold improvement. These results correlate well
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with functional assays (IC5p = 2.51 nM for #2d vs. 446 nM for #2m) [8,9] and illustrate how
detailed kinetic and stoichiometric insights can inform more targeted lead optimization.

The binding stoichiometry findings were further supported by structural and compu-
tational data. The X-ray crystal structure of compound #1 confirmed a 4:1 stoichiometry,
showing that four molecules bind per tryptase tetramer, each occupying an independent
active site (Figure 9a). Similarly, the previously resolved complex of the bivalent inhibitor
(PDB: 4MPW) validated a 2:1 stoichiometry, where compound #2d spans two adjacent
monomers, bridging their active sites (Figure 9c). These findings illustrate that monovalent
inhibitors bind independently to each of the four active sites, while bivalent inhibitors
engage two adjacent monomers, reducing the overall occupancy ratio.

(a) (b) (c)

Figure 9. Binding stoichiometry of compounds #1 (4:1) (a), #2m (4:1) (b), and #2d (2:1) (c) within the
tryptase tetramer.

While direct structural confirmation for compound #2m is not yet available, docking
results indicate that its binding mode closely resembles that of compound #1, supporting the
experimentally determined 4:1 stoichiometry (Figure 9b). Additional experimental evidence
further supports this hypothesis; in particular, the crystal structure of the tryptase tetramer
bound to a monovalent inhibitor (PDB: 2ZEB) shows a binding mode similar to that suggested
by docking for compound #2m [14]. Together, these findings strongly suggest that compound
#2m also binds to separate active sites within the tetramer, reinforcing the role of SPR and
docking in predicting binding modes even in the absence of crystallographic data.

Furthermore, the docking simulations revealed distinct hydrogen bonding and polar
interaction patterns among the inhibitors, providing structural insights into their experimen-
tally observed binding affinities. Compound #1 exhibited the highest number of hydrogen
bonds and polar contacts, forming multiple stabilizing interactions within the tryptase active
site. In contrast, compound #2m engaged in fewer hydrogen bonds and lacked additional
polar interactions, which may contribute to its higher Kp value observed in SPR experiments.

Compound #2d, as a bivalent inhibitor, displayed approximately twice the number
of hydrogen bonds and polar interactions per molecule compared to compound #2m. By
spanning two adjacent active sites, it effectively doubled the interaction network, likely
resulting in its significantly stronger binding affinity. These findings illustrate how differences
in hydrogen bonding and polar contacts correlate with binding strength, reinforcing the
role of docking studies in explaining experimentally determined affinities. Building on
this, we examined whether bivalent inhibitors induce structural rearrangements in tryptase,
as such conformational changes could contribute to the observed kinetic complexity. A
comparison of the crystal structures of tryptase complexed with compound #1 and the
previously resolved structure of tryptase bound to compound #2d revealed an RMSD value
of 0.53 A, indicating that no significant conformational changes occurred within the tryptase
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tetramer upon binding either monovalent or bivalent inhibitors. This finding suggests that
the multi-step binding behavior observed in SPR arises primarily from the nature of the non-
covalent interactions rather than from allosteric effects. However, considering the complex
sensorgram fitting required to describe the binding behavior, it remains possible that factors
such as heterogeneous immobilization of tryptase or differential exposure of active sites
contribute to the observed kinetics. The docking studies not only provided insights into
hydrogen bonding and polar interactions but also suggested that compound #1 could form a
reversible covalent bond with the catalytic Ser209 residue. This hypothesis was supported by
the proximity of these functional groups in the binding pose, and subsequent covalent docking
confirmed a likely reversible covalent interaction mode. This prediction was also confirmed
by crystallographic analysis. SPR analysis of the compound #1 revealed a binding mechanism
that could not be fully described by a simple 1:1 interaction model, instead requiring a
more complex kinetic fitting approach (two state model). Reversible covalent inhibitors
often follow a two-step binding process: an initial non-covalent association, followed by a
slower covalent bond formation. This two-step mechanism can generate complex binding
kinetics, resembling a two-site binding model even when only a single binding site is involved.
Additionally, the data showed a notable dissociation rate, suggesting a dynamic yet stable
engagement with the active site. A similar observation was reported by Akcay et al., who
studied reversible covalent inhibitors targeting a lysine residue [15]. Their SPR data also
required a complex binding model, rather than a simple 1:1 interaction, and showed notable
dissociation rates, reinforcing the idea that reversible covalent inhibitors often follow multi-
step binding mechanisms. The integration of SPR, docking, and crystallography in this
study highlights the power of computational-experimental workflows in drug discovery.
While classical docking was used to characterize ligand binding, these approaches could be
further enhanced by Artificial Intelligence-Driven Drug Discovery (AIDD) methods. Al and
machine learning models, when trained on quantitative kinetic data (SPR), structural insights
(X-ray crystallography), and ligand-binding predictions (docking), may have the potential
to systematically identify and optimize novel ligands with greater accuracy. Incorporating
Al-based strategies could refine virtual screening, improve binding affinity predictions, and
streamline structure-based drug design. These advancements represent a natural extension of
the computational methods employed in this study, potentially accelerating the identification
of improved tryptase inhibitors.

4. Materials and Methods
4.1. Compounds

The protein used for crystallization was recombinant human tryptase beta-2 (hTPSB2),
purchased from Promega (Madison, WI, USA; Cat. No. G5631). hTPSB2 was selected for this
study based on preliminary screening data indicating its upregulation in a specific tissue of
interest, supporting its relevance as a therapeutic target. The inhibitors studied in this work
were compound #1, compound #2m, and compound #2d. These compounds were synthesized,
purified, and characterized following the literature procedure with slight modifications [8,9].

4.2. Surface Plasmon Resonance Assays

All the SPR studies were carried out by using the very sensitive Sierra SPR-32pro from
Bruker (Billerica, MA, USA). Human tryptase B2 (Promega, G5631, Madison, W1, USA)
was immobilized via amine coupling on a High-Capacity Amine chip (Bruker, Billerica,
MA, USA). After surface activation with EDC (400 mM) and NHS (50 Mm), the protein was
injected at 30 ug/mL in acetate buffer pH 5.5 (10 min at 5 uL/min). The residual active

38



Molecules 2025, 30, 1338

sites were then inactivated with 1 M ethanolamine (6 min at 10 pL/min). The final level of
the first immobilization was about 10,000 RU.

The three compounds were diluted in PBST 0.1% DMSO at the highest concentration
of 10 mM. First, one saturating concentration of each compound (10 uM or 3.3 pM) was
injected on the chip surface for 480 s at 25 uL./min. The sensorgrams were baseline
corrected by subtracting the signal from an empty reference surface to account for non-
specific binding and bulk effect used as reference, and the dissociation constants (Kd) were
obtained from the fitting of the sensorgrams with the 1:2 heterogeneous ligands model
implemented in the Sierra Analyzer 3.4.5. software. Then, three or more experimental
sessions were performed. The three compounds were injected at different concentrations
(from 41 nM to 10 pM, at 1:3 serial dilutions) on separate surface spots in parallel. Again,
the Sierra Analyzer 3.4.5. software was used to perform a global fitting of the sensorgrams
at all the different concentrations to obtain the association and dissociation rate constants
(ko and kq) and the equilibrium dissociation constant (Kp). All the experimental procedures
used in the sessions and the corresponding raw data were saved by the Sierra SPR-32pro
instrument and are available.

4.3. Crystallization and Structure Determination of h"TPSB2 (Apo and Ligand-Bound Forms)

To investigate the structural basis of tryptase inhibition, we determined X-ray crystal
structures of human tryptase beta-2 (hTPSB2) in its apo form and in complex with com-
pound #1. These structures were used both as reference models for docking simulations
and to provide experimental validation of the predicted binding modes.

Crystallization trials were conducted using a standard screen of approximately
1200 conditions and literature-based refinements. Initial conditions were optimized by
systematically varying temperature, protein concentration, drop ratio, pH, and precipitant
concentrations to improve crystal quality.

Crystals of apo hTPSB2 and hTPSB2-compound #1 complex were flash-vitrified and
measured at 95 K following PROTEROS Standard Protocols. X-ray diffraction data were
collected at the SWISS LIGHT SOURCE (SLS, Villigen, Switzerland) under cryogenic
conditions. The crystals belonged to space group P 31, and data were processed using
autoPROC, XDS, and AIMLESS (Table 2).

Table 2. Data collection and processing statistics for apo hTPSB2 and hTPSB2-compound #1 complex.

X-Ray Source PXII/X10SA (SLS 1)
Wavelength [A] 1.0001
Detector Dectris EIGER2 Si 16M
Temperature [K] 100
Space group P31
Cell: a; b; c [A] 78.55; 78.55; 165.69
v; B; «[°] 90.0; 90.0; 120.0
Resolution [A] 1.98 (2.02-1.98)
Unique reflections 79,329 (3995)
Multiplicity 6.6 (6.3)
Completeness [%] 100.0 (100.0)
Rpim [%)] 7.7 (93.0)
Rsym [%] 18.3 (214.5)
Rmeas [%] 19.9 (234.0)
CC1/2[%] 99.50 (53.20)
Mean (I)/sd 7.8 (1.3)

1 SWISS LIGHT SOURCE (SLS, Villigen, Switzerland).
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The phase information necessary to determine and analyze the structure was obtained
by molecular replacement. A published structure of hTPSB2 was used as a search model.
Subsequent model building and refinement was performed according to standard protocols
with COOT and the software package CCP4-8, respectively. For the calculation of the free
R-factor, a measure to cross-validate the correctness of the final model was used; about
0.5% of measured reflections were excluded from the refinement procedure. Automati-
cally generated local NCS restraints have been applied (keyword “ncsr local” of newer
REFMACS5 versions). The water model was built with the “Find waters” algorithm of
COOT by putting water molecules in peaks of the Fo-Fc map contoured at 3.0 followed by
refinement with REFMACS and checking all waters with the validation tool of COOT. The
criteria for the list of suspicious waters were B-factor greater 80 A 2, 2Fo-Fc map less than
1.2 0, distance to closest contact less than 2.3 A or more than 3.5 A. The suspicious water
molecules and those in the ligand-binding site (distance to ligand less than 10 A) were
checked manually. The Ramachandran plot of the final model calculated with Molprobity
shows 97.21% of all residues in the favored region and 2.79% in the allowed region. There
are no outliers in the Ramachandran plot.

The atomic models have been deposited at the Protein Data Bank (PDB) and are
available under the accession number 9QFV for the apo structure and 9QFU for the complex
with compound #1.

4.4. Docking Studies

Molecular docking studies were performed to predict the binding modes of com-
pound #1, compound #2m, and compound #2d using the X-ray crystal structure of human
tryptase beta-2 (hTPSB2) in its apo form. Compounds were converted to 3D structures
and prepared by using Schrodinger’s LigPrep tool. This process generated multiple states
for stereoisomers, tautomers, ring conformations (one stable ring conformer by default),
and protonation states. In particular, another Schrodinger package, Epik 6.8, was used to
assign tautomers and protonation states that would be dominant at a selected pH range
(pH =7 & 1). Ambiguous chiral centers were enumerated, allowing a maximum of 32 iso-
mers to be produced from each input structure. Then, energy minimization was performed
with the OPLS3 forcefield.

The protein was prepared using Maestro Protein Preparation Wizard. Hydrogen atoms
were added, and water molecules were removed from the protein structure.

The GENEOnet 1.2 tool was employed to define protein-binding pockets and guide
the docking experiments [16]. Developed by Dompé Farmaceutici SpA, this proprietary
software integrates the geometric and explainability features of Group Equivariant Non-
Expansive Operators (GENEOs) within a network architecture, creating a novel, knowledge-
driven machine learning paradigm. By leveraging critical chemical-physical properties
such as lipophilicity, hydrophilicity, and electrostatics, GENEOnet effectively identifies
and prioritizes binding sites. For each parameter, a distinct GENEO [17] is employed to
pinpoint regions with optimal values, enhancing the precision of pocket detection.

The docking simulations were performed by using LiGen. LiGen, a proprietary
software developed by Dompé, implements a geometrical fitting procedure combined with
a rigid body minimization. The Chemical Score, representing the ligand-binding interaction
energy, is calculated using an in-house-developed scoring function after an initial rigid-
body minimization is performed to optimize the docked ligand within the binding site.
All poses that do not fulfill geometric fitting or threshold values of user-defined specific
parameters are discarded.
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Covalent docking was performed using the Covalent Docking 10.3 module
of Schrodinger.

5. Conclusions

We have developed a novel and reliable SPR-based binding assay to evaluate potential
ligands to human tryptase, measuring the underlying binding constants and stoichiometry
of the ligand—protein complex. The assay proved to be a valuable tool to integrate in
silico predictions and obtain important experimental insights into both the strength and
the mode of interaction of ligands with the tetrameric human tryptase that was finally
validated by X-ray crystal structures of one tryptase-inhibitor complex. This can provide a
surrogate or additional method to investigate and study the binding properties and stoi-
chiometry of small molecules against their target, limiting the expensive costs of structural
microscopy techniques.

This integrated and multimodal approach can be used for future screening campaigns
to identify new ligands of the human tryptase, levering the synergism between the in silico
prediction and the experimental validation.
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Abstract: Aberrant activation of hedgehog (Hh) signaling has been implicated in various cancers.
Current FDA-approved inhibitors target the seven-transmembrane receptor Smoothened, but re-
sistance to these drugs has been observed. It has been proposed that a more promising strategy to
target this pathway is at the GLI1 transcription factor level. GANT61 was the first small molecule
identified to directly suppress GLI-mediated activity; however, its development as a potential anti-
cancer agent has been hindered by its modest activity and aqueous chemical instability. Our study
aimed to identify novel GLI1 inhibitors. JChem searches identified fifty-two compounds similar to
GANT61 and its active metabolite, GANT61-D. We combined high-throughput cell-based assays and
molecular docking to evaluate these analogs. Five of the fifty-two GANT61 analogs inhibited activity
in Hh-responsive C3H10T1/2 and Gli-reporter NIH3T3 cellular assays without cytotoxicity. Two of
the GANT61 analogs, BAS 07019774 and 727610715, reduced Glil mRNA expression in C3H10T1/2
cells. Treatment with BAS 07019774 significantly reduced cell viability in Hh-dependent glioblastoma
and lung cancer cell lines. Molecular docking indicated that BAS 07019774 is predicted to bind to the
ZF4 region of GLI1, potentially interfering with its ability to bind DNA. Our findings show promise
in developing more effective and potent GLI inhibitors.

Keywords: hedgehog; GLI1; GANT61; C3H10T1/2; high-throughput screening; GLI inhibitors;
molecular docking

1. Introduction

GLI1 (glioma-associated oncogene homolog 1) was first identified in human glioma
cancer cell lines as an oncogene [1] and subsequently shown to be a zinc finger (ZF)
containing transcription factor [2,3]. GLI1 was shown to be a transcription factor that acts
as the main effector of hedgehog (Hh) signaling [4,5], a major morphological pathway
involved in development [6-8]. In mammals, GLI1 and its family members GLI2 and GLI3
all contribute to the transcription response to Hh activation (as recently reviewed in [6]).
During canonical Hh signaling, the binding of the Hh ligand to its receptor, Patched 1
(PTCH1), relieves PTCHI1 repression of Smoothened (SMO), a seven-pass transmembrane
protein. This allows for the activation of SMO and the translocation of GLI proteins into
the nucleus, turning on the transcription of various Hh target genes, including GLI1 itself.
GLI1 activation creates a positive feedback loop, amplifying the overall Hh response [8].

Hh/GLI activation has been observed in various human tumor types [8-11]. This acti-
vation has been reported to occur through both canonical and non-canonical mechanisms,
with GLI1 as the key transcription factor [12-18]). GLI1 expression has been associated with
a poor prognosis and an advanced stage of various cancers [16,19]. GLI1 activation can
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occur through multiple pathways independent of SMO, including by PI3K/AKT/mTOR,
TGEFpB, the DYRK family, and oncogenic drivers such as c-Myc [15,16,20-22]. Noncanonical
GLI1 activation has been reported in esophageal [23], glioblastoma [24], and lung [25]
cancers. Therefore, identifying drugs that target the Hh/GLI pathway has been a major
focus in cancer drug development. Small-molecule inhibitors of SMO have shown the most
success in targeting the Hh/GLI pathway [26,27], resulting in the development of three
FDA-approved SMO inhibitors [28-30]. Despite the initial success of SMO inhibitors, clini-
cal studies have reported resistance to these drugs [27,31]. This has led to identifying other
potential drug targets in the pathway, including downstream at the level of GLI [20,32-38].

GLI1/DNA binding has been proposed as a druggable target [39]. GANT61, discov-
ered by small-molecule screening in a Gli reporter cell-based assay [40], was shown to
directly block GLI-mediated transcriptional activity [40]. Subsequent molecular docking
and biochemical studies showed that GANT61 binds directly to GLI1 within the zinc finger
(ZF) region [41]. Additionally, GANT61 has demonstrated anti-cancer activity in various
cell studies, including the suppression of cancer cell growth [42,43] and the promotion
of apoptosis and G1/S phase cell cycle arrest [44]. However, GANT61 was shown to be
unstable under physiological conditions and hydrolyzes into an aldehyde derivative and a
diamine (GANT61-D), which is the bioactive form that inhibits GLI activity [45]. Several
other GLI-directed inhibitors have been identified [20,35,37,46,47]), including GANT58 [40],
HPI-1-4 [48], glabrescione B [39], arsenic trioxide [49], genistein [50], pirfenidone [51],
pyrvinium [52], FN1-8 [53,54], ketoprofen [55,56], nanoquinacrine [57], zerumbone [58],
5'-O-Methyl-3-hydroxyflemingin [59], and cynanbungeigenin C and D [60]. With the excep-
tion of arsenic trioxide, which is not a GLI-specific inhibitor [49,61], these GLI antagonists
have not been clinically evaluated [37,46].

In our study, we aimed to identify novel and potent GLI antagonists with potentially
improved physicochemical properties. Utilizing JChem for chemical structure searches, we
identified fifty-two analogs similar to both GANT61 and its active form, GANT61-D. The
screening of these fifty-two analogs in high-throughput Hh functional cell-based assays
identified six potential inhibitors with potencies in the low micromolar range. Our gRT-PCR
data confirmed that two analogs (BAS 07019774 and Z27610715) significantly inhibited Gli1
mRNA expression in Hh-responsive C3H10T1/2 cells. Notably, BAS 07019774 inhibited
the growth of GLI1-dependent glioma and lung cancer cells. Further, a computational
molecular docking simulation predicted that BAS 07019774 binds to the ZF4 domain within
the GLI1-DNA binding region. The amino acid residues interacting with BAS 07019774
are conserved between GLI1 and GLI2, suggesting a broader targeting potential. The
identification of BAS 07019774 as a promising GLI antagonist provides a novel starting
point for future research aimed at developing improved GLI-targeted compounds.

2. Results
2.1. Generating the GANT61 Analog Compound Set

To identify compounds structurally similar to GANT61 [40], we performed the Tani-
moto 3D similarity search in Instant JChem (Chemaxon Ltd., Budapest, Hungary). This
first search yielded 150 potential compounds (with coefficients ranging from 0.8 down
to 0.5), and after assessing their availability, 43 compounds were identified for testing.
Subsequent to our initial similarity search, it was reported that the active form of GANT61
was a diamine derivative (termed GANT61-D) resulting from the hydrolysis of the par-
ent compound [45]. Hence, a second round of similarity searching using the GANT61-D
chemical scaffold in JChem was performed. This search (with a coefficient >0.5) yielded
55 potential compounds, including GANT61. Many of these compounds overlapped with
the initial search results with an additional nine novel candidates identified (Figure 1A).
From the combined results of both searches, 52 GANT61 analogs were purchased from
vendors as listed in Supplementa Table S1.
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Figure 1. Screening of GANT61 analog compound set for hedgehog pathway inhibition. (A) II-
lustration of JChem and PubChem structure searches to identify compounds that share similar
pharmacophores with GANT61 and the active form of GANT61 (GANT61-D). (B) Representative
heat map profile for Hh pathway inhibitory effects of the GANT61 analog set in C3H10T1/2 cells.
C3H10T1/2 cells were stimulated with SAG at its EC5( value (30 nM). GANT61 analogs were added
in dose-response at the indicated concentrations, and after 5 days, alkaline phosphatase (AP) activity
was measured using a fluorescent AP substrate. Each row represents dose-response data for a single
GANT61 analog. The heat map key indicates that red stands for maximum inhibition and pale green
stands for minimal inhibition. Red arrows indicate GANT61 analogs selected for further study.

2.2. Assessing GANT61 Analogs for Inhibition of Hh Activity in the C3H10T1/2 Cell-Based Assay

The GANTG61 analog set was first assessed for Hh pathway inhibition using the Hh-
responsive C3H10T1/2 cell line assay, a well-accepted bioassay to evaluate inhibitors for
this pathway [62,63]. In these murine pluripotent cells, Hh activation leads to alkaline
phosphatase (AP) induction, a marker for differentiation into osteoblast lineages [64,65].
Compounds underwent high-throughput screening using an automated and optimized
384-well format with either a fluorescence or absorbance readout for AP activity. To induce
Hh pathway activity, C3H10T1/2 cells were treated with SAG at its ECsy concentration
(30 nM) (Supplemental Figure S1A) followed by GANT61 analog compounds added in dose-
response. Cells were incubated for a further 5 days, and then the AP activity was measured.
This initial screening of the fifty-two GANT61 analogs identified several compounds that
decreased SAG-induced AP activity in the C3H10T1/2 cells (the fluorescence (flu) readout
is shown in Figure 1B and the absorbance (abs) readout in Supplemental Figure S2A).
Compounds with activity in only one readout (flu or abs) were excluded to eliminate
those potentially interfering with the assay [66], resulting in six compounds being selected
for further analysis. These six compounds were evaluated to determine their potency in
C3H10T1/2 cells with the flu AP readout. Two analogs, BAS07019774 (ICsy = 5.5 uM)
and Z27610715 (ICsp = 1.1 uM), exhibited stronger inhibitory activity compared to that
of GANT61 (IC59 = 10.5 uM) (Figure 2A, Table 1). The remaining four analogs showed
incomplete inhibition and did not reach 50% inhibition at the highest concentration tested.
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In the C3H10T1/2 colorimetric assay, the six GANT61 analogs showed inhibition profiles
(Supplemental Figure S2B) comparable to those we observed in the fluorescence-based
version of the assay (Figure 2A), with BAS07019774 and GANTG61 again having full dose—
response curves, yielding ICs values of 3.3 uM and 3.7 uM, respectively (Table 1).
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= 120 E120 1207 21201
£ 2 z % 1004 I g 100 I
£ 100+ £ 100 3 b} 3 i
3 3 ¥ 2 80 3 80
& g4 < 80 X g8 i ° g t
o o S 60 K] 60
< 60+ < 60 _ * S 40 S 0l N}
L 404 £ 4 Gy =11 M ) ] 3 IC50= 6.7 uM
°
2 2 2 20 2 20
5 = g L) : . . , 3 . . . .
€ o & od 001 041 1 10 100 € 901 01 1 10 100
0.01 01 1 10 0.01 0.1 1 10 [227613695] (uM) [227610715] (uM)
[227613695] (uM) [227610715] (uM) . z
= o~ 2120 120
£ 120 £ 120 £ 100 % 1004
g
%100- gwo $ o0 3 80
< 80 < 80 3 5 o 5 eo 2
% % S 3 40
< o1 < e 5 40 5 404
< a0 E a0 3 20 1Cs0 =38 M g 204
£ 20 £ 20 E-S T T T 1 % o T T T 1
3 g 001 0.1 1 10 100 £ o0 0.1 1 10 100
€ o 0+
0.01 01 1 10 0.01 0.1 1 10 [BAS 09681156] (1M) _ [BAS 06844821] (uM)
[BAS 09681156] (uM) [BAS 06344821] (uM) g g
> 120 1 g120
= £ }; -
< . E i = 100
= 120 ~ f120 § 100 f\‘ 3
g 2 @ 80 2 80 3
2 100 T % 100 8 g
k] kS 5 60 s 60
< 804 < 80 5 " s
Ed 60| i % 3 404 3 40
3 IC5=5.5uM ‘ 3 w0 i 2 20 IC5p = 11.2uM N 2 20 1C5=0.9 uM
E 40 \ ) ki E-; 0
\ 3 ] T T T 1
£ 204 \ 2 5 001 1 1 10 100 o001 0.1 1 10 100
g & = [BAS 07019774] (uM) [BAS 06348344] (uM)
0 T T T x 0
o.01 04 1 10 001 01 1 10 g
[BAS 07019774] (uM) [BAS 06348344] (uM) 27 I
3
120 s 1001
> g
3 100 H
t‘t, 80 3 504
o 2 ICgy=1.9 uM
< 60 ICso =10.5 uM k- <
2 T T T )
5 40 Y] 0.1 1 10 100
) [GANTE1] (uM)
k-t
LR T T T
001 01 1 10
[GANT61] (uM)

Figure 2. Dose-response curves for selected GANT61 analogs in Hh-responsive cellular assays
C3H10T1/2 and Gli reporter NIH3T3. (A) The C3H10T1/2 AP fluorescence assay was carried out
as in Figure 1. Data were normalized to SAG-stimulated cells and are displayed as the mean of %
activity (n = 3 independent experiments). (B) Gli reporter NIH3T3 cells were treated with SAG at
its ECsg value (26 nM), GANT61 analogs added in dose-response at the indicated concentrations,
and cells were incubated at 37 °C for 30 h. Firefly luciferase activity was measured as described in
Methods. Data were normalized to cells treated with SAG (negative control) and are displayed as the
mean of % luciferase activity + SD (n = 3 independent experiments). Dose-response curves were
generated using non-linear regression, and ICs values were determined using GraphPad 9.

For further confirmation, the six GANT61 analog compounds were repurchased and
retested for inhibition in the C3H10T1/2 assay using SAG and as an additional control,
purmorphamine (PUR) [67,68], another Smo agonist to activate the Hh pathway (PUR,
EC5p = 500 nM; Supplemental Figure S1A). The Hh-pathway-inhibitor KAAD-cyclopamine
(KAAD-cyc) [69] was used as a positive inhibitor control (ICsy = 6.2 nM; Supplemental
Figure S1A). The six GANT61 analogs displayed comparable inhibition profiles and ICs
values regardless of which Smo agonist (SAG or PUR) was used (Supplemental Figure S3).
For 727610715, BAS07019774, and GANT®61, ICs values of 8.1, 6.5, and 2.5 uM, respectively,
were determined when using PUR as the pathway activator (Table 1).
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Table 1. Activity testing in C3H10T1/2 and Gli-luciferase NIH3T3 cell-based assays for compounds
identified from primary screening.

Chemical C3H10T1/2 Gli-NIH3T3 C3H10T1/2 C3H10T1/2
Compound Structure (Flu AP, (luciferase, (Abs AP, (PUR; Flu AP,
IC50 HM) IC50 HM) IC50 LI.M) IC50 p.M)
727613695 r P <20% 7 <20% <20% <20%
rO
s ° Y
727610715 \@Y : 11 6.7 <20% 8.1
N~ T | j
A A
BAS 06844821 O\_/ 2 <20% ~40% <20% <20%
-0
BAS 09681156 \_@ <20% 3.8 ~30% ~40%
BAS 07019774 QTOG 55 1.2 33 6.5
Y
BAS 06348344 —r ] <20% 0.9 <20% <20%
e O
25

e BE 10.5 1.9 37

? For values given as %, this refers to % inhibition at highest dose tested.

