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Abstract
Melanoma and nonmelanoma skin cancers are among the most prevalent and 
most lethal forms of skin cancers. To identify new lead compounds with potential 
anticancer properties for further optimization, in vitro assays combined with in-
silico target fishing and docking have been used to identify and further map out 
the antiproliferative and potential mode of action of molecules from a small library 
of compounds previously prepared in our laboratory. From screening these com-
pounds in vitro against A375, SK-MEL-28, A431, and SCC-12 skin cancer cell lines, 
35 displayed antiproliferative activities at the micromolar level, with the majority 
being primarily potent against the A431 and SCC-12 squamous carcinoma cell 
lines. The most active compounds 11 (A431: IC50 = 5.0 μM, SCC-12: IC50 = 2.9 μM, 
SKMEL-28: IC50 = 4.9 μM, A375: IC50 = 6.7 μM) and 13 (A431: IC50 = 5.0 μM, SCC-
12: IC50 = 3.3 μM, SKMEL-28: IC50 = 13.8 μM, A375: IC50 = 17.1 μM), significantly 
and dose-dependently induced apoptosis of SCC-12 and SK-MEL-28 cells, as evi-
denced by the suppression of Bcl-2 and upregulation of Bax, cleaved caspase-3, 
caspase-9, and PARP protein expression levels. Both agents significantly reduced 
scratch wound healing, colony formation, and expression levels of deregulated 
cancer molecular targets including RSK/Akt/ERK1/2 and S6K1. In silico target 
prediction and docking studies using the SwissTargetPrediction web-based tool 
suggested that CDK8, CLK4, nuclear receptor ROR, tyrosine protein-kinase Fyn/
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1   |   INTRODUCTION

Skin cancer is among the most prevalent types of can-
cer in the United States (Guy, Machlin, et al., 2015; Guy, 
Thomas, et al., 2015), and it is estimated that one in five 
Americans will develop skin cancer in their lifetime (Miller 
et al., 2022; Siegel et al., 2022), with approximately 9500 
people diagnosed every day (Miller et  al.,  2022; Paulson 
et al., 2020; Siegel et al., 2022). While nonmelanoma skin 
cancer (NMSC), including basal cell carcinoma (BCC) and 
squamous cell carcinoma (SCC), is the most common type 
of skin cancer (Miller et al., 2022; Siegel et al., 2022), the 
rate of melanoma has been rising rapidly in the United 
States over the past decades, with the vast majority of 
skin cancer deaths arising from melanoma (Beroukhim 
et al., 2020; Miller et al., 2022; Siegel et al., 2022). It is well 
accepted that most melanoma cases are attributable to UV 
exposure (Agbai et  al.,  2014; Arnold et  al.,  2018; Islami 
et al., 2020), including sunburns and prolonged use of tan-
ning beds (An et al., 2021; Colantonio et al., 2014; Dennis 
et al., 2008; Lee, 2019).

While surgical tumor excision is one of the most effec-
tive therapeutic approaches for the early stages of skin 
cancers, it can result in disfigurement, requiring further 
skin grafts to cover the defects, not to mention the possi-
bility of metastasis and tumor recurrence in many cases 
(Mulvaney & Schmults, 2020; Pavel et al., 2020; Robertson 
et  al.,  2018). Significant advances have been made to-
ward a better understanding of mechanisms through 
which melanoma and nonmelanoma skin cancers are 
triggered and sustained. As a result, arresting prolifer-
ation or inducing programmed cell death in tumors has 
become an alternative and an effective cancer therapy 
option (Ascierto & Garbe,  2020; Hwang et  al.,  2020). 
Several kinases, including RAF1 (Donati et  al.,  2020; 
Jeric et  al.,  2016), ROCK1 and 2 (Chang et  al.,  2018; 
Kaczorowski et  al.,  2020), serine–threonine protein 