2.3. Testing Selected GANT61 Analogs for Inhibition in the Gli-Luciferase Reporter NIH3T3
Cell Line

To confirm Hh pathway inhibition and to eliminate any cell-line-specific effects, we
next tested the six identified GANT61 analogs in an orthogonal Hh-responsive cell line
model, the Gli-luciferase reporter NIH3T3 cell line (BPS Bioscience, San Diego, CA, USA).
In these engineered NIH3T3 cells, the gene for firefly luciferase was stably integrated to
be under the transcriptional control of Gli-responsive elements. To assess the six GANT61
analogs, the Gli-luciferase NIH3T3 cells were stimulated with SAG at its ECs concentration
(26 nM, Supplemental Figure S1B), compounds added in dose-response (with KAAD-cyc
as a positive control inhibitor (ICsy = 8.8 nM); Supplemental Figure S1B), and the luciferase
activity measured. Four of the six GANT61 analogs significantly decreased the luciferase
expression in a dose-dependent manner with Z27610715, BAS 09681156, BAS 07019774, and
BAS 06348344 having 1Cs( values of 6.7, 3.8, 11.2, and 0.9 pM, respectively, and GANT61
having an ICs( value of 1.9 uM (Figure 2B, Table 1). BAS 06844821 had more modest effects
on the luciferase activity, decreasing the activity by ~40% at the highest dose tested. As
727613695 showed no significant inhibition of activity in any of the Hh assays (Table 1),
this compound was no longer included for subsequent testing. The results from both of the
Hh-responsive assays showed BAS 07019774 and 727610715 were the most active (Table 1).
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Relative Nuclei Count

2.4. Assessing Selected GANT61 Analogs for Cell Cytotoxicity in the Hh-Cell-Based Assays

Next, we assessed whether the GANT61 analogs specifically inhibited Hh signaling
or caused general cytotoxicity in the C3H10T1/2 and Gli reporter NIH3T3 cells. These
cells were stimulated with SAG, selected GANT61 analogs added in dose-response, and
the effects on cell number determined using the nuclear stain Hoechst 33342 [70]. The
GANT61 analogs did not significantly affect the C3H10T1/2 cell number, while GANT61
significantly decreased the cell number at the highest concentration of 20 uM (a 93.5%
reduction) (Figure 3A). Likewise, no significant reduction in Gli reporter NIH3T3 cell
numbers was observed with the GANT61 analogs tested up to a concentration of 50 pM
(Figure 3B). However, GANT61 showed significant cytotoxicity in these cells with cell
count reductions of 49.4% and 86.5% at 25 uM and 50 uM, respectively (Figure 3B). These
findings suggest that the inhibitory effects of the GANT61 analogs in both Hh-responsive
cell lines are mediated through the Hh pathway rather than by a general cytotoxic effect.
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Figure 3. Effect of the selected GANT61 analogs on cell cytotoxicity in C3H10T1/2 and Gli reporter
NIH3T3 cells. GANT61 analogs were added in dose-response at the indicated concentrations to
C3H10T1/2 cells for 5 days (A) or to Gli reporter NIH3T3 cells for 30 h (B). Cells were then incubated
with Hoechest-33342, and cell numbers were determined using high-content imaging as described in
Methods. Data were normalized to SAG-treated cells. Data are displayed as the mean of the relative
nuclei count £ SD (1 = 3 independent experiments).

2.5. Testing GANT61 Analogs for Inhibition of SAG-Induced Glil mRNA Expression in
C3H10T1/2 Cells

To determine the direct inhibition of Hh pathway transcriptional activity by the
GANT61 analogs, Glil mRNA expression was measured in SAG-induced C3H10T1/2 cells.
A preliminary time course assessed Glil mRNA expression in C3H10T1/2 cells induced by
SAG, with two time points selected for further studies (48 and 96 h, Supplemental Figure
S4A). Based on their consistent inhibitory activity in the previous Hh-responsive assays
(Table 1), we selected the GANT61 analogs 227610715 and BAS 0701977 for continued
testing. C3H10T1/2 cells were stimulated with SAG at its EC5p concentration (30 nM) and
treated with the two GANT®61 analogs, and the Glil mRNA levels were measured using
TagMan qRT-PCR. As expected, SAG significantly increased Glil mRNA expression at
48 h (27-fold) and 96 h (278-fold) in comparison to that of untreated cells (Figure 4A,B).
The positive control inhibitor, KAAD-cyc, effectively inhibited SAG-induced Glil mRNA
expression (with a six-fold decrease at 48 h; Supplemental Figure S4B). BAS 07019774
significantly reduced Glil mRNA expression at both time points (4.9-fold at 48 h and
2.2-fold at 96 h) compared to the SAG-treated cells (Figure 4A,B), while Z27610715 showed
a significant reduction only at the later time point (4.5-fold at 96 h) (Figure 4B). Interestingly,
GANT61 reduced Glil mRNA expression at 48 h (20.4-fold) but did not significantly reduce
Glil mRNA expression at 96 h (Figure 4B). These findings further support the inhibitory
activity of the GANT61 analogs on the Hh pathway.
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Figure 4. Effect of GANT61 analogs on Glil mRNA expression in C3H10T1/2 cells. C3H10T1/2
cells were seeded in 12-well plates at a cell density of 60,000 cells/well, treated with SAG (30 nM)
alone (control) or with SAG in the presence of 10 uM of BAS07019774, Z27610715, or GANT61.
RNA was collected at 48 (A) and 96 (B) h, and Gli1 mRNA expression was determined by Tagman
qRT-PCR. Data were normalized to the housekeeping gene -actin. The mean of three independent
experiments £ SD is shown. Data were evaluated by one-way ANOVA followed by Tukey’s multiple
comparisons test using GraphPad Prism 9. Significant differences relative to treatment of SAG alone
(**** p <0.0001, ** p-value = 0.0022, ns = not significant).

2.6. Effects of GANT61 Analogs on the Viability of Glioblastoma and Lung Cancer Cell Lines

To evaluate the effect of the identified GANT61 analogs on cancer cell viability, we
first assessed the expression of GLI1 and GLI2 in two human glioblastoma cell lines,
U87MG and T98G, previously shown to be GANT61-sensitive and GLI1-dependent [71-73].
Consistent with previous reports [71,73], we observed that US7MG cells express both GLI1
and GLI2 and that T98G expresses predominantly GLI1 (Figure 5A and Supplemental
Figure S5). The GLI1 mRNA expression was comparable in both US87MG and T98G
(Figure 5A, Supplemental Figure S5). U87MG and T98G cells were incubated with GANT61
analogs for 72 h, and the cell viability was measured. Notably, BAS 07019774 showed
significant effects on both US87MG and T98G cell viability (with ICsy values of 9.5 and
29.5 uM, respectively) (Figure 5B). 227610715 exhibited a moderate reduction in T98G
cell viability (a 19.2% reduction at 50 uM). Further, BAS 07019774 was more effective in
reducing U87MG cell viability in comparison to GANT61, while their effects on TG98 cells
were comparable (Figure 5B).

We further explored the effects of BAS 07019774 on two lung cancer cell lines, SK-MES-
1 and H1437. SK-MES-1 has been shown to be GLI-dependent and GANT61-sensitive [74].
We found that the SK-MES-1 cells expressed both GLI1 and GLI2, which is consistent with
a previous report [74], while the H1437 cells expressed minimal levels of GLI1 and GLI2
(Figure 5A and Supplemental Figure S5). Our data showed that BAS 07019774 was able to
reduce the SK-MES-1 cell viability (with an ICs value of 9.3 pM), whereas GANT61 had a
modest effect (Figure 5C). Significantly, BAS 07019774 did not affect the viability of H1437
cells that have minimal GLI expression, while GANT61 had some effect on the viability of
these cells at high concentrations (Figure 5C).
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Figure 5. Effect of the selected GANT61 analogs on glioblastoma and lung cancer cell viability.
(A) GLIT and GLI2 mRNA expression levels were quantified in human glioblastoma and lung cancer
cell lines (U87MG, T98G, SK-MES-1, and H1437) using TagMan qRT-PCR as described in Methods
(see data in Supplemental Figure S5). PCR products were electrophoresed on 2% agarose gels and
visualized by iBright 1500 Imaging System (Invitrogen, Carlsbad, CA, USA). The bands obtained
for GLI1, GLI2, and GAPDH are at the predicted sizes of 80 bp, 88 bp, and 157 bp, respectively.
Glioblastoma (B) and lung cancer (C) cell viability using MTT assay. Glioblastoma U87MG and
T98G cells were seeded in 384-well plates at densities of 2500 and 1500 cells/well, respectively.
SK-MES-1 and H1437 lung cancer cells were seeded in 384-well plates at densities of 1000 cells/well
and 2000 cells/well, respectively. Cells were treated with the GANT61 analogs in dose-response at
the indicated concentrations for 72 h, and their viability was assessed by MTT assay as described in
Methods. Data are presented as the mean of % viability relative to that of cells treated with vehicle
(0.1% DMSO). Dose-response curves were generated using non-linear regression, and ICs( values
were determined using GraphPad Prism 9.

2.7. Predicted Binding Mode of BAS 07019774

GANT61 was previously predicted to bind at the ZF region of GLI1 [41,45]. To un-
derstand how BAS 07019774 might interact with GLI1, we performed molecular docking
simulations. Molecular docking was carried out using Molecular Operating Environment
(MOE) and the human GLI1-ZF/DNA crystal structure (PDB ID: 2GLI) [75]. The 3D struc-
tures of BAS 07019774 and GANT61-D were generated using energy minimization in MOE.
An evaluation of the 12 lowest-energy poses (visually, the number of key interactions; Sup-
plementa Table S2) suggested pose 7 as the most favorable binding mode for BAS 07019774.
In this predicted pose, BAS 07019774 interacts with ZF4, forming three interactions, one
hydrogen (H)-bond with Arg348 and two m-acceptor H-bonds [76] with His335 and Glu334
(Figure 6A-C). These interacting residues are positioned near the GLI1-ZF DNA binding
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site (Figure 6D) and are also conserved between GLI1 and GLI2 proteins (Figure 6D). MOE
predicted that GANT61-D also interacted in the same region of GLI1-ZF, forming two
H-bonds, one with Arg348 and one with Glu334 (Supplemental Figure S6).
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Figure 6. Predicted docking pose of BAS 07019774 to GLI1 zinc finger structure. BAS 07019774 was
docked to the crystal structure of GLI1 five-zinc finger domain (PDB ID: 2GLI) using MOE. For clarity,
residue numbering used in this figure corresponds to full-length GLI1 numbering (UNIPROT P08151).
(A) The best docking pose predicted binding of BAS 07019774 to Arg348 (one hydrogen bond), Glu334
(m-acceptor H-bond), and His335(m-acceptor H-bond) residues within GLI1 ZF4. (B) Compounds
and residues are shown in stick representation. Two-dimensional ligand interaction diagram of
GLI1-ZF interactions with BAS 07019774. Ligand interactions were generated using MOE software
(version MOE2022.02). (C) Chemical structure of BAS 07019774 annotated with GLI1-ZF interactions.
(D) Amino acid sequence alignment of GLI1-ZF and GLI2-ZF domains is highlighted to show the
following individual ZF sections: ZF1 (gray), ZF2 (light gray), ZF3 (blue), ZF4 (green), and ZF5
(yellow). Residues in bold (E, H, and R) correspond to Glu334, His335, and Arg348 and show where
BAS 07019774 is predicted to bind. Residues in red are those that interact with DNA, and underlined
residues are DNA phosphate contacts [75].

(D)

3. Discussion

As the hedgehog pathway has a major role in tumorigenesis, significant efforts have
been made to develop drugs targeting this pathway [26,27], with several SMO inhibitors
having been approved by the FDA [28-30]. Due to drug resistance to these SMO in-
hibitors [31], targeting elsewhere in the pathway, including downstream at the level of GLI,
has been proposed [20,32-38]. Studies indicate that the inhibition of GLI may be more effec-
tive than SMO in blocking tumor growth in several cancer models [77-79]. GANT61 was
one of first compounds shown to directly inhibit GLI1/2-mediated transcription [40] and
was subsequently shown to bind directly to GLI1 [41]. However, the chemical instability
and poor pharmacokinetic properties of GANT61 have prevented its development as an
anti-cancer agent [20,45].

In this study, GANT61 and its active form GANT61-D were used as scaffolds to identify
closely related compounds that may have improved potency and drug-like properties. From
a set of fifty-two GANT61 analogs, we initially identified six with inhibitory effects (a low
micromolar range) on the Hh pathway in cell-based assays. Five of these six GANT61
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analogs were confirmed to be active in an orthogonal Hh-responsive Gli reporter cell-based
assay. In C3HT101/2 cells, one of the compounds, BAS 07019774 (a p-phenylenediamine),
significantly reduced Gli1 mRNA at both 48 and 96 h. In contrast, Z27610715 was ineffective
at 48 h but potent at 96 h, while GANT61 appeared to be more effective in inhibiting Gli1
mRNA expression at 48 h rather than at 96 h (Figure 4), suggesting differing stabilities
or solubilities amongst these compounds. The higher efficacy of GANT61 analogs in
reducing Glil expression compared to GANT61 at 96 h may be attributed, at least in
part, to the reported low level of stability of GANT61 [45]. Further studies are required
to assess the stability and the solubility of the selected GANT61 analogs (BAS 07019774
and Z27610715) compared to GANT61. Further, we endeavored to address some of the
challenges outlined by Curran [80] in developing Hh pathway inhibitors, in particular, their
potential off-target/cytotoxic effects at higher doses. We demonstrated that BAS 07019774
was effective at low micromolar concentrations in the Hh functional cellular assays without
any significant cell cytotoxicity, indicating that the inhibition by BAS 07019774 was not
simply due to cell killing independent of the Hh pathway. In contrast, high concentrations
of GANT61 did appear to be cytotoxic for these cells. GANT61 has been reported to have
differing cytotoxic effects on “normal” cell lines (see, for example, [81]).

In GLI-dependent cancer cell models, treatment with BAS 07019774 significantly
reduced cell viability in both US7MG and T98G glioblastoma cell lines. Z27610715 showed
a minimal effect on US87MG cells and a modest reduction in the viability of T98G cells.
While GANT61 was less effective than BAS 07019774 in U87MG, they had comparable
effects in T98G cells. Notably, BAS 07019774 was more effective in reducing the cell growth
of U87MG, which expresses both GLI1 and GLI2, suggesting that BAS 07019774 potentially
targets both GLI1 and GLI2. To provide more evidence for GLI targeting by this compound,
BAS 07019774 was also found to be effective in reducing the viability of a GLI-dependent
lung cancer cell line SK-MES-1 but was ineffective in a lung cancer line with minimal GLI
expression (H1437). These findings suggest that the anti-cancer activity of BAS 07019774
could be linked to an ability to target GLI proteins.

Our evaluation of the molecular docking prediction of BAS 07019774 binding to
the human GLI1-ZF domain [75] showed the best pose consisted of three interactions:
one hydrogen (H)-bond with Arg348 and two 7-acceptor H-bond interactions with the
hydrogens of His335 and Glu334. These three residues are found within ZF4 of GLI1
(Figure 6). Notably, Arg348 is located between key residues in ZF4 (Figure 6D; Ala345,
Ser346, Asp347, and Lys350), which are in contact with the conserved nine-base pair
DNA binding site [3,75]. Furthermore, the crystal structure of GLI1-ZF showed that
the Arg348 side chain forms an H-bond with the phosphodiester oxygen of the DNA
backbone [75], suggesting that BAS 07019774 may disrupt GLI1-DNA binding. Interestingly,
the residues interacting with BAS 07019774 (Arg348, His335, and Glu334 in GLI1) are
conserved between GLI1 and GLI2 [41,75] (Figure 6D). This conservation suggests that
BAS 07019774 might interact similarly with both GLI1 and GLI2. This could explain the
observed higher effectiveness of BAS 07019774 in reducing the viability of cancer cell lines
expressing both GLI1 and GLI2 (U87MG and SK-MES-1) compared to T98G cells, which
primarily express GLI1. Our molecular docking predicts GANT61-D docking at a site
on ZF4 close to or overlapping with that of BAS 07019774, with GANT61-D forming two
H-bonds: one with Arg348 and one with Glu334. However, previous docking studies
using AutoDock have the neutral form of GANT61-D docking between ZF2 and ZF3 with
H-bond contacts with Glu250 and Glu298 [41,45,82,83]. The mutation of these residues
reduced GANT61-GLI1 binding as assessed by surface plasmon resonance and reduced
GANT61-mediated Hh-pathway inhibition [41]. In the study by Calcaterra et al. [45], it
was proposed that the di-protonated form of GANT61-D would be the prevalent form
under physiological conditions. Their docking studies had this di-protonated form of
GANT61-D docking within ZF1 and ZF2 at a negatively charged surface with its interaction
driven predominantly by electrostatic forces [45]. While the discrepancy between our
data and those of the previous reports may be due to using different docking approaches,
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including, for example, the program utilized, initial pocket identification, grid density, and
potential biases in scoring functions, there is precedent for some of the other identified
GLI binders to potentially interact at different sites on GLI-ZF (see the discussion below
on other identified GLI binders). Further, docking with transcription factors such as GLI1
can be challenging due to their flexibility, the absence of well-defined binding pockets,
and their generally flat surfaces [39]. Further studies will be required to determine the
functional significance of the residues on GLI1 identified by our study and predicted to be
involved in BAS 07019774 binding.

Based on the calculated chemical properties (Table 2), BAS 07019774 (pyridin-4-
ylmethyl-(4-pyrrolidin-1-yl-phenyl)-amine) meets the criteria of Lipinski’s rule of five
(mol. wt. <500, LogP <5, HBD < 5, HBA < 10) [84,85]. Further, its molecular weight
is somewhat less than that for both GANT61 and GANT61-D. Due to the relatively low
number of analogs we screened, exploring a structure—activity relationship (SAR) for BAS
07019774 is challenging. However, we did identify two closely related but inactive analogs
(BAS 06103407 and BAS 07018849) that maintain the p-diaminobenzene core but are miss-
ing the pyrrolidine ring (Figure 7). In our docking study, this pyrrolidine ring makes an
H-bond with Arg348. Further, the basicity of the pyrrolidine nitrogen at physiological pH
is not very high, and it is likely to not be fully protonated. The low molecular weight for
BAS 07019774 provides opportunities to add substituents to increase potency and improve
physicochemical properties without exceeding 500 Da. BAS 07019774 has a “linear” ar-
rangement of amine centers that nonetheless allows for medicinal chemistry exploration to
optimize its properties. The p-diaminobenzene core could be maintained with substitutions
at any position or the addition of other heteroatoms to the rings in order to find analogs.
An alternative would be to preserve the pyrrolidino-phenylenediemaine structure and
interrogate the SAR around that moiety. The pyrrolidine ring of BAS 07019774 could also
be opened or modified without negatively impacting any of the interactions suggested in
this work.

Table 2. Calculated properties for BAS 07019774 and GANT61.

Compound Mol. wt. (g/mol) cLogP LogS PSA RB HBD HBA
GANT61 429.6 49 -5.9 25 7 0 5
GANT61-D 340.5 3.9 —4.3 31 10 2 4
BAS 07019774 253.3 19 =37 28 4 1 3

Abbreviations: cLogP, calculated lipophilicity of partition coefficient; LogS, calculated aqueous solubility; PSA,
polar surface area; RB, number of rotational bonds; HBD, number of hydrogen bond donors; HBA, number of
hydrogen bond acceptors. Properties calculated in ChemDraw 23 (Revvity).

O

BAS 07019774 - active

BAS 06103407 - inactive BAS 07018849 - inactive

Figure 7. Preliminary SAR of BAS 07019774. Two compounds (BAS 06103407 and BAS 07018849)
that have similar structures to BAS 07019774 were identified among the fifty-two analogs screened
and found to be inactive. Both compounds maintain the p-diaminobenzene core but are missing the
pyrrolidine ring, which makes an H-Bond with Arg348.
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Only GANT®61 [41,45], the natural isoflavone Glabrescione B (GlaB) (Figure 8) [39],
and arsenic trioxide [49] have been shown to directly bind GLI1. GlaB was identified from
a virtual screening of >800 compounds based on mutagenesis studies identifying residues
involved at the GLI1-DNA binding site [39]. The docking studies predicted GlaB binding
to a groove between ZF4 and ZF5 with interactions to Lys340 and Lys350, interfering with
the interaction of GLI1 with its target DNA [39]. GlaB derivatives have been designed that
can target both GLI1 and SMO [86-88]. The chemical structures of GANT61 [82,89] and
GlaB [90] have been used as scaffolds for virtual screening to identity other compounds that
act as GLI1 inhibitors. In particular, GlaB and vismione E (Figure 8), which were previously
discovered by Infante et al. [39], were used to generate a multi-feature pharmacophore that
identified thiophene and pyrazolo-pyrimidine compounds that were predicted to dock
in the same binding pocket as GlaB [90]. One of the pyrazolo-pyrimidine compounds
(SST0704, Figure 8) had predicted docking interactions with ZF4 [90]. This same five-
feature pharmacophore was subsequently used to identify several 8-hydoxyquinoline
derivatives [91] that had a similar scaffold to another 8-hydoxyquinoline analog 74 (pyridin-
4-ylmethyl-(4-pyrrolidin-1-yl-phenyl)-amine) meets the criteria of L (Figure 8) [82], which
was identified by virtual screening based on biased docking focused on the GANT61
binding site within ZF2 and ZF3. Interestingly, in the same study [91], a compound that
matched the five-feature model (compound 1, Figure 8) could be docked in two alternative
best-docking poses: one at ZF4, as predicted for GlaB, and the other between ZF1 and ZF3,
as predicted for GANT61. Further, they showed that some of the derivatives they identified
could be docked at ZF4, while others also had an alternative best-scoring docking pose with
the putative GANT61 binding site. Docking studies of a new 8-hydoxyquinoline derivative
JC19 (Figure 8) [92] using putative binding sites at ZFs 1, 3, and 4 showed interactions
at ZF4/5 similar to those hypothesized previously for other derivatives [90], as well as
GlaB [39]. JC19 inhibits the formation of the GLI1-DNA complex by making predicted
interactions with residues in ZF4 and ZF5, in particular, His351 and His356 [92]. These
studies highlight some of the challenges with docking simulations for GLI1 and suggest that
there are some pharmacophores that can be docked at both sites (“GlaB” and “GANT61”).
Indeed, a recent study shows GANT61 docking with other Hh pathway components” SMO
and SUFU [93].
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Figure 8. Chemical structures of reported direct GLI1 binding inhibitors. Structures were drawn
in “ACS 1996” format with ChemDraw exchange file type (.cdx) or generated from SMILES files
downloaded from PubChem. Compounds from the following references: (a) [40], (b) [45], (c) [39],
(d) [82], (e) [90], (f) [91] and (g) [92].
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While our unbiased docking for BAS 07019774 on GLI1 ZF predicted a significant clus-
ter of the top-ranked poses at ZF4, with a predicted best pose fitting with our preliminary
SAR data, we have also found that using biased docking at the GANT61 site (with a grid at
Glu250/Glu298 (full-length GLI1 numbering)) can generate docking poses that have some
reasonable interactions with BAS 07019774 (see an example in Supplementa Table S3). How-
ever, none of the top 15 predicted poses from this biased docking study have interactions
with the pyrrolidine ring of BAS 07019774 and thus do not fit with our SAR. While some of
these other GLI-ZF binding compounds (Figure 8) could bind in a similar fashion to BAS
07019774, there is not much chemical structural overlap. However, the 8-hydoxyquinoline
analog ((d) in Figure 8) [82] is an exception that can be mapped almost directly to BAS
07019774. Further exploration around both scaffolds is necessary to establish any correla-
tions and provide valuable insights.

4. Materials and Methods
4.1. Cell Lines, Reagents, and Compounds

Cell lines C3H10T1/2 (Clone 8), U87MG, T98G, SK-MES-1, and H1437 were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA). The Gli-luciferase
reporter NIH3T3 cell line was obtained from BPS Bioscience (San Diego, CA, USA). Cells
were cultured following the manufacturer’s instructions. In the case of C3H10T1/2, they
were optimized for high-throughput screening (HTS) using DMEM. All experiments were
conducted using cells between passage numbers 3 and 8. GANT61 was purchased from
TOCRIS (Minneapolis, MN, USA). KAAD-cyclopamine (KAAD-cyc) and SAG were ob-
tained from MilliporeSigma (Burlington, MA, USA). Purmorphamine was purchased from
Cayman Chemical (Ann Arbor, MI, USA). Hoechst-33342 dye, SYPR Safe DNA gel stain,
and agarose (genetic technology grade) were purchased from Themo Fisher Scientific
(Waltham, MA, USA). GANT61 analogs were purchased from Enamine (Kyiv, Ukraine)
or Asinex Corp (Winston-Salem, NC, USA). All compounds were purchased as powders,
dissolved in 100% DMSO to obtain 10 mM and 50 mM stock solutions, and stored at
—20°C.

4.2. C3H10T1/2 Hedgehog-Responsive High-Throughput Cell-Based Assay

To assess effects on Hh activity, we used the murine embryonic fibroblast cell line
C3H10T1/2 [64]. These cells have been previously demonstrated by our group and oth-
ers to be responsive to Hh signaling [63,65]. C3H10T1/2 cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and plated in
black, clear-bottomed 384-well plates (Thermo Fisher Scientific, Waltham, MA, USA) with
1500 cells/well using a MultiFlo cell dispenser (Agilent BioTek, Winooski, VT, USA). Af-
ter 24 h, cells were treatedw with Smoothened agonist (SAG) [94,95] at its half-maximal
effective concentration (ECsp = 30 nM) to induce Hh activity. GANT61 analogs in 100%
DMSO were then added to the cell plates in a 10-point 2-fold dose-response format, and
normalization performed using a D300 digital dispenser (HP). Cells were incubated for
5 days and lysed, and alkaline phosphatase (AP) activity was measured to assess Hh activ-
ity. The AP fluorescent substrate [96] (AttoPhos®, Promega, Madison, WI, USA) was added
to each well, plates were incubated in the dark for 30 min, and fluorescence measured
at Ex/Em 435/555 nM using a CLARIOstar plate reader (BMG Labtech, Cary, NC, USA).
This automated 384-well C3H10T1/2 assay with fluorescence readout was adapted from
our previous 96-well colorimetric version [97,98]. For some C3H10T1/2 cell experiments,
a 384-well colorimetric readout assay (pNPP substrate, 405 nM absorbance, clear plates)
was used. Purmorphamine (PUR) [67,68], an alternative SMO agonist, was used in some
experiments to activate Hh activity in C3H10T1/2 cells (PUR used at its EC5( value of
500 nM, determined by dose-response). AP activity was normalized to SAG-induced or
PUR-induced cells (maximum signal control, columns 1 and 2 in each 384-well assay plate).
As a minimum signal control, cells were treated with 30 nM of SAG plus 40 nM (ICy) of
known Hh inhibitor KAAD-cyclopamine (KAAD-cyc) [69] (columns 23 and 24 in each
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384-well assay plate). ICsy values were calculated using variable slope (four-parameter
dose response) in Prism 9 GraphPad software.

4.3. Gli-Luciferase NIH3T3 Reporter Assay

Gli reporter NIH3T3 cells (BPS Bioscience, catalog# 60409), a stable cell line that
contains firefly luciferase gene under the control of Gli-responsive elements, were used
to measure Hh pathway activity. Cells were grown in 96-well plates at a density of
25,000 cells/well for 24 h in Thaw Medium 5 (BPS Bioscience). After 24 h, the medium was
replaced with fresh assay media (100 pL) using a Biomek®NX (Brea, CA, USA) automated
liquid handler. To activate the Hh pathway, cells were treated with SAG at its half-maximal
effective concentration (ECsy = 26 nM). To assess inhibition, the GANT61 analogs were
added (serial dilutions of 0.098 to 50 pM) using a D300 system, and cells were then in-
cubated at 37 °C for 30 h. Firefly luciferase activity was measured using the One-Step
Luciferase Assay, according to vendor’s protocol (BPS Bioscience, catalog # 60690-1). Briefly,
One-Step luciferase reagent (100 uL) was added to each well and incubated by shaking for
20 min at room temperature, followed by luminescence detection using a GloMax plate
reader (Promega). To account for background luminescence, cell-free control wells were
included. The background-subtracted luminescence of cells stimulated with SAG alone
was set as 100% luminescence for calculating percent inhibition of the test compounds. The
inhibition curves were plotted using GraphPad Prism 9 to determine ICsy values. Each
assay was repeated at least three times.

4.4. Cytotoxicity Assay

Cytotoxicity of compounds was evaluated in C3H10T1/2 and Gli reporter NIH3T3
cell lines. Cells were plated and treated with SAG (at its EC5) concentration), and com-
pounds were added in dose-response as above. For C3H10T1/2 cells, Hoechst dye 33342
(10 pg/mL) was added to each well 5 d after treatment. For Gli reporter NIH3T3 cells,
Hoechst dye was added 24 h after treatment. Cells were incubated with the Hoechst dye
for 45 min at 37 °C. Following incubation, cells were washed with (50 uL) PBS (phosphate-
buffered saline), fixed with formalin (20 L), and incubated in the dark at room temperature
for 15 min. After fixing the cells, formalin was removed, and 50 pL of PBS added. High-
content imaging was performed using a Cellinsight NXT system (Thermo Fisher) at an
excitation wavelength of 386 nM. Data were analyzed using GraphPad Prism 9.

4.5. gRT-PCR Assay to Measure GLI mRNA Expression

Glil mRNA expression in murine C3H10T1/2 was quantitatively assessed by qRT-PCR,
as previously described [96]. Briefly, C3H10T1/2 cells were seeded at 60,000 cells/well in
12-well plates in DMEM/10% FBS. After 24 h, cells were treated with SAG (ECsp = 30 nM)
in the presence of GANT61 or GANT61 analogs (10 uM). Cells were harvested 48- and 96-h
post-treatment (with three replicate treatments per group). Glil mRNA induction by SAG
over a time course (0, 12, 24, 48, 72, 96, and 120 h) was assessed in a separate experiment.
Untreated cells were used as a control. Total RNA was isolated using RNeasy Mini Plus Kit
(Qiagen, Germantown, MD, USA). RNA (1 ug) was reverse-transcribed into cDNA using
an iScript cDNA Synthesis Kit (Bio-RAD, Hercules, CA, USA). qRT-PCR was performed to
quantify mRNA using TagMan assay. Probes specific for murine Glil (Mm00494654_m1)
and murine S-actin (Mmo2619580_g1) were obtained from Applied Biosystems (Thermo
Fisher Scientific). Target sequences were amplified at 95 °C for 10 min followed by 40 cycles
at 95 °C for 15 s and 60 °C for 1 min. Each experiment was performed in triplicate on a
QuantStudio 6 flex (Thermo Fisher Scientific). For normalization, B-actin was utilized as an
endogenous control, and the fold change was determined using the 2~ method.

GLI1 and GLI2 mRNA expression were quantified in human cancer cell lines (U87MG,
T98G, SK-MES-1 and H1437) using TagMan qRT-PCR as described above. Probes specific
for human GLI1 (Hs00171790_m1), GLI2 (Hs01122187_m1), and GAPDH (Hs02786624_g1)
were used to amplify the target sequences. The housekeeping gene GAPDH was used
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for normalization and to determine fold change using the 2~**Ct method. For gel elec-

trophoresis, PCR products were run on agarose gels (2%) for 90 min at a constant 150 V.
Gels were visualized with Syber Safe DNA stain and imaged using an iBright 1500 Imaging
System (Invitrogen).

4.6. Cancer Cell Viability Assay

Glioma cell lines T98G and U87MG were plated in 384-well (clear, flat-bottomed)
plates in EMEM/10% FBS (50 uL) at densities of 1500 and 2500 cells/well, respectively.
Lung cancer cell lines SK-MES-1 and H1437 were plated at cell densities of 1000 cells/well
in 50 pL EMEM and 2000 cells/well in 50 uL RPMI-1640, respectively. After 24 h, cells were
treated with selected GANT61 analog compounds using a 10-point, 2-fold dose-response
curve (0.098-50 pM) and incubated at 37 °C for 72 h. To assess cell viability, MTT was
added to each well at a final concentration of 0.5 mg/mL using a Biomek®NX (Brea, CA,
USA) automated liquid handler followed by incubation for 4 h at 37 °C. Media and MTT
were then removed, DMSO (40 puL) was added to each well to dissolve the formed formazan
crystals, and they were incubated for 1 h. Absorbance was then measured at 550 nM using
a SpectraMax plate reader (Molecular Devices, San Jose, CA, USA). Cells treated with
0.1% DMSO were used as a control. The absorbance values from compound-treated wells
were normalized to the control. The normalized absorbance values were used to calculate
the percentage of viable cells remaining after treatment with the compounds. Data were
analyzed using Prism 9 (GraphPad, Boston, MA, USA).

4.7. Molecular Docking

The crystallographic structure of human GLI1-ZF/DNA complex [75] (PDB ID: 2GLI)
was utilized as a rigid structure to perform molecular docking using the Molecular Op-
erating Environment (Molecular Operating Environment (MOE, version MOE2022.02),
Chemical Computing Group ULC, Montreal, QC, Canada) to determine the binding mode
of the identified GANT61 analogs and GANT61-D. All solvent molecules were removed
from the structure prior to docking. Unbiased molecular docking simulations were car-
ried out using MOE’s default parameters. The chemical structure of BAS 07019774 was
obtained from eMolecules (emolecules.com, accessed on 11 August 2023), and GANT61-
D structure was as published previously [45]. Three-dimensional structure poses were
generated in MOE software by energy minimization. The top-ranking poses were evalu-
ated by comparing the docking scores (predicted binding affinity) and the number of key
interactions formed.

4.8. Statistical Analysis

All cell culture and in vitro experiments were independently repeated at least three
times under the same conditions. All assays were performed in triplicate. All data are
presented as the mean & SD. One-way analysis of variance (ANOVA) followed by Tukey’s
HSD multiple comparisons, t-test, and Mann-Whitney test were used to evaluate the sig-
nificant differences between treatments. GraphPad Prism 9 software (San Diego, CA, USA)
was used for statistical analysis. A value of p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, this study aimed to identify more effective Hh pathway inhibitors
that target GLI. In contrast to virtual screening approaches, we utilized lab-based high-
throughput technologies to successfully screen a compound library of fifty-two analogs
that we identified based on the chemical structures of GANT61 and GANT61-D. Five
promising analogs inhibited Hh activity in two independent cell-based assays without
significant cytotoxicity. Notably, one analog, BAS 07019774, effectively decreased Glil
mRNA expression in an Hh-responsive cell line model and reduced cell viability in GLI-
dependent cancer cell lines. Future studies will be required to evaluate the in vivo efficacy
and pharmacokinetic properties of BAS 07019774. The data presented in this study provide
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a valuable foundation to facilitate medicinal chemistry studies to elucidate the full potential
of these analogs as novel Hh pathway inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29133095/s1, Figure S1: Activity of Hh pathway agonist
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Figure S3: Effects of selected GANT61 analogs in C3H10T1/2 stimulated by different Smo agonists.;
Figure S4: Time course of Gli1 mRNA expression in C3H10T1/2 cells.; Figure S5: Quantification of
GLI1 and GLI2 mRNA expression in tumor cells.; Figure S6: Molecular docking prediction for the
binding mode of GANT61 to GLI1.; Table S1: Compound ID and chemical structures for the GANT61
analog compound set used in this study.; Table S2: Top 12 predicted poses for unbiased docking
of BAS 07019774 to GLI1-ZF,; Table S3: Table of Top 15 predicted poses for biased docking of BAS
07019774 to GLI1-ZF at Glu119/Glul67.
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Abstract: The understanding of the role of LXR in the regulation of macrophages during inflammation
is emerging. Here, we show that LXR agonist T09 specifically increases 15-LOX abundance in primary
human M2 macrophages. In time- and dose-dependent incubations with T09, an increase of 3-fold for
ALOX15 and up to 15-fold for 15-LOX-derived oxylipins was observed. In addition, LXR activation
has no or moderate effects on the abundance of macrophage marker proteins such as TLR2, TLR4,
PPARY, and IL-1RII, as well as surface markers (CD14, CD86, and CD163). Stimulation of M2-like
macrophages with FXR and RXR agonists leads to moderate ALOX15 induction, probably due to
side activity on LXR. Finally, desmosterol, 24(S),25-Ep cholesterol and 22(R)-OH cholesterol were
identified as potent endogenous LXR ligands leading to an ALOX15 induction. LXR-mediated
ALOX15 regulation is a new link between the two lipid mediator classes sterols, and oxylipins,
possibly being an important tool in inflammatory regulation through anti-inflammatory oxylipins.

Keywords: macrophages; liver X receptor; lipoxygenase; oxylipins; eicosanoids; specialized
pro-resolving mediators

1. Introduction

Inflammation is a protective mechanism against infection or tissue injury. During the
course of inflammation, immune cells, such as neutrophils and monocytes, are recruited in
several phases and stimulate the formation and release of different cytokines, chemokines,
growth factors, and lipid mediators [1-3]. In the inflammatory process, monocytes differen-
tiate into macrophages, which have three main tasks: the production of immunomodulators,
phagocytosis, and antigen presentation [4,5].

The phagocytosis of cell debris and apoptotic neutrophils as a consequence of acute
inflammation serves to restore tissue homeostasis [5,6]. The produced and released im-
munomodulators, such as interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-«, interferon
(IFN)-ec/ 3, IL-10, IL-12, or IL-18, regulate immune responses, such as stimulation of prolif-
eration of activated natural killer cells or regulation of leukocyte migration from blood to
tissue [5,7,8]. In addition, T-cells are attracted by antigen presentation and the release of
chemoattractants [5,6].

Primary cell culture of monocyte-derived macrophages allows us to investigate the
signaling and regulatory pathways of the innate immune response. Under cell culture con-
ditions, macrophage differentiation is mimicked using different stimuli to investigate the
regulation of the arachidonic acid cascade. The (simplified) classification of macrophages is
characterized by the expression pattern of characteristic markers, including surface markers
as well as pro/anti-inflammatory proteins [9]. Stimulation with granulocyte/macrophage
colony-stimulating factor (GM-CSF) leads to the development of a pro-inflammatory state
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with increased TNF expression and release. After priming with macrophage colony-
stimulating factor (M-CSF), the cells exert an anti-inflammatory character with increased
IL-10 expression and release. In addition, the polarization of macrophages is induced
by stimuli such as cytokines or ligands of the innate immune response, such as bacterial
lipopolysaccharide (LPS) [10]. Commonly, stimulation of macrophages with IFNy and
LPS is used to generate classically activated macrophages, i.e., M1-like macrophages [9,11].
The polarization of alternatively activated macrophages is induced by IL-4, IL-10, or IL-13,
i.e.,, M2-like macrophages [9,12].

During the inflammatory process, the polarization of macrophages can switch from
pro- to anti-inflammatory depending on the inflammatory environment [13-15]. A switch
of the macrophage phenotype can be initiated by efferocytosis, i.e., the uptake of apop-
totic cells [14], which is associated with nuclear receptors such as retinoid X receptors
(RXR), PPAR, or liver X receptors (LXR) [16]. Moreover, PPAR is known to be involved in
macrophage polarization and inflammatory processes [17]. While inactivation of PPAR or
RXR impairs efferocytosis of apoptotic cells, LXR-deficient macrophages are unable to clear
apoptotic cells altogether [18,19]. In addition, LXR also drives efferocytosis indirectly by
increasing its own expression in an autoregulatory manner [20].

LXR belongs to the family of nuclear receptors involved in the regulation of metabolic
homeostasis and inflammation [21]. There are two LXR isoforms that are expressed dif-
ferently in tissues, despite their high structural similarity (77%). While LXR« is mainly
expressed in the liver, kidney, intestine, adipose tissue, or macrophages, LXRf3 can be
found in all human cells [22,23]. LXR target genes include sterol response element binding
protein 1c (SREBP1c), apolipoprotein (apo) E, ATP-binding cassette transporters (ABC)Al,
ABCGI1, ABCGS5, cytochrome P-450 7A1 (CYP7A1), and fatty acid synthase (FAS) [24,25].
As LXR is involved in both cholesterol and lipid metabolism, it could be an important link
in the regulation of inflammation by impacting the formation of anti-inflammatory lipid
mediators and thus driving the inflammation towards the resolution phase.

The resolution phase macrophages produce a variety of anti-inflammatory cytokines
and chemokines. In addition, the formation of lipid mediators—oxylipins—plays a de-
cisive role in the course of inflammation. High levels of cyclooxygenase (COX)- and
5-lipoxygenase (LOX)-derived products from arachidonic acid (ARA) are well investi-
gated pro-inflammatory oxylipins, e.g., prostaglandin (PG) E2 and D2 or leukotriene
(LT) B4, which are predominantly formed and released at the beginning of the inflamma-
tion. In contrast, multi-hydroxylated metabolites of different polyunsaturated fatty acids
(PUFA) such as ARA, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are
described to be formed during the resolution phase and have anti-inflammatory proper-
ties [26,27]. The formation of multi-hydroxylated oxylipins such as 5,15-diHETE and 5,12-
diHETE predominantly involves different lipoxygenases (LOX) interacting with each other
(Figure 1) and 15-LOX being a key enzyme [28]. Although there is doubt about the forma-
tion, detectability, and receptors of multi-hydroxylated LOX products, so-called specialized
pro-resolving mediators (SPM) and SPM bearing three hydroxy groups are not formed in
macrophages [29], the anti-inflammatory effect of 15-LOX is undisputed [30].

Recently, we have shown that stimulation of macrophages with the synthetic LXR ago-
nist T0901317 (T09) increases the expression of anti-inflammatory genes, such as ALOX15
(15-LOX gene) [31]. Here, we aim to investigate the LXR-induced influence on the ARA
cascade and formation of oxylipins in macrophages, as well as different markers involved
in differentiation and polarization. For this, human peripheral blood mononuclear cells
(PBMC) left untreated or differentiated into M1- and M2-like macrophages were stimulated
with T09, and the formation of oxylipins, protein levels, and presence of surface markers
were compared to non-stimulated cells. The specificity of nuclear receptor activation was
investigated using FXR agonists and RXR agonists. Finally, sterols were identified as en-
dogenous LXR ligands, elevating 15-LOX abundance and upregulating oxylipin formation.
In summary, with the sterol-mediated induction of oxylipins, we demonstrated a new link
between these lipid mediator classes in the regulation of M2-like macrophages.
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Figure 1. Simplified overview of structures and formation routes of multiple hydroxylated ARA
metabolites by the human 5 (blue)-, 12 (purple)-, 15- lipoxygenase (dark green), and 15-LOX-2
(light green).

2. Results

In the present study, we investigated the effect of LXR activation by different nuclear
receptor agonists and endogenous lipids on the induction of ARA cascade enzymes and
oxylipin formation, as well as the overall effects on proteins and markers that are involved
in the polarization of human primary macrophages.

PBMC were left untreated or differentiated into M1- or M2-like macrophages and
stimulated with the synthetic LXR agonist T09 (1 uM) for 3 h (Figure 2A). Oxylipins were
analyzed using a LC-MS/MS targeted oxylipin metabolomics method. Figure 2B shows
representative oxylipins derived from ARA. The analysis of the protein levels was carried
out by LC-MS/MS based targeted proteomics (Section 1 + Tables S1-53, Supplementary
Material). The effect of T09-mediated LXR activation on ARA cascade enzymes, receptors,
and other protein levels specific for macrophages is depicted in Figure 2C. The presence of
macrophage surface markers reflecting their polarization was analyzed by immunofluores-
cence staining (Figure 2D). T09 had no effect on the morphology or confluency of untreated
M1- and M2-like macrophages.

The T09-induced 15-LOX abundance and activity were further evaluated in a time-
and dose-dependent manner (Figure 3 and Table 1).

Following the evaluation of the optimal incubation conditions, the induction of 15-
LOX by other LXR-, FXR-, and RXR-specific compounds as well as cholesterol derivatives
(Figure 4) was investigated. The results are shown in Figure 5 and Table S4.
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Figure 2. Effect of the LXR agonist T09 on the ARA cascade and differentiation of primary
macrophages. (A) Primary human blood monocytic cells were treated with 10 ng/mL GM-CSF
(M1 type) for 8 days or with M-CSF (M2 type) for 8 days, as well as 10 ng/mL IFNy (M1 type) or IL-4
(M2 type) for the final 2 days. Additionally, M1 cells were challenged with 100 ng/mL LPS for 6 h.
For the untreated macrophages, the adhered monocytes were left untreated for 8 days. The three
different macrophage phenotypes were incubated with (blue) or without the synthetic LXR agonist
T09 (1 uM; green) for the final three hours. Shown are (B) oxylipin concentrations and (C) protein
levels (mean + SEM; cells from 3-5 donors). (D) The three macrophage phenotypes with or without
T09 (1 uM) were immunostained for specific macrophage markers CD14 (untreated), CD86 (M1), or
CD163 (M2) using specific mouse anti-human antibodies (green) (magnification 63 x). Nuclei were
counterstained with Hoechst (blue). The immuno-positivity of the antibodies towards the respective
macrophage types is shown in Figure S1. Differences were considered significant at p-values < 0.05
(**) or < 0.01 (***) using a two-tailed, unpaired student’s t-test.
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Figure 3. (A) Time- and (B) dose-dependent T09-induced 15-LOX abundance and activity in primary
M2-like macrophages. Shown is the increase of ARA-derived 15-LOX metabolites 12-HETE, 15-HETE,

and 5,15-diHETE (left) and 15-LOX abundance (right). Results are shown as % of Ctrl (mean + SEM,
cells from 3-5 donors).
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Figure 4. Structures of investigated compounds. (A) LXR agonist (T09) and antagonist (GSK2033);
(B) FXR agonists (Fexaramine and Hyodeoxycholic acid); (C) RXR agonists (Bexarotene and 9-cis
Retinoic acid); and (D) tested cholesterol precursor (desmosterol) and oxidized metabolites.
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Figure 5. Investigation of 15-LOX induction by LXR, FXR, and RXR agonists and identification of
cholesterol precursors and metabolites. M2-like macrophages were incubated with test compounds
for 24 h. Shown is the increase of 15-LOX-derived mono-hydroxylated metabolites 12-HETE and
15-HETE (top) and multiple-hydroxylated metabolites 5,15-diHETE and 7,17-diHDHA (middle),

as well as 15-LOX abundance (bottom). Results are shown as % of Ctrl (mean + SEM, cells from
3-5 donors).
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Table 1. Oxylipin concentrations and 15-LOX levels in M2-like macrophages. Primary blood mono-
cytic cells were differentiated into M2-like macrophages with 10 ng/mL M-CSF for 8 days and
incubated with IL-4 for the final 48 h. M2-like macrophages were incubated with 1 tM T09 for differ-
ent periods of time to investigate the time-dependent correlation of 15-LOX abundance and activity
(top) and with different T09 concentrations for 24 h to determine the dose-dependent correlation
(bottom). The results are shown as mean + SEM (n = 3-5).

Time-Dependent Incubations [pmol/mg Protein]

Ctrl 3h 6h 18h 24 h 30h 48 h

12-HETE 155+22 227+22 264+33 271+34 325+34 335+£89 293+29

15-HETE 184 £+ 29 256 + 40 277 + 34 280 £ 25 327 £ 16 476 £213 364 + 100

5 5,15-diHETE 918+ 1.1 256£49 283+28 337+£13 459+82 59.6 £ 20 573+ 64
s 5,12-diHETE 047+01 100£04 123+£02 17604 217+£02 111+04 064+0.1
"q&; 5,15-diHEPE 33004 77304 960+14 129£19 140£25 104+£09 102+£32
e 8,15-diHETE 028+01 055+£01 099+03 098+02 08702 083+03 0.64=£05
S 7,17-diHDHA 107+10 211+37 255+08 331+13 404+17 56.9 £ 17 39.5£53
a 12-HEPE 1.60+03 193+02 229+03 232+=01 21105 12009 123+0.7
= 15-HEPE 189+29 221+27 261+£31 2883+£18 221+41 11.7+£89 121+85
5 14-HDHA 162+40 183+33 223+41 247+£20 250+75 142 £12 144+ 14
7-HDHA 365+£16 246+08 289+10 28 *+04 298+11 213+£18 218%15

17-HDHA 454 +14 403 £8.5 514 +13 522 £59 50.7 £15 33.3+£29 34.0 £39

15-LOX level 295+06 440+£09 481+£06 56611 595£08 204+£10 17606

Dose-Dependent Incubations [pmol/mg Protein]

Oxylipin concentration

Ctrl 0.3 uM 1uM 3 uM 10 uM
12-HETE 278+ 1.0 555+ 2.1 6.86 2.9 753 £27 10.1 £4.0
15-HETE 39.9 4+ 20 66.2 £+ 33 86.3 £+ 31 85.3 £ 31 126 £ 53

5,15-diHETE 1.02+07 193+16 273+13 21010 4.66+3.1
5,12-diHETE 022+01 02001 030£01 023+£01 034+02
5,15-diHEPE 037+01 080=£02 1114+£03 129+£05 1.68+£08
8,15-diHETE 014+01 013£01 0204£0.02 0.06+0.02 0.20=+0.05
7,17-diHDHA 07104 1.79+£12 183+£09 234+£18 394+£26

12-HEPE 032+014 080+03 083+03 080*£02 1.04+03
15-HEPE 520+27 929+45 102£38 9.00£27 124+44
14-HDHA 1.79+08 451+21 483+21 543+£19 6.07x£22
7-HDHA 088+05 16310 1974+09 1.60+£05 1.50+0.6
17-HDHA 632+34 144+£84 155£62 154+£53 184+71

15-LOX level 077+01 1.00£02 1294+02 122+£01 113 £0.1

3. Discussion

The nuclear receptor LXR is associated with different immune cell functions [32].
We have recently shown that stimulation of M2-like macrophages with LXR agonist T09
leads to overexpression of ALOX15 as well as increased formation of 15-LOX-derived
oxylipins [31]. 15-LOX as well as its products, such as 15-HETE or 15-HEPE, are discussed
as having anti-inflammatory properties [30,33-35].

Here, we investigated the effect of LXR activation on the enzymes of the ARA cascade
and oxylipin formation, as well as the effect on markers of human primary macrophages
involved in polarization, in detail (Figure 2A). Our experiments demonstrate that in IL-4-
stimulated M2-like macrophages, 15-LOX abundance is increased by T09 (Figure 2B,C). The
LXR agonist T09 has a specific effect on 15-LOX abundance and its metabolites (15-HETE, 5,15-
diHETE). T09 showed no or a low effect on PPARy, IL-1RII (Figure 2C), and the surface marker
CD163 (Figure 2D), which are highly expressed in M2-like macrophages [36,37], and thus this
indicates that polarization of M2 macrophages was not influenced by T09-stimulation.

In M1-like macrophages, T09 also has a neglectable effect on the investigated markers
involved in the differentiation process (Figure 2C,D). The surface marker CD86, which is
highly expressed in M1-like macrophages after IFNy stimulation [38], remained unchanged.
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Stimulation with T09 had no effect on the 15-LOX-derived 15-HETE and did not increase
ALOX15 abundance in these cells. Stimulation with T09 hardly modulated M1-specific
proteins, with a trend towards higher TLR2 and TLR4 amounts and a decrease of COX-2
and its products PGE2 and 12-HHT (Figure 2B,C).

The untreated macrophages have low levels of PPARy and the surface marker CD14
remained unchanged after stimulation with T09. Interestingly, incubations with T09 re-
duced 12-HETE formation (Figure 2B) and 12-LOX protein levels (Figure 2C). However,
concentrations of 12-HETE were low and originated from platelets present in cell prepara-
tions due to unavoidable platelet contaminations [39]. Again, neither elevated 15-HETE nor
changed 15-LOX abundance were observed after T09 incubation in untreated macrophages.
15-LOX-2, which also catalyzes the formation of 15-HETE among other oxylipins, is found
in low concentration in untreated cells, and its abundance is not stimulated by T09. While
all macrophage phenotypes have comparable levels of LXRx (Figure 2C), only incubations
of M2-like macrophages with the LXR agonist T09 specifically increase 15-LOX abun-
dance and its oxylipins. No other major effect of T09 on macrophage markers, namely
IL-1RII and PPARYy in M2-like and TLR2 and TLR4 in M1-like macrophages, was observed
(Figure 2C). Surface markers CD14, CD86, and CD163 (Figure 2D) were not changed after
T09 stimulation, suggesting T09 has no effect on specific surface receptors characteristic of
macrophage polarization.

EPA- or DHA-derived mono-hydroxylated oxylipins 12-HEPE, 15-HEPE, 14-HDHA,
7-HDHA, and 17-HDHA were not affected by T09 stimulation (Figure S2, Table 1). There-
fore, LXR agonist T09 specifically effects 15-LOX in M2-like macrophages.

This effect on 15-LOX in M2-like macrophages was studied more detailed in terms
of the time- and dose-dependent LXR activation by T09 (Figure 3). The highest 15-LOX
concentration (2.8-fold) was after a 24-h incubation (Figure 3A, Table 1). An increase in
oxylipin concentrations was detected up to 24 or 30 h (Figure 3A, Table 1). Overall, the LXR-
induced relative increase in oxylipin formation is more pronounced for multi-hydroxylated
oxylipins (3- to 6-fold increase), such as ARA-derived 5,15-diHETE (Figure 3A), 5,12-
diHETE, and 8,15-diHETE, EPA-derived 5,15-diHEPE, or DHA-derived 7,17-diHDHA
(Figure S3A), than for the ARA-derived mono-hydroxylated oxylipins (2.5-fold increase)
(Figure 3A, Table 1) and EPA, or DHA-derived mono-hydroxylated oxylipins (1.5-fold
increase) (Figure S3A, Table 1). However, when considering the absolute amount of
formed oxylipins, the levels of mono-hydroxylated oxylipins are several times higher:
184 pmol/mg protein for ARA-derived 15-HETE vs. 9.18 pmol/mg protein for 5,15-
diHETE, and 45.4 pmol/mg protein for DHA-derived 17-HDHA vs. 10.7 pmol/mg protein
for 7,17-diHETE (Table 1).

A strong LXR-induced dose-dependent ALOX15 abundance in M2-like macrophages
was observed after 24 h of incubation (Figure 3A). At 1 uM T09, 15-LOX abundance can
be maximally increased 2-3-fold; higher concentrations led to no further increase in the
abundance of 15-LOX (Figure 3B). The mono-hydroxylated oxylipins show a 2—4-fold higher
concentration (Figures 3B and S3B), whereas the concentration of the multi-hydroxylated
metabolites is increased up to 15-fold (Figures 3B and S3B). No saturation could be achieved
in the dose-dependent stimulation of M2-like cells; higher T09 concentrations were found
to be cytotoxic (Figure S5). Nevertheless, incubations with 1 pM T09 reached maximum
levels of 15-LOX and oxylipins, higher than all other reports about this enzyme and its
products, even compared to IL-4-induced macrophages [34,40].

So far, the presence of the cytokines IL-4 and IL-13 has been required to induce ALOX15
at the mRNA and protein levels in human macrophages in cell culture experiments [34,41].
Even with prolonged incubations with 100 ng/mL LPS for more than 16 h, the 15-LOX
abundance at the mRNA as well as protein level remain unchanged, whereas the 15-LOX-
derived oxylipins increase by a factor of 1.5-2 [40]. In addition, the concentrations of multi-
hydroxylated oxylipins, such as 5,15-diHETE and 7,17-diHDHA, were at most increased
by factor 2 [40]. The LXR-mediated effect is stronger than the previously described results
on 15-LOX activity in macrophages and thus could be of high biological relevance in the
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regulation of inflammatory pathways in macrophages. However, other pathways may also
be involved in the regulation of 15-LOX abundance and activity.

15-LOX is involved in the regulation of inflammation and is thought to play a protective
role in arthritis, promote wound healing and host defense and counteract fibrosis [42—44]. This
is supported on the one hand by experiments of ALOX15 silencing in various experimental
models, which was associated with inflammation and tissue damage [42]. On the other hand,
overexpression of human reticulocyte 15-LOX in experimental models protected transgenic
animals against atherosclerosis [45].

Anti-inflammatory properties have been described for several of the 15-LOX products.
ARA-derived 15-HETE can activate PPARy and inhibit neutrophil migration, degranulation,
and superoxide formation [17,45-49]. 15-HETE can also reduce inflammatory signaling
by regulating the TNFx mRNA half-life [50,51]. EPA-derived 15-HEPE is also thought
to have anti-inflammatory properties. In transgenic fatl mice expressing an n3-PUFA
generating desaturase, a protective effect was observed after DSS-induced colitis, which
was attributed to the high concentrations of 12-HEPE, the major 15-LOX metabolite of EPA
in mice. The results were corroborated by silencing of ALOX15 in fatl transgenic mice,
where 12-HEPE concentration was strongly reduced. Moreover, the 15-LOX metabolite
15-HEPE was also reduced in ALOX15-silenced fatl transgenic mice, and the wild-type
mice were protected against the development of DSS-induced colitis after intraperitoneal
injections with 15-HEPE [35].

Upon interaction with several LOX enzymes, 5,15-diHETE or 8,15-diHETE can be formed,
which are associated with neutrophil and eosinophil chemotactic activity [46,52,53]. EPA-
derived 5,15-diHEPE, also known as resolvin E4, has been described to induce efferocytosis
of apoptotic neutrophils in human macrophages and senescent red blood cells along with
an upregulation of PPARy gene expression, leading to a resolution of inflammation [54]. In
addition, the ALOX15 DHA-derived multi-hydroxylated metabolite 7,17-diHDHA, also called
resolvin D5, increases phagocytic activity in neutrophils and macrophages and decreases the
formation of pro-inflammatory mediators such as TNFa and NF-«B [55,56]. However, these
multi-hydroxylated oxylipins are synthesized in cells and tissues only at low concentrations,
and many of the proposed effects and signaling pathways are a matter of discussion [30].

Here, we show that LXR agonist T09 specifically elevates ALOX15 abundance, while the
effects on markers and proteins involved in the regulation of inflammation (PPARy, TLR2,
and TLR4 or COX) were minor. This suggests a trend towards a more anti-inflammatory
biology in the macrophages due to the increased abundance and activity of 15-LOX. Thus,
with the correlation between LXR activation and the formation of oxylipins, we conclude
that part of the anti-inflammatory effects of LXR [16,20,31] are mediated by 15-LOX and
its products. Given that the effects of 15-LOX modulation are more pronounced compared
to the TLR4 ligand LPS, this argues that LXR seems to be a major regulatory pathway in
macrophages. However, other pathways might also contribute to this effect, as T09 also has a
side activity on other nuclear receptors.

We examined the specificity of the ALOX15 regulation by LXR activation. We analyzed
the effects of the related nuclear receptors FXR and RXR (Figure 4) with regard to 15-LOX
modulation in M2-like macrophages using specific agonists and antagonists. Incubations
with the LXR antagonist GSK2033 did not lead to changes in 15-LOX abundance or the
formation of its metabolites (Figure 5), indicating that LXR might not be the only factor
involved in ALOX-15 regulation.