kinase (CHK1) (Tho et  al.,  2012; Wang et  al.,  2018), 
tyrosine-protein kinase (FYN) (Martens et  al.,  2018), 
tyrosine protein kinase (LCK) (Fathi et  al.,  2013), and 
dual specificity protein kinase (CLK4) are well known 
to play critical roles in skin tumorigenesis. SK-MEL-28 
(one of a series of melanoma cell lines established from 
patient-derived tumor samples) and A375, both used in 
this study, are well known to harbor BRAF V600E driver 
mutation and wild-type N-RAS (Brummer et al., 2006). 
On the other hand, nicotinamide adenine dinucleotide 
(NAD)-biosynthetic enzyme (nicotinamide phosphori-
bosyltransferase, also known as NAMPT) was shown to 
be a driving factor in a resistance associated with ser-
ine–threonine protein kinase B-RAF (BRAF)-mutated 
metastatic melanoma, one of the highly aggressive 
types of skin cancer (i.e., BRAF inhibitor resistance) 
(Audrito et al., 2020; Brandl et al., 2019). Further stud-
ies revealed that NAMPT over-expression is necessary 
and sufficient to recapitulate the BRAFi-resistant phe-
notype plasticity (Audrito et al., 2020). PI3K/RAC alpha 
serine/threonine protein kinase (AKT)/mTOR signal-
ing pathway has also been shown to be over-activated 
in some types of skin cancers (Tu et al., 2019), with the 
antiproliferative activity of some phenolic compounds 
against SK-MEL-28 cancer cells attributed to the down-
regulation of the PI3K/AKT/mTOR signaling pathway, 
which induces a mitochondrial-dependent apopto-
sis (Won et  al.,  2020). Moreover, the poly(ADP-ribose)
polymerase (PARP) (Murahari & Yergeri,  2014; Pisano 
et al., 2021), phosphodiesterase type 5 (Han et al., 2018; 
Tang et al., 2017), orphan nuclear receptor LRH-1 (Chen 
et al., 2020; Vogeley et al., 2019), nuclear receptor ROR-
gamma (Brozyna et al., 2016, 2019), matrix metallopep-
tidase 9 (MMP9) (Aranha et al., 2021), NAD-dependent 
deacetylase Sirtuin 2 (Wang et al., 2014), and cholesterol 
ester transfer protein (Nair et al., 2015) are all believed 
to play important roles in skin carcinogenesis. All these 

(COP), Grant/Award Number: 
5CALHN-260615 LCK, ROCK1/2, and PARP, all of which are dysregulated in skin cancers, might 

be prospective targets for the two most active compounds. Further validation of 
these targets by western blot analyses, revealed that ROCK/Fyn and its associ-
ated Hedgehog (Hh) pathways were downregulated or modulated by the two lead 
compounds. In aggregate, these results provide a strong framework for further 
validation of the observed activities and the development of a more comprehen-
sive structure–activity relationship through the preparation and biological evalu-
ation of analogs.
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proteins, enzymes, kinases, proteases, oxidoreductases, 
phosphodiesterases, and erasers are among the 2600 pro-
tein targets (2100 of which are human), and the reported 
activities for more than 376,000 compounds involving 
an excess of 580,000 reported interactions, comprised in 
the SwissTargetPrediction tool (Daina et al., 2017, 2019; 
Gfeller et al., 2014).

As part of a continuing effort to introduce new mo-
lecular scaffolds and entities into the cutaneous cancer 
treatment pipeline, our research group recently showed 
that fisetin and its analogs inhibit the PI3K/Akt/mTOR 
and MAPK, and effected key pathways in organotypic 
human inflammatory skin and melanoma models 
(Chamcheu, et al., 2019;Roy et al., 2021a, 2021b) as well 
as c-Kit, CDK2, and mTOR kinases in melanoma and 
nonmelanoma skin cancers (Roy et  al.,  2021a, 2021b). 
Herein, we used a combination of in vitro assays, in sil-
ico target fishing and docking studies to identify and 
outline the antiproliferative activity of molecules from 
a small library of compounds previously prepared in 
our laboratory as part of the investigation of the ma-
laria parasite biochemistry relevant to the mechanism 
of quinoline-derived antimalarial drugs. Among them, 
35 compounds were identified to possess an optimizable 
antiproliferative activity when evaluated in vitro against 
melanoma (A375 and SK-MEL-28) and nonmelanoma 
(A431 and SCC-12) skin cancer cell lines. In silico stud-
ies using the SwissTargetPrediction tool indicated that 
many of these compounds have favorable physicochem-
ical properties and in combination with docking pre-
dictions, suggested that CDK8, CLK4, nuclear receptor 
ROR, tyrosine protein-kinase Fyn/LCK, ROCK1/2, and 
PARP might be prospective molecular targets for the two 
most active compounds (11 and 13). Scratch wound-
healing and colony formation functional/phenotypic 
assays indicated that compounds 11 and 13 exert their 
activity by interfering with the apoptotic pathways. At 
the same time, western blot analyses suggested that 
ROCK/Fyn and the Hedgehog (Hh) pathway might be 
involved in the mechanisms of the action of the two lead 
compounds.

2   |   MATERIALS AND METHODS

2.1  |  Chemistry

The compounds screened in this manuscript were all pre-
viously prepared in our lab, and the procedures used for 
their synthesis are fully described in the Appendix  S1, 
together with all the characterization data. NMR data 
were collected on a Bruker AscendTM® 400 spectrom-
eter operating at 400 MHz for 1H and 100 MHz for 13C. 