Following treatment of M2-like cells with the FXR agonist hyodeoxycholic acid
(HDCA) [57], the 15-LOX abundance remains unchanged. The FXR agonist fexaramine
leads to a 2-fold increase in 15-LOX abundance (Figure 5 Proteomics), and the correspond-
ing oxylipin concentrations are also increased by 2 to 5-fold (Figure 5 Oxylipins). However,
due to the rather nonspecific binding pocket [58,59] of the nuclear receptors, the binding of
ligands overlaps. Thus, the effect of fexaramine could be caused by a side activity on LXR,
though it was previously described that fexaramine cannot activate LXR [60]. Consistently,
it has been shown that the RXR agonists bexarotene and 9-cis retinoic acid (9-RA) have
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agonistic activity toward LXR [61], and thus, bexarotene increased 15-LOX abundance
2-fold (Figure 5 Proteomics) and its products 2- to 5-fold (Figure 5 Oxylipins). These results
also might indicate the involvement of other nuclear receptors or an off-target effect of
the substances on LXR. 9-RA showed lower effects on 15-LOX: the 15-LOX concentrations
apparently remained unchanged while 12-HETE and 5,15-diHETE formation increased
(Figure 5).

Finally, we searched for endogenous ligands eliciting the LXR-mediated effects on
the ARA cascade in M2-like macrophages (Figure 4D). Oxysterols and metabolites from
cholesterol biosynthesis have been previously described as LXR activators [22,62-64].

Treatment with the autoxidatively formed 7-keto cholesterol leads to a moderate
increase in 15-LOX abundance and activity (Figure 5). The 24(5),25-Ep cholesterol elevates
15-LOX products in a concentration-independent manner (2-fold) (Figure 5 Oxylipins),
whereas only incubations with 10 uM 24(S),25-Ep cholesterol increase mono-hydroxylated
oxylipins 3-fold and multi-hydroxylated oxylipins 5-fold (Figure 5 Oxylipins). For 24(S)-
OH cholesterol and 25-OH cholesterol, a weaker effect was observed as they moderately
increased LOX products, while no difference in 15-LOX abundance was observed (Figure 5
Proteomics). For 24(S)-OH cholesterol, a trend towards increased 15-LOX-derived oxylipin
concentrations (up to 3-fold) is observed (Figure 5 Oxylipins). In incubations with 25-OH
cholesterol, the oxylipin concentrations were reduced by half (Figure 5 Oxylipins). 22(R)-
OH cholesterol has the strongest effect on 15-LOX activity of all the oxysterols studied.
While the mono-hydroxylated oxylipins are increased 2-fold, the increase of the multi-
hydroxylated oxylipins is up to 15-fold (Figure 5 Oxylipins), together with a 2-fold increase
in 15-LOX abundance.

The activity of oxysterols on ALOX15 in M2-like macrophages is consistent with ligand
binding affinity to the LXR [21,63]. In structure/activity studies, it was shown that the
position of the functional group is of great importance, the essential positions being C-22
and C-24 [63,65]. In our experiments, we were also able to correlate the effect strength with
the position of the functional group. Thus, when incubated with 22(R)-OH cholesterol
and 24(S),25-Ep cholesterol, we observed the strongest effect on 15-LOX abundance and
activity, whereas with 25-OH cholesterol, hardly any changes were observed. Our results
are consistent with the effects described, where a significant LXR activation is observed
for 22(R)-OH cholesterol > 24(S)-OH cholesterol > 25-OH cholesterol, whereas 25-OH
cholesterol has little to no effect [21,63,64,66]. Other significantly important ligands are
described to be 24(S),25-Ep cholesterol, 20(S)-OH cholesterol, and 27-OH cholesterol [63,64,67].
Of note, 24(S),25-Ep cholesterol is not formed from cholesterol like other oxysterols but is
a by-product of cholesterol biosynthesis (mevalonate pathway) [63,67,68]. In addition, the
central intermediate from cholesterol biosynthesis, desmosterol, caused strong effects on
15-LOX. Following stimulation with desmosterol, 15-LOX is overexpressed almost 3-fold,
which is comparable to the effect of T09 on 15-LOX abundance (Figure 5 Proteomics).
15-LOX activity in incubations with desmosterol and T09 is also comparable, with the
mono-hydroxylated oxylipins also being increased 4-fold and the multi-hydroxylated
oxylipins up to 16-fold (Figure 5 Oxylipins). Thus, we have found active endogenous LXR
ligands, namely desmosterol, 22(R)-OH cholesterol and 24(S),25-Ep cholesterol, that are
able to massively increase 15-LOX abundance and activity through LXR.

Oxysterols occur in mammalian tissues in micromolar concentrations and circulate in
only nanomolar concentrations [63,67,69]. Elevated (circulating) oxysterol levels are associ-
ated with pathological structures, such as foam cells or atherosclerotic lesions [32,67,70,71].
High 24(S)-OH cholesterol plasma levels are associated with Alzheimer’s disease [67,72,73].
Desmosterol can be found accumulated mainly in macrophage foam cells and atherosclerotic
plaques, where it regulates via LXR the activation of genes involved in cholesterol efflux [74].
Due to the induction of ALOX15 abundance and the elevated formation of anti-inflammatory
oxylipins, desmosterol might also be involved in the reduction of atherosclerotic lesions
via LXR activation. 22(R)-OH cholesterol, 24(S)-OH cholesterol, and 24(S),25-Ep cholesterol
have been shown to inhibit inflammatory signaling in cell culture models [75]. As many
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oxysterols and metabolites of cholesterol biosynthesis are involved in the regulation of inflam-
matory and immune responses [16,76-78], this study of the effect of cholesterol derivatives
on macrophages is of great importance to better understand the interactions between sterol
metabolism and LXR-mediated lipid mediators. The induction of ALOX15 in macrophages is
associated with anti-inflammatory properties [45]. Our results show that LXR upregulation
may be related to the modulation of 15-LOX and the formation of anti-inflammatory oxylipins.
Thus, the observed relationship between LXR and oxylipin formation activated by endoge-
nous sterols may represent an important feedback regulation in macrophages, where sterols
indirectly modulate 15-LOX through their binding to LXR, initiating inflammatory resolution.

Limitations: As with all mechanistic cell culture studies using cell model systems and
chemical probes, our study has limitations: The primary macrophages used, derived from
different subjects, showed different (basal) levels of 15-LOX abundance and activity, which
could be a confounder in the observed regulation by LXR agonists. Macrophages derived
from healthy donors from a blood donation center, but no detailed information about their
health status, sex, age, or medications were available. These factors might also contribute
to the regulation of 15-LOX. Regarding the chemical probes, it should be noted that one
agonist and one antagonist of LXR and no antagonists of FXR and RXR could be tested in
the study, and they may elicit non-specific effects at the tested concentrations.

4. Materials and Methods
4.1. Chemicals

Human AB plasma was obtained from the blood donor service of the University
Hospital of Diisseldorf (Diisseldorf, Germany). Lymphocyte separation medium 1077 was
from PromoCell (Heidelberg, Germany). Recombinant human colony stimulating factors
M-CSF and GM-CSF, IFNY, and IL-4 produced in Escherichia coli were purchased from Pe-
proTech Germany (Hamburg, Germany). RPMI 1640 cell culture medium, L-glutamine and
penicillin/streptomycin (5.000 units penicillin and 5 mg streptomycin/mL), lipopolysac-
charide (LPS) from E. coli (0111:B4, product number: L2630), dextran from Leuconostoc
spp- (molecular weight 450,000-650,000), copper sulfate pentahydrate, iodoacetamide,
dimethylsulfoxide (DMSQO), and desmosterol were obtained from Sigma (Schnellendorf,
Germany). Trypsin (>6000 U/g, from porcine pancreas), protease-inhibitor mix M (AEBSE,
Aprotinin, Bestatin, E-64, Leupeptin, Pepstatin A), and resazurin were purchased from
SERVA Electrophoresis GmbH (Heidelberg, Germany). Ammonium hydrogen carbonate,
sodium deoxycholate, urea, and formaldehyde were from Carl Roth (Karlsruhe, Germany).

Acetonitrile, methanol (LC-MS grade), acetone (HPLC grade), acetic acid (Optima
LC-MS grade), and BCA reagent A were purchased from Fisher Scientific (Schwerte, Ger-
many). Ethyl acetate (HPLC grade) and n-hexane (HPLC grade) were bought from VWR
(Darmstadt, Germany). The ultra-pure water with a conductivity of >18 M(Q.-cm was
generated by the Barnstead Genpure Pro system from Thermo Fisher Scientific (Langensel-
bold, Germany). Oxylipin standards and deuterated oxylipin standards used as internal
standards and tested compounds (T0901317 (T09), 22(R)-OH cholesterol, 24(S)-OH choles-
terol, 25-OH cholesterol, 24(S),25-Ep cholesterol, 7-keto cholesterol, GSK2033, fexaramine,
hyodeoxycholic acid, bexarotene, and 9-cis retinoic acid) were purchased from Cayman
Chemical (local distributor Biomol, Hamburg, Germany). Unlabeled and heavy labeled
(lys: uniformly labeled (U)-13Cg; U-1°Ny; arg: U-13Cq; U-1°Ny) peptide standards were
purchased from JPT Peptides (Berlin, Germany).

4.2. Cultivation of Macrophages from Human PBMC

Primary human macrophages were purified and differentiated as described [40]. Buffy
coats were obtained from the generation of erythrocyte concentrates from the blood donor
services at the University Hospital of Diisseldorf, Germany, with the informed consent
of healthy human subjects. The study was approved by the Ethical Committee of the
University of Wuppertal. In brief, primary human blood monocytic cells (PBMC) were
isolated from fresh buffy coats by dextran (5%) sedimentation for 45 min. The supernatant
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was layered on lymphocyte separation medium and centrifuged for 10 min at 1000x g
without deceleration. PBMC sedimented on top of the lymphocyte separation medium
was collected. Following washing with PBS twice, cell pellets were resuspended in RPMI
1640 medium supplemented with 1% L-glutamine and 1% penicillin/streptomycin (P/S).
Cell suspensions were transferred to petri dishes and incubated for 1 h (37 °C; 5% CO»;
humidified atmosphere). Afterwards, dishes were washed twice with RPMI 1640 medium
supplemented with 1% L-glutamine and 1% P/S to remove non-adherent cells and layered
with RPMI 1640 growth medium, which contains 2 g/L glucose and is supplemented with
1% L-glutamine, 1% P/S, and 5% heat-inactivated human AB plasma. The monocytes were
differentiated into different macrophage phenotypes for 8 days. For the M1-like phenotype,
the growth medium was supplemented with 10 ng/mL GM-CSEF, and for the M2-like
phenotype, with 10 ng/mL M-CSE. The growth medium was refreshed every other day. In
addition, for the last 48 h the cells were incubated with 10 ng/mL IFNy (M1) or 10 ng/mL
IL-4 (M2). Six hours before the harvest, the M1-like cells were additionally stimulated with
100 ng/mL LPS. For the untreated phenotype, cells were cultivated in growth medium
without the addition of cytokines.

The differentiated macrophages were treated with test compounds at different time
points and concentrations.

The cytotoxic effect of the test substances was investigated by means of the resazurin
(alamar blue) assay [79], and only non-toxic concentrations were used (Figure S5).

The cells were harvested using the cold shock method by washing with PBS and
incubating in ice cold PBS/EDTA (20 min/4 °C). The cells were collected by scraping,
centrifugation, and pelleting followed by washing with PBS containing protease inhibitors.
The harvested primary macrophage pellets were frozen at —80 °C until use.

4.3. Analysis of Oxylipins and Protein Levels by LC-MS/MS

The analysis of oxylipins and protein levels was carried out from the same cell pel-
let. Cell pellets were resuspended in PBS containing an antioxidant/inhibitor mixture
(0.2 mg/mL BHT, 100 uM indomethacin, 100 uM trans-4-(-4-(3-adamantane-1-yl-ureido-
9-cyclohexyloxy)-benzoic acid (t-AUCB) in MeOH) and sonicated [80,81]. The protein
content was determined by the bicinchoninic acid (BCA) assay. Following addition of
10 pL of the oxylipin internal standards (*H4-PGE,, 2H,;-PGD,, 2H,;-TxB,, 2H;-13,14-
dihydro-15-keto PGE,, 2Hy-15-deoxy-*1214-PG],, 2H,-6-keto-PGFy , 2Hy-8-is0-PGF, o, 2Hy-
PGE,, 2H4-PGD,, 2H,-TxB,, 2Hy-PGF,4, 2H5-RvD2, 2H;1-8,12-is0-iPF,4-VI, 2Hs-LxAy,
2Hs-RvD1, 2Hy-PGB,, 2H,-LTBy, 2H,-9,10-DiIHOME, 2H;;-11,12-DiHETYE, 2H-20-HETE,
2H,-13-HODE, 2H,-9-HODE, 2Hg-15-HETE, 2H3-13-0x00DE, 2Hg-12-HETE, 2Hg-5-HETE,
2H,-12(13)-EpOME, 2Hy1-14(15)-EpETrE, 2H;-5-0x0ETE, 2H11-8(9)-EpETrE, each 100 nM in
MeOH) and protein precipitation in methanol (—80 °C; 30 min), the supernatant was used
for the oxylipin analysis whereas the protein pellet was frozen at —80 °C for a later protein
level analysis [39].

The oxylipin analysis was carried out as described [80,81]. In brief, the oxylipins were
extracted from the supernatants using Bond Elut Certify II SPE cartridges (200 mg, 3 mL,
Agilent, Waldbronn, Germany). Following elution of the oxylipins using ethyl acetate/n
hexane/acetic acid (75/25/1, v/v/v), samples were evaporated (vacuum concentrator,
30 °C, 1 mbar; Christ, Osterode, Germany), and the residue was reconstituted in 50 uL in-
ternal standard 2 (1-(1-(ethylsulfonyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)-phenyl)-urea,
12-(3-adamantan-1-yl-ureido)-dodecanoic acid, 12-oxo-phytodienoic acid, and aleuritic
acid) [80,81]. Oxylipins were analyzed using an 1290 Infinity II System (Agilent) coupled
to a 5500 QTRAP instrument (Sciex, Darmstadt, Germany) in ESI(—)-mode operated in
scheduled selected reaction monitoring [82].

The analysis of the protein levels was carried out as described [39,83]. In brief,
the protein pellet was dissolved in 5% (w/v) sodium deoxycholate with protease in-
hibitor (100/1; v/v), precipitated with ice-cold acetone (4 volumes), and centrifuged
(4 °C, 15,000% g, 20 min). Following subsequent incubations with 200 mM dithiothre-
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itol (in 50 mM NH4HCO3), 200 mM iodoacetamide (in 50 mM NH4HCO3), and again
200 mM dithiothreitol, the proteins were digested overnight (15 h) using 100 ug/mL
trypsin in 50 mM acetic acid (trypsin-to-protein ratio of 1:50). The reaction was stopped
by acidification with concentrated acetic acid (pH 3—4). Following the addition of internal
standards (heavy labeled peptides with sequences corresponding to each analyte pep-
tide), the samples were extracted using Strata-X SPE 33 pm Polymeric Reversed Phase
cartridges (100 mg/3 mL, Phenomenex LTD, Aschaffenburg, Germany). The peptides
were eluted with 70% acetonitrile/0.1% acetic acid, evaporated, and finally reconstituted
in 15% acetonitrile/0.1% acetic acid. The peptides were analyzed on an 1290 Infinity II
System (Agilent) coupled to a 6500+ QTRAP instrument (Sciex) in ESI(+)-mode operated in
scheduled selected reaction monitoring mode [83].

MS data analysis was performed with the software MultiQuant™ 3.0.2 (Sciex) using
a Gaussian smooth width of 1 and the MQ4 integration algorithm. Concentrations were
calculated via external calibration using internal standards based on the ratio of the analyte
and internal standard areas. The quantified peptide/protein and oxylipin concentrations
were normalized to the absolute protein content determined via the BCA assay.

4.4. Immunofluorescence Labelling

PBMC were seeded in 24-well plates on coverslips (Sarstedt, Niimbrecht, Germany)
and cultivated as described above. For labeling, polarized macrophages were fixed in
4% formaldehyde in PBS for 15 min at 37 °C. Following washing with TBS the cells
were permeabilized and blocked with TBS, containing 0.3% Tween 20 and 1% bovine
serum albumin (BSA) for 30 min at 30 °C. The primary macrophages were then incubated
overnight with the primary antibodies 1:100 diluted in TBS/0.3% Tween 20/1% BSA
against CD14, CD86, and CD163 (all mouse anti-human; Bio-Rad Laboratories, Feldkirchen,
Germany). The coverslips were washed extensively with TBS/0.3% Tween 20 and then
incubated with FITC-conjugated secondary antibody (1:300 in TBS/0.3% Tween 20/1%
BSA; goat anti-mouse IgG Alexa Fluor 488, Thermo Scientific) for 45 min at 30 °C and
again extensively washed with TBS/0.3% Tween 20. The nuclei were stained with 10
ng/mL Hoechst 33258 (Sigma) for 45 s and finally the coverslips were observed using a
fluorescence microscope (Leica DM6 B, Wetzlar, Germany) [84].

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software Inc.
version 6.01, San Diego, CA, USA). Data are presented as mean =+ standard error of
mean (SEM). Statistical analyses were performed by a two-tailed, unpaired student’s t-test.
Differences were considered significant at p-values < 0.05 or 0.01.

5. Conclusions

We demonstrate that LXR activation by T09 exerts dramatic effects on the ARA cascade,
specifically in M2-like macrophages, by increasing the abundance of 15-LOX and increasing
the formation of its products. No or only a moderate effect of T09 was observed on
untreated and M1-like macrophages, as well as surface markers and PPARy, IL-1RII, TLR2,
and TLR4 abundance.

The investigated agonists of FXR and RXR only had a moderate effect on 15-LOX
abundance and activity compared to T09, presumably mediated by LXR through side activ-
ity.

We found that sterols are important endogenous LXR agonists regulating ALOX15. We
could show that particularly the oxysterols 24(S),25-Ep cholesterol, and 22(R)-OH choles-
terol and the cholesterol precursor desmosterol modulate the ARA cascade in macrophages,
presumably by LXR. Thus, our results show a new cross-link between two lipid mediator
classes: sterols/oxysterols and oxylipins. Sterols affect the LXR-mediated formation of 15-
LOX-derived oxylipins. This regulatory mechanism should be further investigated, as the
15-LOX-derived oxylipins are suggested to play an important role in inflammatory resolution.
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A detailed characterization of this regulatory pathway could provide insights into the lipid
mediator switch in macrophages leading to the formation of anti-inflammatory oxylipins.

Supplementary Materials: The following supporting information can be downloaded at: https:
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TLR4, iNOS; Table S4: Oxylipin concentrations and 15-LOX levels in M2-like macrophages induced by
LXR, FXR, and RXR agonists and cholesterol precursors and metabolites; Figure S1: Immunostaining
of macrophage surface markers; Figure S2: Effect of the LXR agonist T09 on the monohydroxylated
oxylipin formation; Figure S3: Time- and dose-dependent 15-LOX activity; Figure S4: 15-LOX activity
induced by LXR, FXR, and RXR agonists and identification of cholesterol precursors and metabolites;
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in Supplementary Materials.
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Abstract: Proprotein convertase subtilisin/kexin type 9 (PCSKD9) is a key modulator of
low-density lipoprotein cholesterol (LDL-C) levels and emerged as an attractive therapeutic
target for the treatment of hypercholesterolemia and cardiovascular diseases. Although
statins and ezetimibe have been widely used to manage these disorders, concerns regarding
side effects and high costs have driven ongoing efforts to search for alternative therapeutic
candidates. To date, several classes of PCSK9 inhibitors, including monoclonal antibodies,
oligonucleotides, proteins, and peptides, have been approved or are under clinical trials. In
this review, we summarize 57 newly identified compounds derived from natural products
showing inhibitory effects against PCSK9 reported between 2020 and April 2025. These
compounds were isolated from 18 plants species and belong to various structural classes,
including isoprenoids, flavonoids, alkaloids, and phenolic derivatives.

Keywords: PCSK9; natural products; LDL; hypercholesterolemia; cardiovascular disease

1. Introduction

Cholesterol plays a vital role as a key component of cell membranes in the human body,
contributing to their structure, permeability, and fluidity [1]. In addition, cholesterol also acts
as a precursor for the biosynthesis of steroid and sex hormones, bile acids, vitamin D, and
lipoproteins [2,3]. Cholesterol is transported through the body in the form of lipoproteins,
which circulate in the bloodstream [4]. These lipoproteins are classified into two types, low-
density lipoproteins (LDLs) and high-density lipoproteins (HDLs) [2,4]. When cholesterol
levels become imbalanced, particularly when they are elevated, the formation of plaque in
blood vessels is facilitated, raising the risk of cardiovascular diseases, atherosclerosis, and
hypercholesterolemia [2,4-6]. To reduce the risk of these diseases and manage elevated choles-
terol levels, physicians have prescribed statin compounds and ezetimibe [2,7-9]. However,
due to individual medical histories, genetic factors, and side effects of statin treatment, the
need for alternative therapeutic agents has become increasingly important [10-14]. The propro-
tein convertase subtilisin/kexin type 9 (PCSK9) was discovered in 2003 [15], and it is mainly
produced in the liver in humans [15]. PCSK9 plays a key role in cholesterol homeostasis by
regulating the levels of LDL receptors (LDLRs) on hepatocyte surfaces [16,17]. PCSK9 binds to
LDLRs and promotes their degradation in lysosomes, thereby reducing the ability to remove
LDL cholesterol (LDL-C) from the bloodstream [16,18,19] (Figure 1). As a result, elevated
PCSKO activity leads to increased circulating LDL-C levels, contributing to a higher risk of
atherosclerosis and cardiovascular disease [16,20]. Given its pivotal role in lipid metabolism,
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PCSK9 has emerged as an attractive therapeutic target for managing hypercholesterolemia,
liver diseases, and associated cardiovascular conditions.

'
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Cytoplasm

Figure 1. The role of PCSK9 in LDLR regulation. The figure was created with Biorender.com,
with permission.

To date, several PCSK9 inhibitors have either been approved or are currently un-
der clinical trials. Most of these inhibitors are monoclonal antibodies (alirocumab [21],
evolocumab [22], bococizumab [23], LY3015014 [24], ongericimab/JS002 [25], tafolec-
imab /IBI306 [26], ebronucimab/AK102 [27], and recaticimab [28]), while others include
proteins (LIB003 [29]), peptides (MK-0616 [30], NNC0385-0434 [31], and PCSK9 ad-
nectin [32]), oligonucleotides (Inclisiran [33]), and small molecules (AZD0780 [34] and
BMS-962476 [35]). Additionally, several natural-product-derived compounds such as
berberine [16,17], ginkgolide B [36], lupin [17,36], polyphenols (quercetin [17], resvera-
trol [17,36], EGCG [17], and curcumin [36]), lycopene [17,36], etc., have been reported to
exhibit inhibitory effects on PCSK9.

In this review, we summarize natural-product-derived compounds reported from
2020 to April 2025 that exhibit inhibitory effects on PCSK9 secretion. Although several
reviews on PCSK9 inhibitors derived from natural products have been reported, they typi-
cally focused on specific disorders, such as atherosclerosis [37], hypercholesterolemia [36],
and cardiovascular diseases [16,38,39], or reviewed the mechanisms associated with
these diseases [16,36,40]. Some previous reviews on natural products have provided
updates on well-known compounds such as berberine [16,17], resveratrol [17,41,42], and
curcumin [17,42]. In contrast, this review compiles and categorizes a broad range of com-
pounds that have been newly isolated from natural sources and confirmed to exhibit
inhibitory effects against PCSK9.

2. Results and Discussion

A total of 350 compounds have been isolated from natural products and evaluated for
their inhibitory activity against PCSK9 secretion from January 2020 to date. Among them
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are 57 newly identified compounds with PCSK9 inhibitory effects that were not covered in
a previous review published in 2020 [17]. A diverse range of compound classes, including
isoprenoids, flavonoids, alkaloids, and phenolic derivatives, were isolated from 18 different
plant species.

2.1. The Naturally Occurring PCSK9 Inhibitors Reported in 2020

In 2020, Li et al. [43] isolated a cucurbitane-type triterpenoid derivative, 23,24-
dihydrocucurbitacin B (1), from the ethanolic extract of Trichosanthes cucumeroides roots. Their
work on HepG2 cells revealed that 23,24-dihydrocucurbitacin B (1) upregulated low-density
lipoprotein receptor (LDLR) protein expression, leading to a dose-dependent elevation of 1,1’
dioctadecyl-3,3,3' 3'-tetramethylindocarbocyanine perchlorate-labeled low-density lipoprotein
(Dil-LDL) uptake. Furthermore, the researchers investigated the relationship between PCSK9
and LDLRs, finding that 23,24-dihydrocucurbitacin B (1) reduced PCSK9 protein levels while
increasing LDLR mRNA levels. Mechanistically, compound 1 modulates the transcription of
PCSK9 and LDLRs via HNF1 and SRE1 motifs, respectively, by altering the nuclear levels of
HNF-1x and SREBP2. These results were confirmed by dose-dependent Western blot and
qPCR analyses using concentrations of 1, 2, 5, and 10 uM. The study also included in vivo
experiments with HFD-fed hamsters, which showed that 23,24-dihydrocucurbitacin B (1)
decreased total cholesterol, triglyceride, and LDL-C levels, while regulating LDLR and PCSK9
expression in the liver. A Western blot analysis of the liver tissues confirmed decreased PCSK9
and HNF-1« levels and increased LDLR and SREBP2 levels, along with the upregulation of
SREBP?2 target genes (HMGCR and HMGCSI).

A study by Zhang et al. [44] reported the isolation of 7 new and 20 known cucurbitacins
from T. cucumeroides. To establish structure—activity relationships (SARs), the research team
also synthesized 22 derivatives. A total of 47 cucurbitacins were then evaluated at 5 uM for
their LDL uptake activity in HepG2 cells. The results showed that hexanorisocucurbitacin
D (2) and isocucurbitacin D (3) exhibited greater LDL uptake than the positive control,
nagilactone B. The subsequent SAR analysis demonstrated that a 2-oxo-3«-hydroxy A-ring
is crucial for activity. It was also noted that while modifications at C-2, C-3, or C-16 had little
impact, the presence of a carbonyl group at C-7 or a methoxy group at C-24 could enhance
LDL uptake. Further Western blot analysis revealed that both hexanorisocucurbitacin D
(2) and isocucurbitacin D (3) increased LDLR protein levels at concentrations of 5, 10, and
20 uM and decreased PCSK9 protein levels at 10 and 20 uM.

A study by Pel et al. [45] reported the purification of 31 compounds, including a
stilbene dimer, flavonoids, and phenolic acids, from the methanolic extract of aerial parts
of Chromolaena odorata to assess their inhibitory activity on PCSK9 expression in HepG2
cells. Prior to this isolation, the research team had already confirmed the inhibitory ef-
fects of the crude extract and its subsequent fractions. Among the isolated compounds,
(+)-8b-epi-ampelopsin A (4), 5,6,7 4'-tetramethoxyflavanone (5), 5,6,7,3' 4 -pentamethoxy-
flavanone (6), acacetin (7), and uridine (8) showed inhibitory activity against PCSK9 mRNA
expression, with ICsy values of 20.6, 21.4, 31.7, 15.0, and 13.7 uM, respectively.

Based on its potency and available quantity, 5,6,7,4'-tetramethoxyflavanone (5) was
selected for deeper investigation. Further evaluation using Western blot analysis showed
that treatment with 5,6,7,4’-tetramethoxyflavanone (5) at 10, 20, and 40 uM suppressed
PCSK9 protein expression while elevating LDLR protein levels at 10 and 20 uM. These
results suggest that the decrease in PCSK9 production led to enhanced LDLR protein
recycling rather than its lysosomal degradation. Given that transcription factors like SREBP
and HNF-1o are known to regulate PCSK9 [46], the authors investigated this pathway.
Based on the observed suppression of HNF-1a mRNA expression, they concluded that
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5,6,7 4'-tetramethoxyflavanone (5) might regulate PCSK9 via the HNF-1x pathway. The
chemical structures of the PCSK9 inhibitors reported in 2020 are depicted in Figure 2, and
the summarized information is presented in Table 1.

HO S

Isocucurbitacin D (3)

OMe

MeO

\ OH m
OMe O OH O HO
HO

HO 5,6,7,4'-tetramethoxy-flavanone (5), R=H Acacetin (7) o
5,6,7,3' 4'-pentamethoxy-flavanone (6), R= OMe Uridine (8)

(+)-8b-epi-ampelopsin A (4)
Figure 2. Chemical structures of the naturally occurring PCSK9 inhibitors reported in 2020.

Table 1. Summary of PCSK9 inhibitors reported in 2020.

No. Co;\r;;);l;nd Corg]}; (:smd Origin/Source Study Model Alle‘:zlty Mechanism References
HepG2 cells Inhibits PCSK9
30 mg/kg; 50% and HNF-1a
1 2324-dihydrocucurbitacin B HFD-fed downregulated; level; increases [43]
) hamsters 80% and 70% LDLR and
Triterpenoid Trichosanthes increased SREBP? levels
cucumeroides roots "
2 Hexanorisocucurtitacin D 5 ul\l:la’t]ed]z;dzuga € Suppresses [44]
HepG2 cells : PCSKE mRNA;
itaci 5 uM; LDL uptake enhances
3 Isocucurbitacin D rate of 2.47 LDLR mRNA [44]
4 (+)-8b-epi-ampelopsin A Stilbene 1Csp 20.6 uM
,-
5,6/7’4 IC5(] 21.4 },LM
tetramethoxyflavanone Inhibits PCSK9
5,6,7,3 A Flavonoid C’?“’””"”f”” . HepG2cells 17 mMRNA [45]
pentamethoxyflavanone odorati aenal parts 50 24 W expression
7 Acacetin ICsp 15.0 uM
8 Uridine Nucleic acid 1Cs0 13.7 uM

2.2. The Naturally Occurring PCSK9 Inhibitors Reported in 2021

In 2021, a study by Nhoek et al. [47] described the isolation of 7 new sesquiter-
penes and 12 known compounds from the aerial parts of Salvia plebeian. All isolated
compounds were tested at 50 uM for inhibitory effects on PCSK9 mRNA expression
in HepG2 cells. Among them, plebeic acid A (9), (15,55,85,10R)-1-acetoxy-8-methoxy-
2-oxoeudesman-3,7(11)-dien-8,12-olide (10), and eudebeiolide B (11) showed signifi-
cant inhibitory activity, with ICsg values of 24.4, 25.2, and 27.8 uM, respectively. The
two most potent compounds, plebeic acid A (9) and eudebeiolide B (11), also moderately
upregulated LDLR mRNA expression. A subsequent Western blot analysis revealed that
both compounds slightly reduced PCSK9 protein and increased LDLR protein levels at

84



Molecules 2025, 30, 3582

10 and 50 uM, though the effects were less potent than those of the positive control,
berberine. The investigation also included a PCSK9-LDLR binding assay, but no isolates
showed activity.

Also in 2021, Weng et al. [48] reported 20 dammarane-type triterpenoidal saponins
from Gynostema pentaphyllum. To assess lipid-lowering activity, the authors selected eight
compounds for PCSK9 inhibition experiments in HepG2 cells. The results showed that the
gypenosides LXXXIX (12), XC (13), and XCI (14), and the ginsenoside Rg5 (15) significantly
inhibited simvastatin-induced PCSK9 expression at 20 pM. The gypenosides LXXXIX (12)
and XC (13) and the ginsenoside Rg5 (15), in particular, demonstrated potent suppression
of PCSK9 expression even at a lower concentration of 10 pM.

Kim et al. [49] isolated and reported 4 new prenylated flavonoid glycosides along with
18 known compounds from the dried aerial parts of Epimedium koreanum. They tested all
isolated compounds and their inhibitory effects of PCSK9 mRNA expression and modulation
of LDLR mRNA expression in HepG2 cells. Ten compounds, icariside I (16), ikarisoside
A (17), icariin (18), anhydroicaritin 3-O-f3-D-fucopyranosyl(1—2)-rhamnopyranoside-7-O-
-D-glucoside (19), korepimedoside A (20), epimedokoreanoside I (21), korepimeoside C
(22), epimedin L (23), caohuoside B (24), and epimedoicarisoside A (25), showed inhibitory
effects against PCSK9 expression at 10 uM. Notably, only ikarisoside A (17) elevated LDLR
mRNA expression, suggesting that this compounds has potential for use as a cholesterol-
lowering drug.

Woo et al. [50] reported five new selaginellin derivatives along with one known
selaginellin from Selaginella tamariscina roots and rhizophores. Among the isolated com-
pounds, selaginpulvilin U (26) showed the highest upregulation of LDLR-related genes at
50 uM in human HepG2 cells. The authors further evaluated selaginpulvilin U (26) for its
effects on LDLR transcript and protein levels in a dose-dependent manner and found that
LDLR expression was regulated via SREBPs.

Ahn et al. [51] isolated two lignan dimers, obovatalins A (27) and B (28), along with
magnolol (29) from the dried bark of Magnolia obovate. The authors investigated the effect
of these compounds on PCSK9 expression levels, and the results showed that compounds
27-29 exhibited inhibitory effects on PCSK9 expression in HepG2 cells, with ICs, values of
12.0,45.4, and 22.9 uM, respectively. In a further investigation, obovatalin A (27) notably
reduced PCSKO9 protein levels and increased LDLR expression. The chemical structures
of the PCSK9 inhibitors reported in 2021 are shown in Figure 3, and the summarized
information is presented in Table 2.

Table 2. Summary of PCSK9 inhibitors reported in 2021.

Compound

No. Compound Name Class Origin/Source  Study Model Activity Level Mechanism References
9 Plebeic acid A 1Cs0 24.4 uM Inhibitory effects on
(15,55,8S,10R)-1-acetoxy-8- Salvia PCSK9 mRNA
10 methoxy-2-oxoeudesman- Sesquiterpene lebeian roots HepG2 cells 1Cs) 25.2 uM expression; [47]
3,7(11)-dien-8,12-olide P upregulates LDLR
11 Eudebeiolide B ICs0 27.8 M mMRNA expression
12 Gypenoside LXXXIX 20 uM
; Whole herb Inhibition against
13 Gypenoside XC i i 10 and 20 uM 8
P ! Tr1terpen91dal of Gynostema HepG2 cells | TAng ey simvastatin-induced [48]
14 Gypenoside XCI saponin pentaphyllum 10 and 20 M PCSK9 expression
15 Ginsenoside Rgh 10 and 20 uM
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Table 2. Cont.

Compound

No. Compound Name Class Origin/Source  Study Model Activity Level Mechanism References
- Inhibits PCSK9
16 leariside I mRNA expression
Inhibits PCSK9
- mRNA expression;
17 Ikarisoside A increases LDLR
mRNA expression
18 Icariin
Anhydroicaritin 3-O-3-D- - i Epimedium
19 fuCOpyranosxl(l—)Z)- la‘::gr;ioc;e koreanum HepG2 cells 10 uM [49]
rhamnopyranoside-7-O-f3- gly aerial parts
D-glucoside
20 Korepimedoside A Inhibits PCSK9
21 Epimedokoreanoside I mRNA expression
22 Korepimeoside C
23 Epimedin L
24 Caohuoside B
25 Epimedoicarisoside A
Selaginella
26 Selaginpulvilin U Selagme}lm tamariscina HepG2 cells 50 uM Increases LDLR [50]
derivative roots and expression
rhizophores
27 Obovatalin A . 1Cs0 12.0 uM Inhibitory effects on
28 Obovatalin B Li ot 11 Gocells  ICxpa54pmM  LCSKY protein levels
ignan 0 obo ga te epG2eells M50 MM  and increases LDLR (51]
29 Magnolol 0 1Cs50 22.9 uM expression

2.3. The Naturally Occurring PCSK9 Inhibitors Reported in 2022

In 2022, Huang et al. [52] isolated and reported dammarane-type saponins, gypeno-
sides LXXXXI-LXXXVII, together with four known compounds from G. pentaphyllum. All
isolated compounds were assessed for their effect on PCSK9 expression in HepG2 cells.
PCSKO9 expression was measured by ELISA in LPDS-induced HepG2 cells, and cell via-
bility was assessed via MTT assay to exclude cytotoxic compounds. Several compounds
that did not show cytotoxicity at 20 pM were selected for further analysis. Gypenosides
LXXXII (30), LXXXV (31), and LXXXVII (32) showed PCSK9 inhibitory effects at 10 uM,
although LXXXVII (32) showed some cytotoxicity. Notably, gypenoside LXXXII (32) also
exhibited inhibitory activity at 5 uM. Further SAR analysis showed that the side chain at
C-17 with the double bond at C-24 and C-25, the hydroxyl group at C-12, the oligosugar at
C-20, and the methyl group at C-10 might be essential for inhibitory effects against PCSK9.

Zhang et al. [53] reported 40 compounds, including 6 new triterpenoids, alisolinal A-F,
from the rhizome of Alisma plantago-aquatica in 2022, evaluating the promoted LDL uptake
of all isolates in HepG2 cells using the Dil-LDL uptake quantified assay. Among the tested
compounds, 17 compounds exhibited significant LDL-uptake-promoting activities, with
9 protostane-type triterpenoids showing strong activity. Among them, alisol A 23-acetate (33),
alisol A 24-acetate (34), 16-oxo-11-anhydroalisol A (35), and alisol B 23-acetate (36) showed the
most potent activity. Zhang et al. also reported the SAR analysis of 40 compounds in relation
to LDL uptake. The C-17 spirost protostane-type triterpenoids with the S configuration
showed higher activity than those with the R configuration. In addition, dihydroxylation
of C-25 alisol A-type triterpenes and esterification of the hydroxyl group at C-24 in alisol
F-type compounds led to enhanced activity. The isolated compounds were also assessed for
their inhibitory effects on PCSK9 expression in HepG2 cells. Among them, alisol G (37) and
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alisolinal C (38) showed significant inhibition rates of 46% and 58%, respectively. Furthermore,
alisol G (37) also showed a 55.2% inhibition of PCSK9 protein expression in Western blot
analysis. The authors carried out further investigations with alisol G (37) and found that
at 10 uM it decreased PCSK9 mRINA expression, increased LDLR mRNA expression, and
promoted LDL uptake, whereas at 1 uM it showed no significant activity.

A
P ome OH
0

Plebeic acid A (9) (15,55,88,10R)-1-acetoxy- 8-methoxy- Eudebeiolide B (11)
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Gypenoside LXXXIX (12) Gypenoside XC (13) Gypenoisde XCI (14) Ginsenoside Rgj; (15)
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Figure 3. Chemical structures of the naturally occurring PCSK9 inhibitors reported in 2021.

Hubh et al. [54] isolated and reported acylated saponins, flavonoid glycosides, and
(+)-catechin (39) from the fruits of Stewartia koreana. The authors screened the isolated com-
pounds for their regulatory activity on PCSK9 and LDLR expression, but only (+)-catechin
(39) exhibited inhibitory effects on PCSK9 mRNA levels at 50 uM without cytotoxicity.
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Consequently, Huh et al. [54] conducted Western blot analysis with (+)-catechin (39), which
showed upregulation of LDLR mRNA levels and downregulation of PCSK9 mRNA levels.

Pel et al. [55] reported 22 compounds, including 2 new isocoumarins and a new
benzofuran, from the dried roots of Lysimachia vulgaris. All isolated compounds were
tested for their inhibitory effects on PCSK9 and LDLR mRNA expression. Among them,
87,11’ Z-octadecadienyl-6,8-dihydroxyisocoumarin (40) and 5-O-methylembelin (41) inhibited
PCSK9 mRNA expression at 20 uM significantly. The authors further evaluated 8'Z,11'Z-
octadecadienyl-6,8-dihydroxyisocoumarin (40) and 5-O-methylembelin (41) at various concen-
trations, and the ICsy values for PCSK9 mRNA inhibition were 11.9 and 4.9 uM, respectively.
Pel et al. also examined the effects of these two compounds on LDLR-related genes, and the
results revealed that PCSK9 mRNA expression was downregulated by SREBP2.

Pel et al. [56] published another paper in 2022, in which they isolated 31 com-
pounds from the roots and rhizomes of Sophora tonkinensis. Of these isolated compounds,
(+)-isolariciresinol (42) showed suppressive effects on PCSK9 protein expression and de-
creased LDLR protein levels at 10 and 50 uM, as observed in Western blot analysis. Fur-
thermore, (+)-isolariciresinol (42) downregulated HNF1x and SREBP mRNA expression,
leading to reduced expression of both PCSK9 and LDLR proteins. The chemical structures
of the PCSKO9 inhibitors reported in 2022 are shown in Figure 4, and the summarized
information is presented in Table 3.

Table 3. Summary of PCSK9 inhibitors reported in 2022.

Compound Compound

No. Name Class Origin/Source ~ Study Model  Activity Level Mechanism References
30 Gypenoside 5,10 and
LXXXIT 20 uM
Gyoenoside Triterpenoidal Whole herb of Inhibition against
31 yP pen Gynostema HepG2cells 10and20 uM  LPDS-induced [52]
LXXXV saponin )
pentaphyllum PCSK9 expression
Gypenoside
32 LXXXVII 20 uM
Alisol A .
33 23-acetate Triterpene
Alisol A .
34 24-acetate Triterpene o
Alisma H
16-oxo-11- ; . Inhibits PCSK9
35 . Triterpene lantago-aquatica ~ HepG2 cell NDILS
anhydroalisol A P P rh‘igz onz es eploscells mRNA expression [53]
Alisol B .
36 23-acetate Triterpene
37 Alisol G Triterpene 58%, 10 uM
38 Alisolinal C Triterpene 46%, 10 uM
Suppresses
Stewartia PCSK9 protein
39 (+)-Catechin Flavonoid . HepG2 cells 50 uM levels and [54]
koreana fruits .
increases
LDLR levels
8'z,11'Z-
40 octadecadienyl- Isocoumarin ICsp 11.9 uM
6.,8-d1hydro.xy- Lysimachia HenG2 cell 0T Inhibits PCSK9 55
lsocoumarin vulgaris roots eplos cells mRNA expression [55]
5-O-
41 methylembelin Benzofuran 1C50p 4.9 uM
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Table 3. Cont.

No. Compound Compound Origin/Source Study Model  Activity Level Mechanism References
Name Class
Downregulates
HNFlo and
SREBP mRNA
(+)- Sophora expression;
42 N Lignan tonkinensis HepG2 cells 10 and 50 uM p ’ [56]
Isolariciresinol . reduces
rhizomes .
expression of
PCSK9 and
LDLR protein
LPDS: lipoprotein-deficient serum.

Ry0 =
OHN

Ry
Gypenosides LXXXII (30) OH
Gypenosides LXXXV (31) OH
Gypenosides LXXXVII (32) H

D-Glc

Alisol G (37)

HO N

0]
OH O

(+)-catechin (39)

0O
MeO

OH

5-O-methylembelin (41)

(+)-isolariciresinol (42)

Figure 4. Chemical structures of the naturally occurring PCSK9 inhibitors reported in 2022.
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2.4. The Naturally Occurring PCSK9 Inhibitors Reported in 2023 and 2024

Nhoek [57] isolated and reported 14 new clerodane diterpenoids from the fruits of
Casearia grewiifolia in 2023. The isolated compounds were evaluated for their regulatory
effects on LDLRs, PCSK9, and IDOL expression in HepG2 cells at 20 uM. LDLRs are known
to be degraded by PCSK9 and IDOL [58,59]. Among the isolates, grewiifolin C (43) showed
the strongest inhibition of PCSK9 and IDOL mRNA expression and was chosen for further
immunoblot analysis. However, grewiifolin C (43) did not exhibit notable inhibitory activity
against PCSK9 or IDOL protein expression at 20 and 40 uM.

An et al. [60] isolated 17 compounds, including 3 new acyclic triterpenoids, from the
dried seeds of Alpinia katsumadai. Among these acyclic triterpenoids, both (3R,205)-2,3,20-
Trihydroxy-2,6,10,15,19,23-hexamethyl-tetracosa-6,10,14,18,22-pentaene (44) and (3R,5S)-
2,3,5-Trihydroxy-2,6,10,15,19,23-hexamethyl-tetracosa-6,10,14,18,22-pentaene (45) showed
significant inhibitory effects on PCSK9 secretion at 10 and 20 1M, respectively. In addition,
compounds 44 and 45 were further evaluated for their effects on PCSK9 and LDLR mRNA
expressions. The results showed that compounds 44 and 45 markedly suppressed PCSK9
mRNA levels and promoted LDLR mRNA expression. The authors also tested these
two compounds using various concentrations ranging from 0.625 to 10 uM and 1.25 to 20 uM,
respectively, and the ICs) values were obtained as 2.94 uM for 44 and 15.08 uM for 45.

In 2024, Hu et al. [61] purified 12 compounds, including 9 amide alkaloids and
3 neolignans, from the aerial part of Piper hongkongense and assessed their PCSK9 inhibitory
activities in HepG2 cells using the PCSK9 AlphaLISA screening method. In the PCSK9
AlphaLISA screening, hongkongensine C (46) and kadsurenone (47) showed 38.4% and
52.0% inhibition rates at 5 pM, respectively, and the positive control, berberine, exhibited
an inhibition rate of 55.6% at 5 uM. In addition, kadsurenone (47) demonstrated dose-
dependent inhibition of PCSK9 protein levels in HepG2 cells.

Son et al. [62] reported 5 new compounds, along with 27 known compounds, isolated
from the roots of Cynanchum wilfordii, and evaluated their inhibitory effects on PCSK9 se-
cretion. The authors conducted a water-soluble tetrazolium-8 (WST-8) assay with 10 uM
to assess the cytotoxicity of the isolated compounds in HepG2 cells, and none of the com-
pounds exhibited cytotoxicity. The isolates were then tested for their inhibitory effects on
PCSK9 secretion using ELISA screening, in which several compounds showed moderate
activity. Among the tested compounds, betulinic acid and (35,85,9S,10R,135,145,17S,22R)-
24-methylcholesta-5,20,24-trien-3,22-o0l (48) demonstrated strong inhibitory effects. Since the
PCSK9-inhibitory activity of betulinic acid had already been reported [63], the authors selected
(35,85,95,10R,135,145,175,22R)-24-methylcholesta-5,20,24-trien-3,22-o0l (48) for further investi-
gation. The compound was evaluated for its LDLR and PCSK9 mRNA expression, and the
results showed suppressed PCSK9 expression with 2.5 (63%), 5 (27%), and 10 (27%) uM and
slightly increased but no significant LDLR mRNA expression. The authors also conducted a
Western blot analysis, and the PCSK9 protein levels with this compound were remarkably
decreased at 5 and 10 pM. To assess the effect of 48 on transcription factors, qPCR experiments
were conducted. Previous studies have identified SREBP1/2 and HNF1« as major regulators
of PCSK9 expression [64], and berberine, a known PCSK9 inhibitor, has been reported to down-
regulate both factors [65]. However, unlike berberine, compound 48 was found to increase the
mRNA levels of SREBP 1/2 and HNF1e, suggesting that it regulates PCSK9 via a different
pathway. Further analysis revealed that the compound also upregulated the expression of
the forkhead box protein O1 (FOXO1) and FOXO3, alternative transcriptional regulators of
PCSKO9 [66]. In particular, FOXO3 was shown to bind to the PCSK9 promoter and interact
with SIRTS6, thereby suppressing PCSK9 gene expression through histone H3 deacetylation.
Moreover, FOXO3 competitively inhibited HNF1x-mediated upregulation by binding to the
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HNF1a-binding site on the PCSK9 promoter. These findings indicate that the compound
downregulates PCSK9 by increasing FOXO3 levels. Based on these results, Son et al. [62]
evaluated the effect of co-treatment with atorvastatin and compound 48. While administration
of 10 uM atorvastatin alone significantly increased PCSK9 mRNA expression, co-treatment
with 2.5 uM of (35,85,95,10R,135,145,17S,22R)-24-methylcholesta-5,20,24-trien-3,22-ol (48)
markedly reduced PCSK9 mRNA levels compared to atorvastatin alone.

In 2024, Wei et al. [67] isolated and reported four new isoquinoline alkaloids from
Hypecoum erectum and evaluated their PCSK9 inhibition effects. All four isolated com-
pounds and the positive control, PF-06446846, were evaluated for their binding affinity
with PCSK9 by surface plasmon resonance (SPR) analysis. Among the tested compounds,
hypecotumines C (51) and D (52) showed moderate affinity strength at 95.1 and 59.9 uM,
respectively, against PCSK9, compared to hypecotumines A (49) and B (50). These results
suggest that the methylenedioxy moieties located at C-3' and C-4’ contribute significantly
to the affinity strength. In addition, the authors carried out a Western blot assay to assess
the protein levels of PCSK9 and LDLRs, and all isolates showed a decreased expression of
PCSK9 and an increased expression of LDLR mRNA. Furthermore, all compounds were
tested to identify the binding sites on the PCSK9 protein through molecular docking (PDB
ID: 6U3X), and the results exhibited that hypecotumine D (52) showed m—cation interac-
tions with ARG-458 and formed a salt bridge with ASP-360, resulting in a binding pattern
similar to that of PF-06446846. These interactions were not observed in hypecotumines
A-C (49-51), which may explain the better affinity of hypecotumine D (52).

Lee et al. [68] confirmed 20 compounds from the whole plants of Jacobaea vulgaris.
Among the isolated compounds, two stilbene derivatives, 3'-dehydroxy gancaonin R (53) and
gancaonin R 3-acetate (54), significantly inhibited PCSK9 mRNA expression and promoted
LDLR mRNA expression at 20 uM. The authors also tested these two compounds (53 and
54) at various concentrations ranging from 6.25 to 50 uM and determined their ICs, values
for PCSK9 protein inhibition to be 16.1 and 20.6 uM, respectively. In addition, the effects of
the compounds on LDLRs, PCSK9, and IDOL protein levels were examined, and the results
showed that 3’-dehydroxy gancaonin R (53) upregulated the mature form of LDLR protein,
while gancaonin R 3-acetate (54) increased LDLR protein levels and suppressed IDOL protein
expression. The chemical structures of the PCSK9 inhibitors reported in 2023 and 2024 are
depicted in Figure 5, and the summarized information is presented in Table 4.

Table 4. Summary of PCSK9 inhibitors reported in 2023 and 2024.

Compound

No. Compound Name Class Origin/Source Study Model Activity Level Mechanism References
Casearia Inhibits PCSK9 and
43 Grewiifolin C Diterpene grewiifolia HepG2 cells 20 uM IDOL mRNA [57]
fruits expression
(3R,205)-2,3,20-
trihydroxy-
44 2,6,10,15,19,23- ICsp 2.94 uM
hexamethyl-tetracosa- )
6,10,14,18,22-pentaene Acvcli Dried seeds of Inhibiti £ PCSK9
: trite(;g(ejlf)id Alpinia HepG2 cells nmI;I\ITAO:x(I)Jression [60]
(33'55)'2'3'5' katsumadai
trihydroxy-
45 2,6,10,15,19,23- ICs) 15.08 uM
hexamethyl-tetracosa-
6,10,14,18,22-pentaene
46 Hongkongensine C Amid.e Aerial part of 5 1M, 38.4% Inhibitory activity
alkaloid Piper HepG2 cells against PCSK9 [61]
47 Kadsurenone Lignan hongkongense 5 uM, 52.0% expression
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Table 4. Cont.

No Compound Name Corglpa (;;md Origin/Source Study Model Activity Level Mechanism References
(35,85,95,10R,135,14S, 2.5 (63%)
48 175,22R)-24- Triterpene C_y mmfhum HepG2 cells 5 (27%), and Suppresses P CSK9 [63]
methylcholesta-5,20,24- wilfordii roots o expression
. 10 (27%) uM
trien-3,22-0l
49 Hypecotumine A Kp 306.0 uM
- Affinity with  ———————— Downregulates PCSK9
50 Hypecotumine B Isoquinoline Wgole herbof  pcgig protein Kp 248.0 uM protein levels; (7]
51 Hypecotumine C alkaloids ype;oum by SPR Kp 95.1 uM upregulates LDLR
: erectum analysis e ——— protein levels
52 Hypecotumine D Kp 59.9 uM
s 3/_dehyd‘roxy Whole herb of 1Csp 161 uM Inl}:]bi}‘ion of PCSK?
gancaonin R Stilbenes Jacobaea HepG2 cells m XPTESSION [68]
- loaris ————————— upregulation of LDLR
54 Gancaonin R 3-acetate VULZH 1Cs0 20.6 uM. protein levels

SPR: surface plasmon resonance.

2.5. The Naturally Occurring PCSK9 Inhibitors Reported in 2025

An et al. [69] confirmed a total of 16 cycloartane-type triterpenoids, including 9 new
compounds, from the ethanolic extract of Combretum quadrangulare twigs and evaluated the
isolates for PCSK9 secretion inhibitory activities. All isolated compounds were tested for
their inhibitory activity against PCSK9 protein secretion at 20 pM. Among them, combre-
tanol A (55), combretanone H (56), and combretic acid A (57) showed significant inhibition.
In addition, a qPCR assay was also conducted using berberine as a positive control along-
side the three compounds, revealing suppressed PCSK9 mRNA expression and promoted
LDLR mRNA expression. In Western blot analysis, all three compounds reduced PCSK9
protein levels and downregulated mature PCSK9 (65 kDa), while only combretic acid
A (57) significantly increased LDLR protein levels. Furthermore, to assess their ability
to counteract atorvastatin-induced PCSK9 elevation, the three compounds (55-57) were
co-treated with atorvastatin. All three compounds demonstrated inhibitory effects on
atorvastatin-induced PCSK9 expression at 10 uM. Of these, combretic acid A (57) was se-
lected for further evaluation due to its ability to increase LDLR protein expression. Dil-LDL
staining in HepG2 cells confirmed that combretic acid A (57) remarkably increased LDL
uptake at 10 uM. A pharmacokinetic study of combretic acid A (57) was performed in mice
via intraperitoneal (IP) injection. It was rapidly absorbed and extensively distributed in the
liver, where its concentration remained notably higher than in plasma from 60 to 300 min
(T/P ratios > 1). Additionally, the AUC 390 of combretic acid A (57) in the liver (60.8 ug
min/g tissue) was notably higher than that in plasma AUC (7.62 pg min/mL), indicating
that the compound remains and acts primarily in the liver. Given that PCSK9 is predomi-
nantly produced and secreted in the liver, these findings suggest that combretic acid A (57)
has potential as a promising therapeutic candidate for lowering PCSK9 production. The
chemical structures of the PCSK9 inhibitors reported in 2025 are shown in Figure 6, and the
summarized information is presented in Table 5.
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Figure 5. Chemical structures of the naturally occurring PCSK9 inhibitors reported in 2023 and 2024.
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combretanol A (55) combretanone H (56) combretic acid A (57)

Figure 6. Chemical structures of the naturally occurring PCSK9 inhibitors reported in 2025.

Table 5. Summary of PCSK9 inhibitors reported in 2025.

Compound

No. Compound Name Class Origin/Source Study Model Activity Level Mechanism References
55 Combretanol A Combretum 20 uM Suppresses PCSK9

56 Combretanone H Triterpenoid quadrangulare HepG2 cells 5and 10 uM IILEONI:OTZES;?EW [69]

57 Combretic acid A twigs 25, 25 6 i(;\,/[and mRNA expression

3. Methodology

The keywords used in the review were “PCSK9 inhibitors”, “Natural”, and “Plant”,
and searches were conducted using the Web of Science, PubMed, Google Scholar, and
Scifinder databases. Publications from January 2020 to April 2025 were searched, excluding
those focusing solely on extracts or review articles. In addition, previously reported studies
on known PCSKO9 inhibitors were excluded. The chemical structures were drawn by
ChemDraw 23.1.2 software.

4. Conclusions and Future Perspectives

Since January 2020, concerted efforts have been made to isolate small molecules
with PCSK9 inhibitory activity from natural products, based on research published on
PCSKO9 inhibitors during this period. As a result, a total of 350 compounds were reported
between 2020 and April 2025, among which 57 compounds were confirmed to exhibit
inhibitory activity against PCSK9. These active compounds were isolated from 18 plant
species with diverse chemical profiles and include 19 isoprenoids, comprising 1 diterpene,
3 sesquiterpenes, and 15 triterpenes, along with 7 triterpenoidal saponins, 4 flavonoids,
9 flavonoid glycosides, 5 alkaloids, 1 isocoumarin, 5 lignans, 1 nucleic acid, 1 phenanthrene
glycoside, 1 benzoquinone, 1 selaginellin derivative, and 3 stilbenes.

In addition, these isolated compounds modulate PCSK9 through various mechanisms,
such as suppression of mRNA expression, downregulation of transcription regulators
(HNF1«x, SREBP2, FOXO1, and FOXO3), enhancement of LDLR activity, and inhibition
of PCSK9-LDLR binding. Compared to earlier reviews, this study not only provides an
updated overview of naturally derived compounds with proven PCSK9 inhibitory activity
but also broadens the chemical diversity of PCSK9 inhibitors by introducing compound
classes not previously reported. Overall, this review provides up-to-date information on
naturally derived compounds with PCSK9 inhibitory activity and serves as a foundation
for the development of drug candidates derived from natural products. However, most of
the reported articles are limited to in vitro experiments using HepG2 cell lines, where the
PCSKO9 inhibitory effects were primarily assessed at the mRNA expression level. To further
advance these compounds as viable therapeutic candidates, additional studies are needed,
including in vivo investigations and/or the integration of RNA sequencing data with in
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silico approaches to identify potential interaction sites or direct target proteins [70,71].
These efforts are expected to provide deeper insights into the underlying mechanisms of
PCSKO inhibition.
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Abstract: This review delves into recent advancements in the field of nitro(het)aromatic bioreductive
agents tailored for hypoxic environments. These compounds are designed to exploit the low-oxygen
conditions typically found in solid tumors, making them promising candidates for targeted cancer
therapies. Initially, this review focused on their role as gene-directed enzyme prodrugs, which
are inert until activated by specific enzymes within tumor cells. Upon activation, these prodrugs
undergo chemical transformations that convert them into potent cytotoxic agents, selectively targeting
cancerous tissue while sparing healthy cells. Additionally, this review discusses recent developments
in prodrug conjugates containing nitro(het)aromatic moieties, designed to activate under low-oxygen
conditions within tumors. This approach enhances their efficacy and specificity in cancer treatment.
Furthermore, this review covers innovative research on using nitro(het)aromatic compounds as
fluorescent probes for imaging hypoxic tumors. These probes enable non-invasive visualization of
low-oxygen regions within tumors, providing valuable insights for the diagnosis, treatment planning,
and monitoring of therapeutic responses. We hope this review will inspire researchers to design and
synthesize improved compounds for selective cancer treatment and early diagnostics.

Keywords: nitroaromatic compounds; hypoxia; tumor treatment; fluorescence imaging

1. Introduction

Hypoxia, a condition of low oxygen levels ranging from 0.02 to 2%, is a physiological
characteristic of most solid tumors. It occurs because the tumor’s rapid growth outstrips
the oxygen supply and is compounded by impaired blood flow due to the formation of
abnormal blood vessels supplying the tumor [1].

Severe hypoxia (<0.5% O,) suppresses energy-consuming processes in the cells such as
translation and disulfide bond formation, causing protein misfolding and activating the un-
folded protein response (UPR). The UPR inhibits global protein synthesis while selectively
translating mRNAs to maintain endoplasmic reticulum homeostasis and promote hypoxia
tolerance. Furthermore, under severe hypoxia, the ataxia—telangiectasia mutated (ATM)
gene activates and DNA repair pathways are downregulated, decreasing RADs; expression
and impairing homologous recombination. Reoxygenation after extreme hypoxia causes
DNA damage and genomic instability, increasing mutation rates and metastatic potential.
Severe hypoxia also hinders the repair of Gl-associated DNA double-strand breaks in
irradiated cells, increasing genomic instability [2].

Cell survival strategies under severe hypoxia include suppressing apoptosis, initiating
angiogenesis (the formation of new but often abnormal blood vessels) and erythropoiesis
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(the formation of red blood cells), and shifting cell metabolism from oxidative phosphory-
lation to glycolysis [3]. This leads to increased tumor proliferation and local invasiveness.
Additionally, in the absence of oxygen, tumor cells influence immune responses and initi-
ate rapid DNA damage repair mechanisms to maintain growth and survival, ultimately
becoming resistant to radiation and chemotherapy [4,5].

The unique microenvironment of hypoxic tumors represents an opportunity for tar-
geted therapy through the development of bioreductive drugs (BDs), named later hypoxia-
activated prodrugs (HAPs). They are prodrugs that undergo biotransformation to cytotoxic
compounds under conditions of low oxygen tension and in the presence of high levels of
specific reductases [6,7]. This strategy, which originated in the early 1970s [8], allows the
selective killing of cancer cells while exhibiting minimal or no toxicity to normal cells and
well-oxygenated cancer cells.

Currently, four distinct chemical entities are known to selectively target hypoxic
cells: nitro(hetero)cyclic compounds, aromatic N-oxides, aliphatic N-oxides, quinones,
and transition metal complexes [9]. Among them, nitroaryl- and nitroheteroaryl-based
compounds show immense potential. These compounds act as bioreductive components
within the chemical architecture of bioactive molecules and as triggers capable of inducing
the release of the chemotherapeutic agent within hypoxic tumor regions [10].

The structures of several bioreductive agents containing nitro groups, which have
been evaluated in clinical trials, are presented in Figure 1.

NO, Br

NO, J/
NH ~"o N !
OoN 2 O2N o A \\__O-P-NH
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CB-1954 PR-104 TH-302
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(TH-4000)

Figure 1. Chemical structures of some hypoxia-activated nitro(het)aromatic prodrugs.

Despite the promising results from clinical trials of the HAPs, none have yet been com-
mercialized. The failure in clinical trials is partly due to the following reasons: insufficient
selectivity and efficacy for hypoxic tumor cells over normoxic healthy cells and poten-
tial toxicity; the highly heterogeneous hypoxic tumor environments; pharmacokinetics
and stability issues etc. [11]. For example, TH-302 (evofosfamide, (1-methyl-2-nitro-1H-
imidazol-5-yl)methyl N,N'-bis(2-bromoethyl)phosphorodiamidate), a widely studied HAP,
showed limited clinical benefits in a phase I trial for advanced solid tumors, due to its
insufficient selectivity for hypoxic regions and associated skin and mucosal toxicity [12].
Skin and mucosal toxicity, along with bone marrow suppression, were the most common
toxicities observed when evaluating the therapeutic potential of TH-302 combined with
gemcitabine for pancreatic cancer [13]. In the phase III multicenter clinical trial (TH CR-
406/SARC021), 640 patients with soft tissue sarcoma were enrolled to assess the efficacy of
combining TH-302 (300 mg/m?) with doxorubicin (75 mg/m?). The results showed that
this combination did not improve overall survival compared to doxorubicin alone [14].
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Similarly, the prodrug PR-104 (2-({2-[(2-bromoethyl)[2-(methanesulfonyloxy)-ethyl]amino]-
3,5-dinitrophenyl}formami-do)etho-xy]phosphonic acid), another HAP, showed inadequate
efficacy and raised safety concerns in phase Il trials for relapsed or refractory acute myeloid
leukemia. The most frequent treatment-related grade 3/4 adverse events were myelosup-
pression (anemia 62%, neutropenia 50%, thrombocytopenia 46%), febrile neutropenia (40%),
infections (24%), and enterocolitis (14%) [15]. The combination of PR-104 with chemothera-
peutics such as gemcitabine or docetaxel in advanced solid tumors was discontinued due to
dose-limiting thrombocytopenia [16]. This necessitates the development of new nitroaryl-
and/or nitroheteroaryl-based HAPs with enhanced specificity for hypoxic cells, minimized
off-target effects. Additionally, improvements in the pharmacokinetic properties of HAPs
via chemical modifications or formulation strategies are required.

In this review, we explore recent advancements in the design and synthesis of ni-
tro(het)aromatic bioreductive agents, specifically focusing on their developments from
2018 to 2024. We first highlight their potential as gene-directed enzyme prodrugs that
undergo controlled conversion into cytotoxic agents within target cells. Additionally,
we examine the progress made in developing bioreductive-activated prodrug conjugates
(BAPCs), which contain nitro(het)aromatic moieties (triggers) that activate drug molecules
in the low-oxygen environment of tumors. The ability of nitro(het)aromatic compounds to
undergo bioreductive activation under hypoxic conditions makes them highly effective
for non-invasive tumor visualization and monitoring. We also discuss recent research
on nitroaromatic compounds as tools for the fluorescent imaging of hypoxic tumors. We
hope this review will aid researchers in designing new nitro(het)aromatic structures for
treating and/or fluorescently imaging hypoxic tumors, paving the way for improved cancer
diagnostics and treatment monitoring.

2. Nitro(het)aromatic Bioreductive Agents for Use in Gene-Directed Enzyme
Prodrug Therapy

The mechanism by which nitro compounds localize within cells under hypoxic con-
ditions involves multiple stages (Figure 2). In the initial and most crucial step, cellular
nitroreductase enzymes reduce the nitro group of the prodrug molecule to a nitro anion
radical, a short-lived species, especially in an aqueous medium. Under normal oxygen
levels (normoxia), the NO, ™ radical is quickly oxidized back to the original NO, group
(re-oxygenated), producing superoxide anions (O, ™) in the process [17].

Ar-NHOSO; Ar-NACOH Ar-NHOAc

|

Ar-NH*

Nitrenium ion

mutagenic effects
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Figure 2. Bioreduction of nitroaryl or heteroaryl compounds under hypoxic conditions.
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In the absence of oxygen, the prodrug radical anion undergoes stepwise reduction to
nitroso, hydroxylamine, and amine (Figure 2). These reactive intermediates bind to cellular
macromolecules such as DNA, proteins, and glutathione, thereby persisting in oxygen-
deprived tissues and exhibiting mutagenic and carcinogenic effects [18]. The toxicity of
nitro compounds, both desired and undesired, is linked to each of these intermediates.
Hydroxylamine derivatives can cause methemoglobinemia, while nitro radical anions,
nitroso derivatives, and esterified hydroxylamines (e.g., sulfo derivatives) promote mu-
tagenic and carcinogenic effects. Additionally, superoxide anions, hydrogen peroxide,
and hydroxyl radicals generated during the reduction process can also have mutagenic
effects [18]. For example, the water-soluble phosphate prodrug PR-104 (Figure 1) is rapidly
hydrolyzed by phosphatases in vivo to the less soluble alcohol metabolite. The latter is
sufficiently lipophilic to penetrate through multiple layers of tumor cells and to reach the
hypoxic target cells. There, a nitro group in the para position to the mustard residue of
the prodrug undergoes reduction to hydroxylamine and an amine group, respectively.
These two cytotoxic metabolites act as DNA interstrand cross-linking agents, able to diffuse
locally and kill neighboring cells [19]. The bioreductive metabolic pathways of the other
nitro(het)aromatic prodrugs, shown in Figure 1, are detailed in [8].

One of the most significant applications of nitro(het)aromatic compounds, in com-
bination with enzymes from the nitroreductase group, is gene-directed enzyme prodrug
therapy (GDEPT), widely explored in chemotherapy [20-23]. This therapy is a variation
of direct enzyme prodrug therapy (DEPT). In DEPT, an exogenous converting enzyme is
delivered to the tumor cell, rendering the cell sensitive to the administered prodrug. The
advantage of using exogenous enzymes lies in their ability to activate substances that are
inert to human enzymes, thereby minimizing off-target effects. However, the challenge lies
in delivering these enzymes specifically to tumor cells.

There are two primary approaches to enzyme prodrug therapy. The first approach
involves directly delivering the enzyme linked to a tumor-targeting molecule, ensuring the
enzyme reaches the cancer cells. The second approach, GDEPT, involves a more indirect
strategy. GDEPT utilizes gene therapy techniques to introduce genes encoding the prodrug-
activating enzyme specifically into the tumor cells [20,23]. Once inside the tumor cells,
these genes are expressed, producing the enzyme that can then convert the administered
prodrug into its active, cytotoxic form within the tumor microenvironment. Different
nitroreductases derived from bacteria such as Escherichia coli, Pseudomonas pseudoalcaligenes,
and Staphylococcus saprophyticus have been utilized in these studies. The GDEPT approach
works through three key steps: 1. Genes encoding the nitroreductase enzyme are delivered
to the tumor cells (Figure 3A). This targeting can be achieved using vectors such as viruses,
plasmids, or nanoparticles engineered to selectively infect or enter tumor cells. 2. Once
inside the tumor cells, the genes are transcribed and translated to produce the nitroreductase
enzyme (Figure 3B). 3. The administered nitro(het)aromatic prodrug is then activated by
this enzyme within the tumor cells, converting it into a cytotoxic agent that induces cell
death (Figure 3C).

The specificity of GDEPT allows for high concentrations of the cytotoxic agent to
be generated directly within the tumor, minimizing the damage to surrounding healthy
tissues. Over the past twenty years, the GDEPT approach has seen significant progress, with
numerous enzyme/prodrug systems proving effective in preclinical and clinical studies.
Nonetheless, considerable efforts are still required to fully harness the potential of this
promising cancer treatment option [24].

Prof. Ay. M.’s research group has worked on discovering new and effective nitro-
reductase—prodrug combinations for use in cancer therapy. For this purpose, they charac-
terized a new nitroreductase, Ssap-NtrB (Staphylococcus saprophyticus supsp. saprophyticus),
in 2012 [25], synthesized various nitro functional group-containing prodrug candidates,
and investigated their enzymatic and cytotoxic effects on different cancer cells.
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A. Tumor-specific gene
delivery
B. Enzyme (nitroreductase,
NR) expression

X
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Figure 3. Principle of operation of GDEPT.

Glingor T. et al. designed prodrugs 1-4 based on the model prodrug CB1954 and some
benzamides. Their concept involved replacing the -CONH, group of CB1954 with the nitro
group containing -CONHAr groups (Figure 4) [26]. According to the HPLC results, all
prodrugs were activated by Ssap-NtrB. Prodrugs 1 and 2 produced one metabolite each,
while prodrugs 3 and 4 produced three metabolites each upon activation. Derivative 3
was significantly more active than CB1954 and SN23862, with 137- and 31-fold higher
activity for Ssap-NtrB, respectively. Among all the prodrug metabolites following Ssap-
NtrB reduction, N-(2,4-dinitrophenyl)-4-nitrobenzamide 3 was notably effective and toxic
to PC3 cells, comparable to CB1954. Kinetic parameters, molecular docking, and the HPLC
results also indicated that prodrug 3 interacts more favorably with Ssap-NtrB than prodrugs
1,2, and 4, or the known cancer prodrugs CB1954 and SN23862. This makes prodrug 3 a
promising candidate for NTR-based cancer therapy.

The metabolites of prodrugs 6a and 6b exhibited ICsy values of 1.806 nM and 1.808 nM,
respectively [27]. The metabolite of prodrug 8a demonstrated an ICsg value of 1.793 nM,
comparable to CB1954. The common structural feature of the most active nitrobenzamide
compounds (6a, 6b, and 8a) includes a nitro group in p-position on the phenyl core relative
to the amide group and the presence of nitrogen-containing heterocyclic systems such as
piperidine (6a), morpholine (6b), or a saturated 1,4-cyclohexyl moiety (8a). The compounds
with two phenyl nuclei and one amide group exhibited the highest toxicity, followed by
bis-benzamides. The toxicity of the tested benzamides can be ranked in the following
order: 6 <5 < 8 <7. As a result of theoretical and biological studies, combinations of 6a, 6b,
and 8a with Ssap-NtrB can be suggested as potential prodrugs—enzyme combinations at
nitroreductase-based cancer therapy, compared with the CB1954-NfsB combination.

Further in this direction, Tokay et al. present the synthesis of N-(substituted)-2,4-
dinitroaniline derivatives, in particular symmetrical bis(2,4-dinitrophenyl)diamine deriva-
tives 9 and N-(5-morpholino-2,4-dinitro phenyl)alkanamides 10. These aromatic secondary
amines were derived from 2,4-dinitro-1-chlorobenzene and various aliphatic, alicyclic,
aromatic, or heterocyclic diamino derivatives utilizing Et3N or NaH as a base in DMF
solvent at room temperature or 60-70 °C via the SNAr reaction mechanism [28]. The design
of these compounds was based on model bioreductive dinitroaniline prodrugs such as
CB1954, SN23862, and PR-104A. The cytotoxic effects of prodrug candidates were assessed
using the MTT assay on human hepatoma cells (Hep3B), prostate cancer cells (PC-3), and
human umbilical vein endothelial cells (HUVEC) as healthy controls. The compounds with
minimal toxicity were further investigated to evaluate their potential as prodrug candidates.
Biochemical analyses were conducted to examine the reduction profiles and kinetics of
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prodrug-Ssap-NtrB combinations. Subsequently, selected prodrug-Ssap-NtrB combina-
tions were applied to prostate cancer cells to assess their toxicity. The combined results
from theoretical, in vitro cytotoxic, and biochemical studies indicate that prodrug/enzyme
combinations such as 9a—Ssap-NtrB, 9b—Ssap-NtrB, and 10—Ssap-NtrB hold promise as
potential candidates for nitroreductase (Ntr)-based prostate cancer therapy.
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Figure 4. Structures of prodrug candidates 1-10 and a half-maximal inhibitory concentration (ICs)
of their metabolites.

Building on their previous works, Glingor and colleagues synthesized a series of N-
heterocyclic nitro prodrugs (11-13, Figure 5) containing pyrimidine, triazine, and piperazine
rings. Nitro-containing triazine derivatives 11 and 12 are synthesized from cyanuric
chloride and the amines via a nucleophilic substitution reaction. The process involves
refluxing cyanuric chloride and aromatic amines in acetic acid for varying reaction times
(15 min to 24 h), followed by purification through crystallization with isopropyl alcohol.
For the synthesis of urea derivatives of nitrophenyls and piperazine 13a-b, a Curtius
rearrangement is applied. This involves first reacting nitrobenzoyl chlorides with sodium
azide to obtain nitrobenzoyl azide derivatives. Subsequently, at the reflux temperature
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of toluene, nitrophenyl isocyanate forms as an unstable intermediate, which then reacts
with piperazine, yielding the desired products with high efficiency (78-96%). Prodrugs
13c—d, the carbamate derivatives of nitrophenyls and piperazine, were synthesized using
Rivett and Wilshire’s method. The synthesis begins with 1,4-bis(chlorocarbonyl)piperazine,
obtained from the reaction of piperazine with phosgene. This intermediate is then reacted
with nitrophenols (2-nitro, 3-nitro, and 4-nitro) in DMF at room temperature using NaH as
the base [29].
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Figure 5. Structures of prodrug candidates 11-19 and a half-maximal inhibitory concentration (ICs)
of their metabolites.

The compounds displayed varying cytotoxic profiles. For example, the pyrimidine
derivative 11b and the triazine derivative 12a emerged as promising drug candidates for
prostate cancer with ICsy values of 54.75 uM and 48.9 uM, respectively. Compounds 12b,
13a—c were identified as prodrug candidates due to their non-toxic properties across three
different cell models. The prodrug capabilities of these selected compounds were assessed
using the SRB assay in combination with Ssap-NtrB. SRB screening results indicated that
the metabolites of all selected non-toxic compounds exhibited significant cytotoxicity, with
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ICs5¢ values ranging from 1.71 to 4.72 nM, against prostate cancer cells. Among the tested
compounds, piperazine derivatives 13b and 13c showed particularly notable toxic effects,
with ICsg values of 1.75 nM and 1.71 nM, respectively, against PC3 cells, comparable to the
standard prodrug CB1954 (ICsy = 1.71 nM) [29].

Based on enzymatic studies, prodrugs 15 and 18 (Figure 5) demonstrated the highest
activity with Ssap-NtrB during short incubation periods, and their metabolite profiles were
examined in detail over time. Similarly, 15 and 18 showed efficient enzymatic reduction by
Ssap-NtrB. In contrast, 14 and 15 exhibited no interaction with nitroreductase within the
limited timeframe, and the interaction levels for 17 and 19 were found to be insufficient.
Furthermore, kinetic studies revealed that the catalytic efficiencies of the Ssap-NtrB/TNA1,
Ssap-NtrB—15, and Ssap-NtrB—morpholine analog 16 combinations were 61, 28, and
20 times higher, respectively, than that of E. coli NfsB-CB1954 [30].

Although brief, this review highlights recent advances in the synthesis and structural
modifications of nitroaromatic prodrugs, with potential applications in suicide gene therapy.
It is hoped that these insights will pave the way for the design and synthesis of novel
bioreductive agents for GDEPT.

3. Bioreductive-Activated Prodrugs Conjugates (BAPCs)

Another strategy for cancer therapy that targets hypoxia involves using hypoxia-
activated prodrugs (triggers), which preferentially release chemotherapeutic agents (ef-
fectors) within hypoxic tumor regions. Under oxygen-poor conditions, the functional
groups in these prodrugs (such as nitrophenyl, nitrobenzyl, or nitroheteroaryl triggers)
are selectively reduced by reductases to electron-donating groups such as amine (-NHy)
or hydroxylamine (-NHOH), resulting in a dramatic change in the electron density of the
aromatic moiety. The released electrons cause fragmentation of the linker and release the
cytotoxic agent into the tumor, while leaving non-hypoxic cells undamaged (Figure 6) [6].
This approach can enhance therapeutic effectiveness compared to conventional chemother-
apeutic treatments by concentrating the drugs within hypoxic tumor environments. At the
same time, it reduces the side effects and toxicity associated with the systemic distribution

of traditional drugs on normoxic cells [31].
‘ ) O

Figure 6. Reductive fragmentation of hypoxia-activated cytotoxins.
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The trigger’s role can be fulfilled by any of the above-mentioned bioreductive units, such
as nitrophenyl, nitrobenzyl, nitro heteroaryl, azo compounds, quinones, or oxides [32-34].
The effector unit needs to have high cytotoxicity and effectiveness against multiple cancer
types [35]. Commonly used effectors include drugs such as Doxorubicin (DOX), Camptothecin,
and Paclitaxel (PTX) [36,37]. The linker, which connects the trigger to the chemotherapeutic
agent, ensures stability in the bloodstream, while allowing for efficient release in the tumor
environment. Preferred linkers are ether, ester, or carbamate subunits, due to their biocompat-
ibility, stability in the bloodstream, and sensitivity to specific enzymes or acidic conditions,
which are more prevalent in tumor tissues than in normal tissues [38].

By masking Fasudil’s active site with a bioreductive 4-nitrobenzyl group, Al-Kilal
etal. [39] synthesized the conjugate 20 (Figure 7). Under normoxic conditions, the conjugate
exhibited significantly reduced antineoplastic activity (ICsp = 6.8 pM) compared to the
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parent compound (ICsy = 0.48 pM). However, under severe hypoxia, the nitro group is
reduced to form an electron-donating substituent, which induces fragmentation and ejects
the hydroxyfasudil 21. This process significantly enhanced the antiproliferative effect on
disease-afflicted pulmonary arterial smooth muscle cells and pulmonary arterial endothelial
cells (IC5p = 0.40 uM).
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Figure 7. Scheme of the bioreduction process of conjugate 20 to hydroxyfasudil 21.

Nitrobenzyl trigger was used in the construction of hypoxia-activated prodrug YC-Dox
22 (Figure 8) [31]. This prodrug is capable of specifically releasing the chemotherapeutic
agent Dox and the HIF-1« (hypoxia-inducible factor-1x) inhibitor YC-1 hemisuccinate
(3-(5’-hydroxymethyl-2’-furyl)-1-benzylindazole) in response to hypoxia.

Figure 8. Chemical structure of bioreductive-activated prodrug conjugate YC-Dox 22.

It is well known that low oxygen levels in hypoxic tumor tissues lead to the accumula-
tion of HIF-1«. This protein plays a crucial role in the adaptive response of cancer cells to
hypoxia by regulating various cellular functions [40]. YC-1 is capable of blocking HIF-1c
expression and consequently inhibiting the activity of HIF-1 as a transcription factor in
hypoxic cancer cells, leading to the suppression of tumor growth. In addition, YC1 exhibits
antiproliferative effects [41,42]. The release of Dox and YC-1 from the prodrug YC-Dox
in response to hypoxia results in substantial synergistic potency against hypoxic cancer
cells and remarkable cytotoxic selectivity, being more than eight times greater compared to
normoxic healthy cells. In vivo experiments demonstrate that this prodrug can selectively
target hypoxic cancer cells while avoiding unintended effects on normal cells. This selective
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targeting results in enhanced therapeutic efficacy for tumor treatment and reduced adverse
effects on normal tissues.

Ce, Y et al. reported the synthesis of the hypoxia-activated prodrug, N-(2-chloroethyl)-
N-2-(2-(4-nitrobenzylcarb amate)-O° -benzyl-9-guanine)ethyl-N-nitrosourea (NBGNU), 23
(Figure 9) [43]. The molecule integrates the chloroethylnitrosourea (CENU) pharma-
cophore to induce DNA interstrand cross-links and an O%-benzylguanine analog moiety
(angiotensinogen (AGT) inhibitor) masked by a 4-nitrobenzylcarbamate group to induce
hypoxia-activated inhibition of O°-alkylguanine-DNA alkyltransferase. Its anticancer effec-
tiveness was assessed through in vitro experiments. The prodrug demonstrated promising
antitumor efficacy and hypoxic selectivity due to the incorporation of an AGT inhibitor
and hypoxia-activated pharmacophores into the side chain of the CENU moiety. The
activity of 23 against AGT-expressing human glioma SF763 cells under hypoxic conditions
(IC50 = 126 pM) was significantly higher than under normoxic conditions (IC5y = 580 pM).
This indicates that NBGNU selectively undergoes reduction under hypoxic conditions,
leading to the unmasking of the 2-amino group of guanine, the release of O°-BG analogs,
and the effective inhibition of AGT. However, to further enhance its hypoxic selectivity and
chemotherapeutic efficacy, improvements are needed to reduce normoxia activation and
increase water solubility.
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Figure 9. Chemical structure of bioreductive-activated prodrug conjugate NBGNU 23.

The 2-nitrobenzyl- and 4-nitrobenzyl-SN-38 analogs 24a,b (Figure 10), as discussed by
Liang et al. [44], embody a key feature of hypoxia-activated prodrugs: they are significantly
less potent than their active metabolite. Initial cell viability assays showed that these
analogs were considerably less cytotoxic than SN-38 against human leukemia K562 cells,
with 2-nitrobenzyl-SN-38 24a and 4-nitrobenzyl-SN-38 24b displaying 8-fold and 19-fold
lower cytotoxicity, respectively. Furthermore, in a topoisomerase I assay, the 4-nitrobenzyl
analog at the C-10 position of SN-38 inhibited the enzyme’s ability to relax supercoiled
pBR322 DNA at concentrations similar to the clinically approved SN-38. Although the
reduction potentials of these compounds were lower than those of other known HAPs
and partially reversible, they demonstrated potential as hypoxia-targeted therapeutics.
The study concluded that the next generation of SN-38-HAPs should incorporate bulkier
nitroaromatic groups to further reduce cytotoxicity and use triggers with higher reduction
potentials to align with the range of cellular reductases (—450 to —300 mV).

The 2-nitroimidazole fragment is a widely used trigger in the fragmentation concept,
due to its good hydrophilicity and its relatively high one-electron reduction potential, well
within the range of various reductase enzymes, and high selectivity for hypoxic conditions.
Furthermore, there is a significant body of clinical and preclinical data supporting the effi-
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cacy and safety of 2-nitroimidazole-based prodrugs. This accumulated evidence provides a
strong foundation for their continued use and further development.

NO, SN-38
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24b 4-Nitro HO™:

SN-38
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Figure 10. Chemical structure of bioreductive-activated prodrugs conjugates 24a,b and 25a,b.

Choi and co-workers [45] conjugate the camptothecin derivate SN-38 with 1-methyl-2-
nitro-1H-imidazole-5-yl fragment using two different linkers—an ether linkage 25a and
carbamate functionality 25b (Figure 10). The ether analog 25a had moderate hypoxia selec-
tivity and more toxicity compared with TH-302. The different linkers in the structures of
the two derivatives likely account for the significant differences in their hypoxia selectivity
and toxicity. Compound 25a demonstrated ten times higher toxicity against the human
lung cancer cell line H460 and the human colon cancer cell line HT29 compared to the
control hypoxia-activated nitroimidazole prodrug TH-302. Furthermore, 25a exhibited
lower toxicity than SN-38 under normoxic conditions. However, both the hypoxic selectiv-
ity and toxicity of 25a were lower compared to those of compound 25b. Despite this, the
ether-linked compound 3a is considered a promising hypoxia-selective antitumor agent.

Bielec, B. and colleagues [46] developed the first crizotinib prodrugs 26a,b (Figure 11)
aimed at reducing severe adverse effects and enhancing anticancer activity. The design of
these prodrugs involves a hypoxia-activatable, self-immolative 2- nitroimidazole trigger
moiety at a key tyrosine kinase binding site of crizotinib, which significantly reduces its
affinity for the catalytic pockets of the target kinases c-MET and ALK. Two different prodrug
derivatives were synthesized: one with the trigger moiety coupled via carbamoylation (26a)
and the other via alkylation (26b) of the 2-aminopyridine moiety of crizotinib. Prodrug
26a demonstrated high stability in serum, a crucial requirement for successful prodrug
development, and effectively inhibited c-MET phosphorylation and cell proliferation in
tumor tissues in vivo following intravenous application. Overall, the data suggest that
prodrug 26a is a promising candidate for further (pre)clinical development as a novel
tyrosine kinase inhibitor with improved tumor-specific properties.

In another study, a hypoxia-activated camptothecin derivative embodies a multifunc-
tional bioreductive linker based on 1-methyl-2-nitroimidazole. The incorporation of a PEG
chain in the linker increased the water solubility of the SN-38- prodrug 27 and ensured
stability under physiological conditions [47]. When conjugated with SN-38, this linker
demonstrated the capability to efficiently release the drug through a two-step process:
reductive activation of the 2-nitroimidazole, followed by spontaneous degradation of the
linker via 1,6-elimination and cyclization-elimination, ultimately resulting in drug molecule
release (Figure 12).
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Figure 11. Chemical structure of bioreductive-activated prodrugs conjugates 26a,b.
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Figure 12. Scheme of the bioreduction process of conjugate 27 to the camptothecin derivative SN-38.

Encouraged by the great properties of the multifunctional linger-containing 1-methyl-
2-nitroimidazole trigger unit [47], Chang et al. reported the synthesis and biological evalua-
tion of the hypoxia-activated albumin-binding prodrug Mal-azo-Exatecan 28 (Figure 13) [48].
The 5-position branched linker of 1-methyl-2-nitro-5-hydroxymethylimidazole served as
a hypoxic cleavage trigger, linking the camptothecin analog Exatecan via a carbamate
bond. After intravenous administration, the side-chain maleimide rapidly binds to human
serum albumin (HSA). The HSA-azo-Exatecan carrier system accumulates in tumor tissue
through the enhanced permeability and retention effect, as well as the interaction with the
albumin receptor gp60. In the hypoxic tumor environment, Exatecan is released, triggered
by nitroreductase. The nitroimidazole trigger has high plasma stability and does not cause
the chemotherapeutic agent release from HSA-azo-Exatecan during circulation in vivo,
avoiding systemic side drug effects.
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Figure 13. Scheme on the bioreduction process of conjugate 28 to Exatecan.

Zhang and co-workers [49] reported the synthesis of hypoxia-activated paclitaxel
(PTX) prodrugs IMI-PXT 29 based on hypoxia-sensitive 2-nitroimidazole moiety. The 2-
nitroimidazole unit at the N-1 position is connected to 2'-OH of PTX via an ester bond with
pivalic acid for easier drug release. The GLU-PTX 30 and AZO-PTX 31 prodrugs (Figure 14)
contain glucose and acetazolamide as targeting ligands.

In contrast to the 2-nitroimidazole unit, 2-nitrothiophene and 2-nitrofuran triggers in
hypoxia-activated prodrugs exhibit less favorable stability, reactivity, and toxicity profiles,
rendering them less attractive for the development of HAPs.

Winn et al. reported the synthesis of the scombretastatin A-1 (CA1) and combretas-
tatin A-4 (CA4) prodrug conjugates 32a,b (Figure 15) [50]. The most active compounds
in the series were the gem-dimethyl prodrugs of CA1 (32a) and CA4 (32b), exhibiting
hypoxia cytotoxicity ratios of 12.5 and 41.5, respectively. This high selectivity is attributed
to the gem-dimethyl CA4-BAPC’s enhanced resistance to cleavage in oxygenated envi-
ronments, allowing the parent anticancer agent (CA4) to be released selectively under
hypoxic conditions.
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Figure 14. Chemical structure of bioreductive-activated prodrugs conjugates 29-31.
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Figure 15. Chemical structure of gem-dimethyl prodrugs 32a,b.

4. Nitroaromatic Compounds as Fluorescent Probes for Hypoxia Detection
and Imagining

Conventional methods for the in vivo imaging and detection of solid tumors are
typically applied only in advanced stages of cancer. Hypoxia imaging, however, offers
a promising alternative for earlier cancer diagnosis, enabling tumor visualization with
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a diameter as small as 350 pm [51]. The major techniques for hypoxia measurements in
tumors include immunohistochemical staining, oxygen electrodes, DNA strand breaks,
polarographic needle electrodes, magnetic resonance imaging, positron emission tomogra-
phy, single-photon emission computed tomography (SPECT), and fluorescence imaging. In
recent decades, fluorescence imaging has emerged as one of the most advanced methods
for quantifying hypoxia. It offers several advantages, such as non-invasiveness, higher sen-
sitivity, real-time monitoring in living systems, absence of ionizing radiation, low toxicity,
simple operation, and low cost [51-55].

Due to the relatively easy synthesis, well-predictable and highly selective fluorescent
sensing output, the nitro aromatic molecules have become the most attractive approach in
the design of fluorescent probes for hypoxia conditions [56-59]. Even commercially avail-
able options for in vivo studies of hypoxia, such as pimonidazole (alpha-((2-Nitroimidazol-
1-yl)methyl)-1-piperidineethanol), are based on nitro-containing compounds [60].

To date, the nitro aromatic compounds were used as a platform for fluorescent recogni-
tion of hypoxia according to two major mechanisms, and both were based on the bioreduc-
tion of the nitro aromatic system. The first one referred to the selective labeling of hypoxic
cells due to the reduction of a nitroaromatic moiety in the fluorophore architecture to amine.
The main concept here lies in the fact that the nitro group is well known as a fluorescence
quencher in aromatic systems, but after the bioreduction of this nitro group in hypoxic
conditions, the aromatic systems become fluorescent. The second mechanism was based on
the reduction of a fluorescent probe containing 4-nitrobenzyl formiatic, 4-nitrobenzylic, or
similar heterocyclic fragments in hypoxic cells, which resulted in a scavenge reaction and
alterations in former fluorescence wavelength or intensity (Figure 16).
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Figure 16. The basic approaches for designing fluorescent hypoxia-activated probes.

The development of fluorescent probes for hypoxia imaging began in the 1980s and
1990s, focusing on the bioreduction of nitroaromatic compounds to amines. Olive and
Durand were among the first to reveal the significant potential of nitroaromatic rings
for hypoxia imaging [61,62]. In their reports, they demonstrated that relatively nontoxic
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nitrofurans 33-36 (Figure 17) exhibit a highly responsive fluorescent output to intracellular
oxygen concentration under hypoxic conditions.
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Figure 17. Chemical structures of hypoxia-activated fluorescent probes 33-36.

Later, Hodgkiss et al. obtained a family of hypoxia-activated fluorescent naphthal-
imides (37-42) containing 2-nitroimidazole side chains (Figure 18). These molecules were
nonfluorescent due to the photoinduced electron transfer (from the fluorophore-excited
state to the nitroaromatic moiety), which was prevented after enzymatic bioreduction [55].
Furthermore, it is well known that the bioreduction of nitroimidazoles leads to intracellular
bioreductive metabolites that react with biomolecules, thus providing a binding mecha-
nism for the fluorescent probes to hypoxic cells. Since this report, the 2-nitroimidazole side
chains have become a major tracer for hypoxic cells and remain popular to date.
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Figure 18. Chemical structures of hypoxia-activated 1,8-naphthalimide probes 37-42.

Due to the relatively easy synthesis and well-predicted off-on fluorescent response to
intracellular oxygen concentration, numerous nitroaromatic structures have been devel-
oped for hypoxia imaging based on the two principles mentioned above: the bioreduction
of a nitro group directly attached to the fluorophoric system, or the use of 2-nitroimidazole
side chains. For example, Qian et al. extended the concept of Hodgkiss et al. by preparing
similar naphthalimides (43—46, Figure 19) but with two 2-nitroimidazole fragments instead
of one, thus reporting the first hypoxic probes containing two heterocyclic-binding side
chains [63]. The main motive for the synthesis of compounds 44 and 46 was the study of the
side chain effect in C4-position of the naphthalimide ring, which plays a more important
role than the fluorophoric architecture itself during interaction with DNA and probe inter-
ference. The authors discovered that in V79 cells, probe 46 exhibited a higher fluorescence
enhancement (FE = 20 times) compared to 44 (FE = 15 times). This difference in signal
responses between the two probes was attributed to the shorter side-chain length of 44 com-
pared to 46, which reduces the possibility of fluorescent quenching due to intramolecular
photoinduced electron transfer from the reduction products of the nitroimidazole moiety
to the excited naphthalimide fluorophore.
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Figure 19. Chemical structures of hypoxia-activated 1,8-naphthalimide probes 43—46 and V79 cells
incubated with 46 under normoxic and hypoxic conditions. Adapted with permission from [63].
Copyright (2006) Elsevier.

Qian et al. were motivated by the ease of synthesis and low cost to develop a series of
hypoxic probes (47-53) containing a nitro group directly incorporated into the fluorophoric
scaffold (Figure 20) [64,65]. Compounds 47-49 demonstrated promising fluorescent re-
sponses in hypoxic V79 cells, with the hypoxic-oxic fluorescence differential reaching 6,
9, and 11 times after incubation with 47, 48, and 49, respectively. However, the observed
increase in fluorescence enhancement correlated with the probes’ increased water solubility.
This indicates that water solubility was a general issue with these probes, as deposition
outside the cells hindered future quantitative analysis.
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Figure 20. Chemical structures of hypoxia-activated 1,8-naphthalimide probes 47-53 and V79 cells
incubated with 51 (left) and 52 (right) under normoxic and hypoxic conditions. Adapted with
permission from [65]. Copyright (2008) Springer Nature.

Furthermore, with probes 50-53, Qian et al. demonstrated that the NO; group in
fluorogenic compounds could function not only as a fluorescent quencher but also as an
electron acceptor that enhances fluorescence emission. Probes 52 and 53 exhibited the usual
off-on fluorescent switching upon transitioning from oxic to hypoxic conditions, showing
a 12-fold fluorescence enhancement. However, the analogous probes 50 and 51, which
contained the nitro group only in the electron-accepting part of the fluorophoric system,
displayed the opposite fluorescent response—a 14-fold fluorescence quenching under
hypoxic conditions compared to oxic conditions. This was attributed to the internal charge
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transfer (ICT) nature of the fluorophore, where fluorescence appears due to the charge
transfer from electron-donating amines to the nitro-containing electron-accepting part of
the molecule. The bioreduction of this nitro group to an electron-rich amine destabilized
the ICT state, which is crucial for strong fluorescence. Additionally, the authors found that
under hypoxic conditions in V79 cells, the nitro group in the naphthalene ring was reduced
preferentially over the one in the benzene ring. This selective reduction was essential for
maintaining the observed fluorescent on-state of probe 52 in hypoxia.

The concept of incorporating a nitro group directly into the fluorophoric system, which
activates fluorescence emission due to the favored intramolecular charge transfer after
bioreduction, remains relevant for designing hypoxic probes. Recently, Fan et al. reported a
non-fluorescent benzothiazole probe, 54 (Figure 21) [66]. Upon reaction with nitroreductase
(NTR), the nitro group in probe 54 underwent enzyme-catalyzed reduction to an amine,
resulting in a strong fluorescent emission. This process demonstrated high sensitivity, with
a detection limit of 48 ng/mL and a linear range of 0.5-8.0 uM for NTR. Additionally, 54
was successfully used for imaging hypoxia levels in living HeLa cells, rat tumor tissues,
and zebrafish. These results, combined with the probe’s low toxicity, indicate significant
potential for detecting hypoxia in solid tumors.
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Figure 21. Chemical structures of hypoxia-activated probe 54 and HeLa cells incubated with 54 under
normoxic and hypoxic conditions. Reproduced with permission from [66]. Copyright (2020) The
Royal Society of Chemistry.

Janczy-Cempa et al. employed a similar strategy in the design of two nitro-
pyrazinotriazapentalene derivatives, 56 and 57 (Figure 22), initially exhibiting weak flu-
orescence [67]. Upon reduction of their nitro groups by NTR, a significant fluorescence
enhancement with a 15-fold increase in intensity was observed. The reduction process with
NTR was selective, with linear ranges of 0—4 pg/mL and limits of detection of 18.6 ng/mL
for 56 and 33.2 ng/mL for 57, respectively. Both probes were non-toxic and successfully
employed for imaging hypoxia in the A2058 cell line.
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Figure 22. Chemical structures of hypoxia-activated 1,8-naphthalimide probes 56 and 57, and HeLa
cells incubated with 56 under normoxic and hypoxic conditions. Adapted with permission from [67].
Copyright (2021) Elsevier.
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The current focus on developing highly emissive fluorescent probes in the near-
infrared (NIR) region is driven by NIR’s superior penetration ability in living systems,
effectively minimizing interfering bio-autofluorescence. This motivation led Fan et al. to
synthesize a BODIPY-based fluorescent probe, 58, for hypoxia imaging (Figure 23) [68].
Initially non-emissive, compound 58 contained a fluorescent-quenching nitro group that
could be selectively reduced by NTR to its amine form. Upon reduction, the resulting
amino derivative exhibited bright fluorescence in the NIR spectrum at 713 nm. Unlike
its precursor, the fluorescence of the amino derivative of 58 showed a linear increase,
correlated with the NTR concentration in the range of 0.1-1.0 ug/mL. A significant 55-fold
maximum fluorescence enhancement was achieved, with a calculated limit of detection
(LOD) of 7.08 ng/mL. Building upon probe 58, nanoparticles were developed and used as
fluorescent probes for hypoxia imaging both in vitro (H9¢2 cells) and in vivo (ischemic mice
model). These nano-probes demonstrated negligible toxic effects, making them suitable for
in vivo applications.

Normoxia Hypoxia

Normoxic Hypoxic (10h)

=

Figure 23. Chemical structures of hypoxia-activated probe 58 and H9¢2 cells incubated with 58 under
normoxic and hypoxic conditions. Adapted with permission from [68]. Copyright (2019) American
Chemical Society.

Probe 59 (Figure 24) represents another notable example of a NIR fluorescent probe
designed for hypoxia imaging, featuring a directly attached nitro group as a recognition
unit for NTR [69]. Upon selective reduction by NTR, probe 59 exhibited remarkable
fluorescence, peaking at 740 nm. This resulted in a 32-fold enhancement in fluorescence
intensity and an exceptionally low detection limit of 1.09 ng/mL. Probe 59 was effectively
utilized for visualizing hypoxic cancer cells (HeLa, HepG2) and hypoxic tumors in a
tumor-bearing mouse model. Furthermore, MTT analysis indicated negligible cytotoxicity,
underscoring its potential as a highly valuable tool for both in vitro and in vivo monitoring
of hypoxia status.

LN J Normoxia Hypoxia

Figure 24. Chemical structures of hypoxia-activated probe 59 and HeLa cells incubated with 59 under

normoxic and hypoxic conditions. Adapted with permission from [69]. Copyright (2022) Elsevier.

The integration of nitroimidazole side chains into NIR fluorophores represents another
effective approach for designing turn-on NIR fluorescent hypoxia probes. A notable
example includes probes 60-62 (Figure 25), where the fluorophore system is linked to
two fluorescence-quenching nitroimidazole chains [70]. These probes are designed to
preferentially accumulate under hypoxic conditions and exhibit strong fluorescence in the
range of 700-900 nm, following the bioreduction of both nitroimidazole fragments. Probes
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60-62 have been successfully applied for imaging hypoxic tumors both in vivo and in vitro,
highlighting their potential utility in hypoxia research and cancer diagnostics.
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Figure 25. Chemical structures of hypoxia-activated probes 60-62 and 4T1 cells incubated with 61
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under normoxic and hypoxic conditions. Adapted with permission from [70]. Copyright (2021)
American Chemical Society.

The second main approach for designing hypoxic fluorescent probes involves fluoro-
genic systems that incorporate 4-nitrobenzyl formate, 4-nitrobenzylic, or similar heterocyclic
fragments into hypoxic cells, typically binding to amino or hydroxy groups. This approach
offers greater flexibility in designing signaling activation compared to the simple reduction
of aromatic nitro groups to amines discussed earlier. These probes undergo a scavenging
reaction during bioreduction, allowing for a variety of photophysical signaling mechanisms
such as ICT, PET (photoinduced electron transfer), and ESIPT (excited-state intramolecular
proton transfer). Compound 63 (Figure 26) serves as a classic example of a probe containing
4-nitrobenzyl formate, designed for detecting NTR [71]. It features a rhodolite fluorophore
system known for its high quantum yield and stability across a wide pH range. In 63, the
presence of nitrobenzyl formate quenches the rhodol fluorescence, but this quenching is easily
reversed in the presence of NTR. Upon reduction, a strong fluorescence emission is observed,
facilitating the selective determination of NTR. The fluorescence intensity at 550 nm increases
approximately 4.3-fold upon activation, with a reported detection limit of 51.5 ng/mL for
NTR. In studies involving Hi-5 cells, compound 63 exhibited non-toxic effects and good cell
permeability. It was successfully utilized for imaging hypoxic conditions both in vitro, using
Hi-5 cells as a model, and in vivo, in C. elegans.

Probe 65, as reported by Wei et al. (Figure 27), is based on a naphthalimide fluorogenic
architecture and serves as another example of the efficient use of the 4-nitrobenzyl formiatic-
recognizing unit in the detection of hypoxia [72]. The fluorescence intensity of 65 was
increased with the increased concentration of NTR, with a linear range of 0.1-0.3 pg/mL.
From the observed standard plot, a detection limit of 0.1 uM was calculated. Furthermore,
this probe showed remarkably low cytotoxicity, as even at high concentrations of 65, the
percentage of cell viability remained above 95%. The confocal fluorescence imaging of U87
cells revealed the great potential of the probe to monitor the hypoxic status of tumor cells.

The tumor cells were characterized not only by a hypoxic environment but also by
increased acidity. That is why the simultaneous detection of acidity and NTR could reduce
the possibility of false positive results during intracellular tumor imagining. From this
point of view, compound 67 (Figure 28) represents a noteworthy probe for accurate tumor
imaging due to its capability to detect both acidity and NTR [73]. In probe 67 a 4-nitrobenzyl
formiatic fragment was introduced in a classic PET (photoinduced electron transfer) 4-
amino-1,8-naphthalimde pH sensor based on a “fluorophore-spacer-receptor” model where
the 4-amino-1,8-naphthalimide serves as the fluorophore, and morpholine acts as the
pH receptor. After excitation, electron transfer from the electron-rich morpholine amine
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to the fluorophore occurs in this molecule, which quenches the fluorescence emission.
Upon protonation in acid media, the morpholine formed an electron-poor quaternary
ammonium salt, the PET process became impossible, and blue fluorescence was registered.
However, the observed fluorescence was weak due to the presence of hypoxia-recognition
4-nitrobenzyl formiatic unit, which quenches emission too. In neutral hypoxic media, the
4-nitrobenzyl formiat in 67 was reduced selectively to form a green-emitting compound.
As a result of the reduction-scavenging reaction, the strong electron-accepting carbonyl
coupled to the 4-amino nitrogen in 1,8-naphthalimide was cut off. This led to an increase in
the electron-donating ability of the 4-amino substituent attached to the 1,8-naphthalimide,
thus increasing the fluorophore ICT efficiency and causing the fluorescence emission to
red-shift from the blue to the green region. The observed green emission was weak too due
to the PET quenching effect in neutral media mentioned above. When the probe is in an
acid and hypoxia environment, both quenching processes are blocked, and bright green
fluorescence appears. Furthermore, based on both fluorescence outputs (blue at 460 nm
and green at 524 nm), a ratiometric analysis was conducted. In ratiometric methods for
analyte determination, the quantification is based on the ratio of fluorescent intensities at
two different wavelengths. This approach is desirable in bioimaging because it allows for
self-calibration and built-in correction for environmental effects and biomolecules. The pH
5 ratiometric analysis for the detection of NTR showed linearity in the range of 0-20 uM
and a limit of detection of 0.92 ug/mL. The probe was applied for the fluorescence imaging
of acidity and hypoxia in A549 cells.

Zheng et al. elegantly demonstrated the use of 4-nitrobenzyl formiate as an NTR
recognition unit combined with NIR imaging for in vivo hypoxia detection, as shown in
their cyanine probe 68 (Figure 29) [74]. The fluorescent analysis of 68 revealed a linear
enhancement at 785 nm in the presence of 0-0.5 ug/mL NTR, with a low detection limit
(LOD) of 0.0242 pg/mL. The efficient NTR detection capability of 68 was successfully
applied for the fluorescence imaging of hypoxic A549, PC-12, and HUVEC cell lines.
Furthermore, in vivo hypoxia imaging using probe 68 was evaluated in tumor-bearing
mice, as well as in models of cerebral ischemia and deep vein thrombosis. The results
underscored the high potential of probe 68 for rapid and precise in vivo monitoring of NTR
activity across diverse clinical models.
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Figure 26. Chemical structures of hypoxia-activated probe 63 and C. elegans incubated with 63 under
normoxic and hypoxic conditions. Reproduced with permission from [71]. Copyright (2017) The
Royal Society of Chemistry.
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Figure 27. Chemical structures of hypoxia-activated probes 65 and U87 cells incubated with 65 under
normoxic (1) and hypoxic (2) conditions. Adapted with permission from [72]. Copyright (2018) Elsevier.
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Figure 28. Fluorescence sensing mechanism of probe 67 for detection of acidity and hypoxia, and
Ab549 cells incubated with 67 under normoxic and hypoxic conditions, at different pHs. Adapted
with permission from [73]. Copyright (2018) The Royal Society of Chemistry.

Using 4-nitrobenzyl instead of the 4-nitrobenzyl formiate fragment as a recognition
unit offers another approach in designing selective probes for detecting NTR and imaging
hypoxic cells. Probe 69 (Figure 30) exemplifies this strategy, where the reduction by
nitroreductase leads to the formation of a green-emitting fluorescent compound through
the scavenging of the 4-nitrobenzylic unit and intramolecular cyclization [75]. Due to
the specific interaction of the 4-nitrobenzylic moiety with NTR, compound 69 exhibits
increased fluorescence intensity at 530 nm, with a linear response in the concentration
range of NTR from 0 to 10 ng/mL and a detection limit of 11 ng/mL. The probe has been
successfully used to visualize hypoxic conditions in living HepG2 cells, demonstrating low
toxicity and the ability to detect NTR in tumor tissues up to a depth of 100 um.
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Figure 29. Fluorescence sensing mechanism of probe 68 for detection of hypoxia, and in vivo hypoxia-
activated tumor imagining with 68. Adapted with permission from [74]. Copyright (2018) Elsevier.
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Figure 30. Fluorescence sensing mechanism of probe 69 for detection of NTR and HepG2 cells
incubated with 69 under normoxic and hypoxic conditions. Adapted with permission from [75].
Copyright (2018) Elsevier.

Figures 31 and 32 illustrate two fluorescent probes (71 and 72) as typical examples
for in vivo NIR imagining of hypoxic conditions using the NTR-selective 4-nitrobenzyl
recognition unit [76,77]. Compound 71 represents a high-efficiency NIR fluorescence
probe for the detection of hypoxia via responding to NTR. It showed gradually increased
fluorescence at 710 nm in the presence of NTR. The observed LOD was 13.441 ng/mL
within the linear range of 0.1-0.9 pug/mL. The in vitro confocal-mediated competitive
binding inhibition and flow cytometry indicated a good specificity and sensitivity of 71
toward hypoxic cell detection. The probe showed low toxicity and, more importantly,
the in vivo results showed a rapid response in tumor recognition and monitoring of liver
cancer, enteritis, and liver ischemia.

Probe 72 is a BODIPY-based fluorogenic compound with quenched emissive properties
due to the presence of a 4-nitrobenzyl fragment. The selective reduction of 72 in the presence
of NTR results in the formation of a fluorescent compound following the 4-nitrobenzyl
scavenging reaction. A 20-fold increase in fluorescent emission was observed after the
addition of 1 ug/mL NTR. The detection limit of 72, calculated according to regression
analysis, was found to be 1.52 ng/mL NTR. The probe was nontoxic, with >90% cell
viability after incubation with 0-50 uM for 24 h. The in vivo NIR optical imaging of
CT26 solid tumor-bearing mice suggests that 72 could serve as a tumor-targeting, hypoxia-
activatable probe for direct cancer monitoring both in vitro and in vivo.

In recent times, there has been significant attention given to two-photon fluorescent
probes due to their advantages over traditional one-photon probes, including deeper
tissue imaging depth, higher spatial resolution, and longer observation times. This moti-
vated Zhai et al. and Wang et al. to synthesize two-photon probes 73 (Figure 33) and 75
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(Figure 34), which incorporate the 4-nitrobenzylic receptor fragment for selective recog-
nition of nitroreductase (NTR) [78,79]. Compound 73 exhibited a remarkable 130-fold
fluorescence enhancement at 563 nm within 10 min of reduction by NTR, with a detection
limit of 23.67 ng/mL. It was successfully employed for imaging NTR activity in living HeLa
cells, tissues, and zebrafish under hypoxic conditions. Notably, in a rat liver tumor model,
probe 73 produced bright fluorescence even at a tissue depth of 200 pm, highlighting its
effectiveness in deep-tissue imaging scenarios.
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Figure 31. Fluorescence sensing mechanism of probe 71 for detection of hypoxia, and in vivo hypoxia-
activated tumor imagining with 71. Adapted with permission from [76]. Copyright (2022) Elsevier.
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Figure 32. Fluorescence sensing mechanism of probe 72 for detection of hypoxia, and in vivo hypoxia-
activated tumor imagining with 72. Adapted with permission from [77]. Copyright (2021) American
Chemical Society.

Similarly to 73, probe 75 exhibits significant fluorescence enhancement upon selective
reduction by NTR, albeit at a wavelength centered around 580 nm. The quantum yield of
fluorescence post-reduction was notably increased to 0.045, compared to only 0.001 in its
initial state. There exists a strong linear correlation between the fluorescence enhancement
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and NTR concentrations within the range of 0-20 ug/mL, with a calculated limit of detec-
tion of 26 ng/mL. Probe 75 has been effectively utilized for hypoxia imaging in A549 cell
lines and A549 xenograft mice models, demonstrating its practical application in biological
settings. Furthermore, MTT assays have revealed low toxicity associated with probe 75,
supporting its potential for safe use in biological and medical research contexts.
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Figure 33. Fluorescence sensing mechanism of probe 73 for detection of NTR and HepG2 cells

incubated with 73 under normoxic and hypoxic conditions. Adapted with permission from [78].
Copyright (2017) The Royal Society of Chemistry.
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Figure 34. Fluorescence sensing mechanism of probe 75 for detection of NTR and A549 cells incubated

with 75 under normoxic and hypoxic conditions. Adapted with permission from [79]. Copyright
(2020) Elsevier.

Some nitro heterocycle side chains, similar to the 4-nitrobenzylic and 4-nitrobenzyl
formiatic units discussed earlier, interact with NTR through scavenger reduction, making
them promising recognition components in the design of fluorescent probes for detecting
and imaging NTR. For example, phenoxazinone 77, depicted in Figure 35, contains a 5-
nitrofuranyl moiety that undergoes scavenger reduction, resulting in the formation of a
highly fluorescent compound after the furane group is removed [80]. This reduction process
is selective to NTR and enables its fluorescent detection. Probe 77 exhibits a remarkable
100-fold fluorescence enhancement and demonstrates a limit of detection of 0.27 ng/mL.
Its potential for tumor diagnosis via hypoxia imaging was demonstrated by monitoring the
hypoxic status in HeLa and A549 cells. Furthermore, standard MTT assays revealed that
cell viability remained unaffected even at high concentrations (up to 5 uM) of 77, indicating
its low toxicity profile.

Probe 78, as reported by Feng et al. (Figure 36), is another interesting example in
which a 4-nitroimidazole recognition unit could be selectively removed after reduction
with nitroreductase [81]. Probe 78 itself is nonfluorescent due to the photoinduced electron
transfer to the nitroimidazole. However, after reduction by NTR, it was converted to
4-hydroxy-3-hydroxyflavone, which exhibits bright fluorescence at 560 nm due to ESIPT
(intramolecular proton transfer). The ESIPT process showed an unusually high Stokes
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shift, which is a serious advantage in fluorescence sensing measurements, especially in
living systems, because it could reduce the influence of unwanted self-reabsorption and
the inner-filter effect. Due to the higher sensitivity and selective turn-on fluorescence
response, probe 78 showed high potential for the detection of NTR, with good linearity
in the concentration range of NTR 1-4 pg/mL and a limit of detection of 63 ng/mL. In
addition, this probe displayed low cytotoxicity, good biocompatibility, and was successfully
applied for imaging the hypoxic status of HeLa cells.
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Figure 35. Fluorescence sensing mechanism of probe 77 for detection of NTR and Hela and A549
cells incubated with 77 under normoxic and hypoxic conditions. Adapted with permission from [80].
Copyright (2013) American Chemical Society.

N (0]
/
Hypoxia <N
trigger S NO. /
# ESIPT OFF N \ 2 *Hzo

_NOy/ ¢

7 G ~ N
S ¢ ||« PET 5\‘ - [" ESIPT ON
;N )0 o N H—-0

Me,N N

Normoxia

.
A\
X
L )
y
! /

Hioxia

Figure 36. Fluorescence sensing mechanism of probe 78 for detection of NTR and Hela cells incubated

with 78 under normoxic and hypoxic conditions. Adapted with permission from [81]. Copyright
(2016) Elsevier.

In the last decade, the design and synthesis of selectively activated fluorescent probes in
the second near-infrared window (NIR-II) has focused in general on the in vivo imagining
of various biological or pathological processes, since NIR-II fluorescence imaging has an
improved penetration depth and reduced autofluorescence. This motivated Meng et. al. to
fabricate molecular probe 79 (Figure 37), which exhibits weak fluorescence at the NIR-II region
due to the presence of a nitroimidazole fluorescent quencher [82]. The selective reduction
of the nitro group to an amine in the presence of NTR resulted in a 107-fold fluorescent
enhancement at 1046 nm. The NIR-II fluorescence signal of 78 in the tumor tissue was clearly
visible at 10 h post-injection and reached its maximum at about 14 h. Notably, the in vivo
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NIR-II fluorescence imaging of tumor hypoxia with 78 showed an unusual lack of observable
background signal. The probe itself was safe, and it was found that it could be eliminated
by renal excretion pathways from the animal body. All observed results revealed the great
importance of probe 79 as a promising contrast and theranostic agent for hypoxia-related
diseases, such as cancer, inflammation, stroke, and cardiac ischemia.
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Figure 37. Fluorescence sensing mechanism of probe 79 for detection of hypoxia, and in vivo hypoxia-
activated tumor imagining with 79. Adapted with permission from [82]. Copyright (2018) Ivyspring
International Publisher.

Karan et. al. reported another NIR II fluorescent probe (80) using 4-nitrobenzyl frag-
ment as the NTR recognition element [83]. This probe was characterized by selective and
a 4-fold more intensive ratiometric (1000 nm /940 nm) fluorescent output after activation
by scavenging reduction of the 4-nitrobenzyl moiety. The ratiometric fluorescent response
takes 45 min to reach its maximal value. It shows an excellent linear relationship against
the concentrations of NTR from 0 to 10 pg/mL. The in vivo study indicated that probe
80 could be used for the visualization of tumor tissues due to the selective activation by
NTR. Female BALB/c mice bearing two subcutaneous 4T1 breast tumors were chosen as a
model. This probe offers a valuable in vivo biosensing amalgamation of NIR-II fluorescent
response and self-calibrated ratiometric analysis (see Figure 38).
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Figure 38. Fluorescence sensing mechanism of probe 80 for detection of hypoxia, and in vivo hypoxia-
activated tumor imagining with 80. Adapted with permission from [83]. Copyright (2022) American
Chemical Society.



Molecules 2024, 29, 3475

5. Conclusions

The heterogeneity of tumor hypoxia, pharmacokinetics, and the potential toxicity
of conventional drugs remain significant challenges for HAPs. Continued research into
nitro(het)aromatic compounds and their structural modifications is essential for developing
more selective and effective cancer therapies. This review underscores the potential of
hypoxia-activated nitro(het)aromatic prodrugs in targeted cancer therapy, particularly
through mechanisms such as gene-directed enzyme prodrug therapy and the formulation
of bioreductive-activated prodrug conjugates featuring nitrophenyl, nitrobenzyl, and nitro-
heteroaryl triggers. While promising, some BAPCs require further refinement to reduce
activation in normoxic conditions and improve water solubility. To address these chal-
lenges, the design of next-generation hypoxia-activated pro-drugs focuses on incorporating
bulkier nitroaromatic groups and triggers with higher reduction potentials, which better
match the cellular reductase range. This approach aims to improve specificity and minimize
the off-target effects, thereby maximizing drug delivery and activation specifically within
hypoxic tumor regions. Overall, BAPCs represent a significant advancement in targeted
cancer therapy, offering a method to specifically deliver and activate drugs in hypoxic
tumor regions, thereby enhancing efficacy and minimizing systemic toxicity. Stability
and bioavailability issues arise from poor compound stability in biological environments
and limited bioavailability. To address these, chemical modifications to enhance stability
and formulation strategies, including encapsulation in liposomes or other nanocarriers,
are recommended.

Over the past four decades, nitroaromatic compounds have played a crucial role in
the design and synthesis of fluorescent probes for the selective detection of NTR and for
imaging the hypoxic status of tumor cells and tissues. The major appeal of nitroaromatic
derivatives lies in their simple synthesis and predictable off-on fluorescent response after
selective bioreduction by NTR. Many of the developed probes exhibit low toxicity, high
sensitivity, and linearity in detection ranges, making them suitable for in vivo applications
in the hypoxia imaging of tumors. Despite significant progress, enhancing water solu-
bility remains a critical hurdle due to the inherently hydrophobic nature of most organic
architectures, limiting their practical application.

Future research directions include developing multianalyte probes capable of detect-
ing acidity and NTR simultaneously, thereby reducing false positives in clinical settings.
Moreover, exploring two-photon fluorescent technologies for deeper tissue imaging and im-
proved diagnostic accuracy holds promise. These advancements highlight the potential of
nitro(het)aromatic compounds in revolutionizing cancer diagnostics and therapy, offering
reliable, non-invasive solutions for early cancer detection and treatment monitoring.

We hope this review will assist researchers in creating novel nitro(het)aromatic com-
pounds for treating with improve selectivity and stability, and /or for fluorescently imaging
hypoxic tumors to bolster cancer diagnostics and improve the monitoring of
treatment efficacy.
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Abstract: Moonlighting enzymes are multifunctional proteins that perform multiple functions beyond
their primary role as catalytic enzymes. Extensive research and clinical practice have demonstrated
their pivotal roles in the development and progression of cancer, making them promising targets
for drug development. This article delves into multiple notable moonlighting enzymes, including
GSK-3, GAPDH, and ENO1, and with a particular emphasis on an enigmatic phosphatase, PTP4A3.
We scrutinize their distinct roles in cancer and the mechanisms that dictate their ability to switch
roles. Lastly, we discuss the potential of an innovative approach to develop drugs targeting these
moonlighting enzymes: target protein degradation. This strategy holds promise for effectively
tackling moonlighting enzymes in the context of cancer therapy.

Keywords: moonlighting enzyme; PTP4A3; targeted protein degradation; PROTAC

1. Introduction

Moonlighting proteins is the term used to describe a class of multifunctional proteins
that perform more than one function within a cell, often without any change in their
primary structure or sequence. The term “moonlighting” was coined by Dr. Constance
Jeffery in 1999. In this seminal paper, Jeffery described moonlighting proteins as those that
perform more than one function and do not have these functions as a consequence of gene
fusions, families of homologous proteins, splice variants, or pleiotropic effects [1].

Since then, the comprehension of moonlighting proteins has undergone substantial
development. The definition has been broadened to encompass proteins capable of transi-
tioning between functions based on cellular conditions or executing distinct roles in various
cellular compartments. A pivotal criterion for a protein to qualify as moonlighting has
been elucidated: the autonomy of its diverse function, signifying that the disruption of
one function (e.g., via mutation) should not influence the other function, and reciprocally.
The notion of moonlighting proteins has gained widespread acceptance, as evidenced by a
consistent influx of scholarly reviews focusing on this topic [2-10].

In the realm of enzymes, the term “moonlighting” pertains to proteins capable of
executing multiple functions beyond their primary catalytic role. These proteins have
evolved to encompass additional binding sites or functions while maintaining their original
enzymatic activity. Enzymes stand out as compelling targets for drug development, with
50% of human protein drug targets belonging to the enzyme category [11]. They serve
pivotal functions in diverse cellular processes and are intricately involved in disease
pathways. Consequently, a significant number of current therapeutic approaches focus on
inhibiting enzymes, with kinase and protease inhibitors being prominent examples that are
widely utilized in clinical settings for the treatment of cancer.

Moonlighting enzymes challenge traditional views of protein specificity by showcasing
how proteins can exhibit multiple functions beyond their primary roles. This versatility
underscores the complexity of protein function and highlights the potential for developing
novel therapeutic strategies targeting these moonlighting enzymes.
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Moonlighting proteins are distributed across various species and can play crucial roles
in disease development when their activities are altered. Moonlighting enzymes have
been found to play critical roles in tumor growth and progression, making them potential
targets for therapeutic intervention [6,9]. However, targeting moonlighting enzymes is
challenging. Comprehensive understanding of the functions and regulations of moonlight-
ing enzymes, and exploring innovative drug design strategies, are thus imperative for
successful therapeutic intervention.

2. Moonlighting Enzymes Involved in Cancer

In this section, we aim to showcase specific instances of moonlighting enzymes that
have been implicated in tumorigenesis. It is important to note that our selection represents
only a subset of these enzymes, as previous reviews have provided comprehensive lists [6,9].
Additionally, we introduce a novel and emerging example, PTP4A3, which has not been
extensively discussed in prior literature.

2.1. GSK-3

Glycogen synthase kinase 3 (GSK-3) is recognized as a serine/threonine kinase with
a diverse range of substrates, including glycogen synthase, 3-catenin, Cyclin D1, and
c-Myc. These substrates are involved in important cellular processes, such as the cell
cycle, apoptosis, and glycogen synthesis. The phosphorylation of glycogen synthase by
GSK-3 inhibits its activity, thereby regulating glycogen metabolism [12,13]. Generally, the
phosphorylation of GSK-3 substrates leads to the degradation of these proteins, which in
turn results in the suppression of cell growth and proliferation [14,15].

Although GSK has been widely reported as a serine/threonine kinase, recent research
has revealed it also functions as a scaffolding protein, involved in protein—protein interac-
tions and organizing signaling complexes. One of the most well-studied examples of GSK-3
acting as a scaffolding protein is in the Wnt signaling pathway. GSK-3, Axin, adenomatous
polyposis coli (APC), and casein kinase 1« (CK1x) forms a “destruction complex” without
Wnt signaling, leading to the phosphorylation and subsequent degradation of (3-catenin, a
key effector of Wnt signaling. GSK-3 plays a crucial role in maintaining the stability of this
complex, thereby enabling coordinated phosphorylation of 3-catenin [14,16].

Furthermore, GSK-3 functions as a scaffold in the mTORC1 signaling pathway where it
interacts with TSC2 (tuberous sclerosis complex 2) and PRAS40 (proline-rich Akt substrate
of 40 kDa), two negative regulators of mTORC1. The interaction helps to inhibit mTORC1
activity under nutrient-poor conditions [17]. In addition to these findings, other studies
have proved that GSK-3 can interact with various proteins in a kinase-independent manner,
further demonstrating its role as a scaffolding protein [18].

The multifaceted roles of GS5K-3 in the development of tumors and the progression of
cancer make it a prime target for the development of new cancer treatments. Numerous
GSK-3 inhibitors have demonstrated their potential in combating cancer through both pre-
clinical and clinical studies [19,20]. One such example is Tideglusib, a non-ATP-competitive
GSK-33 inhibitor. This inhibitor has been evaluated in xenograft and PDX murine models
for a wide range of human cancers, including neuroblastoma [21], glioblastoma [22],
osteosarcoma [23], prostate [24], pancreatic [25], and lung cancer [26].

TWS119 is another GSK-3f inhibitor and has demonstrated its potential in curtail-
ing cell proliferation and triggering apoptosis in human alveolar rhabdomyosarcoma
cells [27]. Moreover, it exhibits efficacy in effectively regulating the intricate processes of
epithelial-mesenchymal transition (EMT) and cancer stem cell (CSC) properties in triple-
negative breast cancer [28].

In the context of CAR-T cell therapy, GSK-3 inhibition has been found to enhance the
persistence and antitumor activity of CAR-T cells. In a study in mantle cell lymphoma,
the innovative CD19-CD22 bispecific CAR-T cells, when augmented with TWS119, dis-
played a remarkable reduction in the expression of exhaustion markers such as PD-1 and
LAGS3. The combination of bispecific CAR-T cells with TWS119 not only exhibits enhanced
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antitumor capabilities in vitro but also outperforms both the untreated control group and
the groups treated with single CAR constructs in vivo studies. The combination of GSK-3
inhibitors with CAR-T cell therapy may provide a double therapeutic advantage by directly
targeting the tumor cells and promoting a more effective immune response mediated by
the engineered CAR-T cells [29].

2.2. GAPDH

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) is a ubiquitous enzyme central
to glycolysis and has garnered attention for its multifaceted role in cancer biology. GAPDH
demonstrates both enzymatic and non-enzymatic functions, with both being intricately
involved in cancer progression, invasiveness, and metastasis [30]. The enzymatic func-
tion of GAPDH is mainly observed in glycolysis, where it catalyzes the conversion of
glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate. This function is important for
cancer cells as it provides energy to support rapid proliferation and survival within the
tumor microenvironment [31,32].

Furthermore, GAPDH’s non-enzymatic functions are also critical in cancer progression
by influencing diverse cellular processes beyond metabolism. Studies have shown that
GAPDH is involved in transcriptional regulation [33,34], DNA repair [35,36], apoptosis
modulation [37-39], and intracellular trafficking [40,41]. For example, apoptotic stimuli
can activate NO formation and lead to the S-nitrosylation of GAPDH. This modification
inhibits GAPDH'’s catalytic activity and enables it to bind to Siah, an E3-ubiquitin-ligase,
which transports GAPDH to the nucleus. Inside the nucleus, GAPDH stabilizes Siah,
allowing it to degrade specific target proteins and influence apoptosis. In the context of
DNA repair, it is found that the activation of the tyrosine kinase Src occurs under DNA
damage stress, leading to the phosphorylation of GAPDH at Tyr41. This phosphorylation
event is crucial for the nuclear translocation of GAPDH. Nuclear GAPDH is recruited
to DNA lesions and interacts with DNA polymerase (3 (Pol ) to participate in DNA
repair mechanisms. Furthermore, nuclear GAPDH enhances Pol 3 polymerase activity
and improves the efficiency of base excision repair (BER). GAPDH is also involved in
apoptosis cascade in the aging process where the S-nitrosation of GAPDH, induced by
iNOS, triggers its relocation to the nucleus. Once there, GAPDH actively mediates the
process of apoptosis. These non-metabolic functions significantly promote tumorigenesis
and tumor progression [31,32].

The dual roles of GAPDH in cancer are a good example of its ability to control cell
death pathways. While some studies suggest GAPDH can increase cell apoptosis, others
describe a protective function that promotes cell survival and tumor progression, which
is extensively reviewed in [31]. Further exploration of the intricate interplay between
GAPDH'’s metabolic and non-metabolic functions is helpful for us to better understand
how it is involved in tumor initiation and progression. This is essential for designing
innovative therapeutic strategies targeting GAPDH.

2.3. ENO1

Enolase, known as phosphopyruvate hydratase, is another example of a moonlighting
enzyme. Enolase catalyzes the conversion of 2-phosphoglycerate (2-PG) into phospho-
enolpyruvate (PEP), the ninth step of glycolysis. Enolase is essential in energy metabolism
and is expressed in all tissues and organisms [42,43].

There are three enolase subunits in humans: «, 3, and v, encoded by separate genes.
The three subunits can combine into five isoenzymes. Among these, alpha-enolase (ENO1)
plays a significant role in cancer progression, acting not only as an enzymatic protein, but
also as a plasminogen receptor on the cell surface [44—46]. As a plasminogen receptor
on the cell surface, ENO1 facilitates the conversion of plasminogen to plasmin, a potent
proteolytic enzyme that degrades the extracellular matrix (ECM) and, thus, facilitates cell
migration [45]. Studies have also shown that ENO1 expression correlates with poor progno-
sis of cancer patients, implicating a potential as a prognostic biomarker [45]. Furthermore,
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ENOL1 participates in regulating integrin expression, which is a critical player in cancer
cell adhesion, invasion, and metastasis [47]. The interaction between ENOI1 and other
proteins, such as protein arginine methyltransferase 5 (PRMT5), further exhibits its impact
on cancer [48].

Overall, ENO1’s dual functions as an enzyme and plasminogen receptor underscore
its significance in cancer progression and highlight its potential as a therapeutic target for
cancer treatment.

2.4. PTP4A3

Another typical moonlighting protein falling into this category is PTP4A3, also known
as protein tyrosine phosphatase 4A3 or PRL-3. It is a member of the protein tyrosine
phosphatase (PTP) family. As its name suggests, PTP4A3 catalyzes the dephosphorylation
of tyrosine or serine/threonine residues in protein molecules, playing a crucial role in
cellular signaling transduction. Its role in promoting cancer initiation, metastasis, drug
resistance, and recurrence has been validated in various cancer cell lines and animal
models, with its high expression being inversely correlated with the prognosis of several
solid tumors [49]. Several substrates of PTP4A3 have been reported, including FZR1 [50],
Keratin 8 [51,52], Integrin 31 [52], and Leo 1 [53], where the phosphorylation levels of the
substrates are regulated by PTP4A3, thereby affecting cancer-related signaling pathways
and cancer progression.

On the other hand, there is substantial experimental evidence indicating that PTP4A3
functions as a “pseudophosphatase”. For instance, PTP4A3 can bind to CNNM4 (a mem-
brane protein related to magnesium ion transport), inhibiting the efflux of Mg?* and thereby
impacting downstream energy metabolism pathways to promote tumorigenesis and pro-
gression [54]. The crystal structure of the PTP4A3-CNNM3 complex reveals that PTP4A3
acts as a “pseudophosphatase”; the critical amino acid residue C104 in the phosphatase
active center of PTP4A3 binds to Asp426 of CNNM3, which is not phosphorylated [55,56].

In another study on breast cancer, it was found that PTP4A3 can induce the trans-
formation of normal cancer cells into stem-like cells by competitively binding to MEF2A
with HDAC4 (histone deacetylase 4), a process independent of PTP4A3’s phosphatase
activity. The interaction between PTP4A3 and HDAC4 leads to the dissociation of HDAC4
from MEF2A and histones, affecting the deacetylation reaction. Maintaining high levels
of acetylated MEF2A and histones upregulates the expression of the stem cell key tran-
scription factor SOX2, ultimately inducing cancer cell transformation into stem-like cells.
Researchers have defined this function of PTP4A3 as an adaptor protein [57].

Our research in acute T-cell lymphoblastic leukemia (T-ALL) has shown that although
PTP4A3 can influence the phosphorylation levels of Src kinase [58], subsequent studies
have revealed that its oncogenic role in T-ALL does not depend on its enzymatic activity.
The interactions between PTP4A3 and proteins such as LCK and CD3 in T-ALL are also
independent of its enzymatic activity (unpublished data). Increasing evidence suggests that
PTP4A3 is a moonlighting protein, concurrently performing the functions of a phosphatase
and an adaptor.

Like GSK-3, the scaffolding role of PTP4A3 operates independently of its enzymatic
action. However, the exact mechanism by which PTP4A3 toggles between its phosphatase
activity and its “moonlighting” protein function within the context of diverse tumor types
remains an area of active investigation. The dominant function that underpins its oncogenic
role in tumors is yet to be conclusively determined.

3. Regulatory Mechanisms Governing Functions of Moonlighting Enzymes

Moonlighting enzymes are regulated by various mechanisms to ensure proper func-
tion switching. Post-translational modifications (PTMs) play a crucial role in prompting
moonlighting proteins to switch functions. Additionally, the location and timing of each
protein activity are vital. Moonlighting proteins may perform distinct functions in various
cellular locations such as the cytoplasm, nucleus, or cell membrane.
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3.1. The Impact of Spatial Positioning on the Functions of Moonlighting Enzymes

The location of proteins indeed plays a significant role in influencing their functions,
and this principle applies to moonlighting enzymes as well. They may perform different
roles in various cellular locations, such as the cytoplasm, nucleus, or cell membrane [59].

For example, the subcellular location of GAPDH significantly influences its functions,
which is extensively reviewed in [60,61]. To encapsulate, GAPDH exhibits multifaceted
roles depending on its cellular location. In the cytosol, it primarily performs as a pivotal
enzyme in the metabolic process of glycolysis, catalyzing the conversion of glyceraldehyde
3-phosphate into 1,3-bisphosphoglycerate. However, when GAPDH translocates to the
nucleus, it participates in the orchestration of gene expression, apoptosis, and DNA repair.
At the cell surface, GAPDH can act as a receptor for certain bacterial pathogens, aiding
in their entry into the cell. Within mitochondria, GAPDH contributes to apoptosis by
interacting with voltage-dependent anion channels.

Another typical example of how subcellular location tightly regulates moonlighting
functions of enzyme p53. This well-known tumor suppressor performs its canonical role
as a transcription factor in the nucleus. Mono-ubiquitinated p53 induced by low levels of
Mdm?2 moves to the cytoplasm, where it triggers apoptosis and inhibits autophagy. The
detailed regulation is reviewed in [62].

3.2. Regulation via Post-Translational Modification (PTM)

Post-translational modifications (PTMs) play an indispensable role in regulating pro-
tein functions and their subcellular localization. This universal principle is true for the
regulation of moonlighting proteins as well. The ensuing discussion will focus on sev-
eral key PTMs that significantly contribute to the nuanced regulation of moonlighting
protein functions.

3.2.1. Phosphorylation

Phosphorylation is one of the most common PTMs. Phosphorylation of moonlighting
proteins can modulate their activity levels or even switch between divergent functions. For
example, serine residue phosphorylation of GAPDH inhibits its glycolytic function while
enhancing nuclear translocation, where it regulates gene transcription [61].

In the case of the x-enolase isoform, phosphorylation of specific tyrosine residues in
the protein promotes its interaction with plasminogen to cleave the activation peptide of
plasminogen, leading to the conversion of plasminogen to plasmin, an enzymatic mediator
implicated in extracellular matrix degradation and tissue remodeling [44]. These instances
underscore phosphorylation’s dynamic regulatory potential over moonlighting proteins.

3.2.2. Acetylation

Acetylation is a PTM modification adding an acetyl group to a protein, typically on
lysine residues. Acetylation generally affects protein stability, protein—protein interactions,
and subcellular localization, all of which are closely related to their activity. For instance,
acetylation of Hsp90 at lysine residue 294 has been reported to enhance its interaction
with transcription factors, such as p53, leading to altered gene expression patterns. This
acetylation modification converts Hsp90 from a canonical chaperone to a transcriptional
regulator [63].

3.2.3. Ubiquitination

Ubiquitination is a PTM where a small protein, ubiquitin, is attached to target proteins
by a cascade of E3 enzymatic reactions. Ubiquitination can occur at different residues on the
target protein, including lysine (K) residues, as well as the amino terminus (N-terminus) of
the protein. This modification can regulate protein function, localization, or protein—protein
interactions. Ubiquitination of moonlighting proteins can regulate the balance between
their distinct functions by targeting them for degradation or influencing their interactions
with other proteins, for example, a well-known tumor suppressor, PTEN, whose primary
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role is a lipid phosphatase. However, PTEN also has a less-understood nuclear function,
where it engages in maintaining chromosomal integrity [64]. The ubiquitination of PTEN
plays a crucial role in regulating its cellular localization, and thus its function. Mono-
ubiquitinated PTEN translocates to the nucleus where it plays a role in DNA repair and
maintaining chromosomal stability. Meanwhile, non-ubiquitinated PTEN resides in the
cytoplasm and acts as a phosphatase to negatively regulate the PI3K/ Akt pathway [65].

3.2.4. SUMOylation

Small ubiquitin-like modifier (SUMO) modification involves the attachment of SUMO
proteins to target proteins. SUMOylation of moonlighting proteins can impact their func-
tions by modulating their subcellular localization or interactions with other proteins.
SUMOylation of p53 can switch its function from a transcription factor to a regulator of
cellular metabolism. SUMOylation of p53 at specific lysine residues, such as K386 and K390,
inhibits p53-dependent transcription by preventing its binding to DNA /chromatin [66].
When p53 is SUMOylated, it can translocate to the mitochondria and interact with proteins
involved in metabolic pathways [66].

The intricate processes governing the regulation of moonlighting proteins’ diverse
functionalities largely remain enigmatic; for instance, the subcellular location of PTP4A3
and its PTM are largely unknown. PTP4A3 belongs to a class of prenylated protein tyrosine
phosphatases (PTPs) that are associated with the cell plasma membrane. Studies have
shown that these PTPs are prenylated proteins in vivo, suggesting their localization at
the cell membrane [67]. Therefore, research focusing on the subcellular location and
post-translational modifications (PTMs) of moonlighting enzymes, and how they regulate
multiple-function switching, are indeed valuable areas of exploration.

4. Targeting Moonlighting Enzymes for Cancer Treatment

There are two main strategies to effectively target multifunctional enzymes. The
first is precise targeting, which blocks a specific function while leaving the others intact.
Consider an enzyme that is important to both standard metabolic functions and anti-
apoptotic pathways. If the purpose is to block the enzyme’s anti-apoptotic function without
meddling with its metabolic role, then precise targeting would be the preferred choice.

The secondary strategy, termed as the “abolish-all” tactic, is designed to suppress
all the enzyme’s functions. This method is particularly beneficial where every activity
is hijacked to advance the disease. By simply turning off everything, we can nullify the
enzyme’s multifunctionality and prevent all its harmful impacts in the disease progression.

In the realm of current drug design technologies, the strategy of precise targeting
poses immense challenges. Therefore, our upcoming discussion will focus on the abolish-all
strategy, which can be further subdivided into inhibiting the enzyme’s protein expression,
inhibiting enzyme activity, or target protein degradation (TPD). TPD is a strategy that
has emerged in the past two decades, representing a more thorough abolish-all approach.
Hence, we will now delve into the potential of this strategy in targeting dual-function
enzymes, using PTP4A3 as a case study.

4.1. Target Protein Degradation

The traditional method of drug discovery primarily involves directly modulating
protein activity. The development and application of protein activity regulators, particularly
inhibitors, have long been the mainstream of drug development. Over the past two decades,
the technology of proteolysis targeting chimeras (PROTACs), which utilizes the body’s
own protein clearance system to remove pathogenic target proteins, has been rapidly
developing and has become a major weapon in new drug research and development. In
addition to PROTACS, several new targeted protein degradation (TPD) strategies have
emerged, including molecular glues, lysosome-targeting chimeras (LYTACs), and antibody-
based PROTACs (AbTACs). TPD primarily utilizes the two major protein clearance systems
in cells: the ubiquitin—proteasome system (UPS) and the lysosome. Most TPD strategies,
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such as PROTACs, molecular glues, and degradation tags (dTAGs), rely on the UPS and
are mainly targeted at intracellular proteins. Lysosome-dependent TPD strategies can
degrade membrane proteins, extracellular proteins, and protein aggregates, thereby greatly
expanding the range of substrates. The history and current status of TPD development, as
well as its application in drug discovery and design, have been summarized in numerous
review articles [68-75].

The key difference between TPD, such as PROTAC technology, and traditional small
molecule protein inhibitors/antibodies, is that PROTAC is “event driven”, as opposed to
small molecules or antibodies which are “occupancy driven”. Occupancy driven implies
that when small molecule inhibitors or antibodies inhibit a target protein’s activity, they
need to occupy the protein’s active center for a long time. Small molecule inhibitors
need to fulfill multiple requirements, including the following: a. high enough affinity to
outcompete the target protein’s natural ligand /receptor; b. a large enough dose to saturate
the target; and c. a long enough half-life to persistently inhibit protein activity. Therefore,
the target protein needs a good drug pocket to allow the drug to bind firmly and regulate
its activity [76].

In contrast, PROTAC only needs to briefly bind with the target protein/E3 enzyme,
thereby triggering the degradation event and qualifying as “event driven”. It does not
need to directly inhibit the function of the target protein, nor does it require sustained and
intensive binding with the target protein. In theory, as long as the target protein has a
ligand that can bind briefly, it can target proteins without suitable drug pockets or without
an enzymatic active center. It has also been found in practice that PROTAC has a significant
advantage in being able to transform specific poor target protein ligands into specific strong
bifunctional molecules. For example, Foretinib is a pan-kinase inhibitor that can act on
more than one hundred kinases, while two PROTAC molecules based on Foretinib can only
degrade 14 and 9 kinases, respectively, greatly increasing their specificity. The reason for
this might be that the interaction between target protein and E3 ubiquitin enzyme enhances
selectivity [77,78].

4.2. Degrading PTP4A3 for Cancer Therapy

As discussed in Section 2.4, PTP4A3 is a recently discovered cancer target. Besides
possessing traditional phosphatase functions, it also acts as a scaffolding protein or pseu-
dophosphatase, and these functions are related to its cancer-promoting effects. The de-
velopment of small molecule drugs targeting PTP4A3 faces multiple challenges. The
enzyme active center, i.e., the binding cavity for small molecule compounds, is very flat
and narrow, making it difficult to screen for high-affinity small molecule compounds [49].
Additionally, it is generally more difficult to screen for compounds that interfere with
protein non-enzyme-promoting functions than to screen for compounds that inhibit its
enzymatic activity.

Much effort has been put into developing PTP4A3 inhibitors. Various lead compound
screening strategies, including high-throughput screening, virtual screening, and natural
product screening, have been used in the research and development of PTP4A3 inhibitors.
More than a dozen small molecule compounds that can inhibit the phosphatase activity of
PTP4A3 in vitro have been discovered. These include JMS-053 [79], thienopyridone [80],
analog 3 [81,82], rhodanine and its derivatives [83-85], and various natural products [49].
JMS-053, thienopyridone, analog 3, and rhodanine are widely used as tool drugs in the
basic research of PTP4A3. However, most of these small molecule inhibitors have limited
therapeutic effects or poor selectivity [49]. Therefore, no PTP4A3 small molecule inhibitors
have entered clinical research yet.

Thus, a new horizon in overcoming the challenges of poor drug-like properties could
be the development of PROTAC molecules that specifically target PTP4A3. This could pave
the way for a new era of clinical drug development, specifically for the treatment of malig-
nant tumors that are PTP4A3-dependent. We recently carried out a principle of concept
study of developing a nanobody-based bio-PROTAC for the purpose of degrading PTP4A3.
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The preliminary study showed that this bio-PROTAC could degrade GFP-PTP4A3 fusion
protein while sparing the homologous GFP-PTP4A1 or GFP-PTP4A2 (unpublished data).
These preliminary research findings illuminate a path towards the targeted degradation of
PTP4A3. We aim to evaluate the role of this bio-PROTAC in cancer.

5. Future Perspectives

It is now widely accepted that moonlighting is a universe nature of proteins, which is
also true for enzymes. However, when moonlighting enzymes come under our scrutiny,
particularly those with both enzymatic and non-enzymatic activities, we often neglect
their non-enzymatic roles. Perhaps the exhaustive examination of their catalytic functions
presented in the literature has generated a stereotype. However, such oversight could
potentially pose limitations for drug design and development. For enzymes of this nature,
it might be beneficial to consider an “abolish-all” approach, a strategy discussed above.
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