The concentration of all samples was about 20 to 50 mg in 
0.5 mL of CDCl3. The NMR data were recorded at 400 K, 
with chemical shifts (δ) reported in parts per million 
(ppm) relative to TMS (δH 0.00 and δC 0.0) used as the in-
ternal standard, or residual chloroform (δH 7.28 and δC 
77.2), and coupling constants (J) in hertz. The multiplicity 
is as follows: s = singlet, d = doublet, t = triplet, q = quartet, 
q* = quintet, m = multiplet. Reaction mixtures were moni-
tored by TLC using silica gel 60 F254 plates or by a 200-MS 
Varian GC/MS ion trap mass spectrometer on which all 
the GC–MS spectra were recorded. The product(s) from 
each reaction was purified on a Teledyne ISCO RF200 
CombiFlash, using a 40 g RediSepRF silica column, or by 
gravity and flash column chromatography using type 60A 
silica gel (60–230 mesh). Single crystals of various samples 
suitable for x-ray structure determination were mounted 
on the tip of a glass fiber using silicon grease, and the in-
tensity data were recorded at 90 K on an STOE IPDS-2T 
diffractometer using graphite-monochromated MoKα ra-
diation (λ = 0.71073 Å). Intensity data for all crystals were 
readily indexed and the structures were solved by direct 
method and refined by full-matrix least-squares tech-
niques in the SHELTXL package of programs. The struc-
ture solutions reveal the positions of all non-hydrogen 
atoms within the crystal with some of the hydrogen posi-
tions. In subsequent refinement steps, the positions of the 
remaining hydrogen atoms were deduced from different 
Fourier syntheses. The Diamond software was utilized 
to create graphic representations of the crystal structures 
with ellipsoid representations (50% probability level) for 
all non-hydrogen atoms.

All chemicals and solvents were purchased from major 
chemical suppliers and were used without further purifi-
cation unless stated otherwise.

2.2  |  In vitro biological evaluation

2.2.1  |  Antibodies, chemicals, and reagents

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoli
um bromide (MTT), dimethyl sulfoxide (DMSO) and 
4′,6-diamidino-2-phenylindole (DAPI-#DUO82040), 
in situ mounting media and bovine serum albumin (BSA) 
were purchased from Sigma–Aldrich Chemical Company 
and MP Biomedicals, respectively. Antibodies for immu-
noblotting and immunocytochemistry, including caspase 
3 (9662S), caspases 9 (#9502), Bcl-2 (2876S), Bax (2772S), 
β-Actin (13E5) Rabbit mAb #4970, GAPDH (D16H11) 
#5174S, pS6 (Ser235/236) #4858, a pan antibody mix of 
Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060, 
Phospho-p90RSK, Phospho-p44/42 MAPK (Erk 1/2) 
(Thr202/Tyr204), PARP Antibody #9542, Phospho-S6 
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Ribosomal Protein Detection Cocktail I (5301S), Rock-1 
(C8F7) Rabbit mAb #4035I, Rock-2 (D1B1) Rabbit mAb 
#9029S, Fyn Rabbit mAb #4023S, LCK Rabbit mAb #2752S, 
GLI-1 (V812) Rabbit mAb #2534S, SHH (C9C5) Rabbit 
mAb #2207P, and horseradish peroxidase-conjugated 
(HRP) anti-mouse and anti-rabbit secondary antibodies 
were all obtained from Cell Signaling Technologies. GLI-2 
Specific Polyclonal Rabbit antibody #18989-1-AP was pur-
chased from Protein Technology (Proteintech Group, Inc.). 
Invitrogen Goat anti-Mouse IgG (H + L) Cross-Adsorbed 
Secondary Antibody, Texas Red-X and Goat anti-Rabbit 
IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, 
Alexa Fluor™ Plus 488, Radioimmunoprecipitation assay 
(RIPA) buffer, Pierce Bicinchoninic acid (BCA™) pro-
tein assay kit, and the SuperSignal™ West Pico PLUS 
Chemiluminescent substrate detection system were 
purchased from ThermoFisher Scientific. Mini-protean 
precast Tris-Glycine Gels (TGX) were from Bio-Rad (Bio-
Rad Laboratories Inc.). A 2% (w/v) Aqueous Solution 
of Gentian Violet and crystal violet were from Ricca 
Chemical Company. Dulbecco's modified Eagle's medium 
(DMEM) and Roswell Park Memorial Institute Medium 
(RPMI 1640) were from Corning. Epi-Life® Growth 
Medium with 60 μM calcium and Cascade Biologist 
human keratinocyte growth supplement (HKGS) 100X 
(S-001–5) were from Life Technologies. The Dulbecco's 
phosphate-buffered saline (DPBS), phosphate buffer sa-
line (PBS) 1X, defined trypsin inhibitor (DTI) 1X (R007-
100), trypsin EDTA 0.25%, 1X (R25200-072), Trypsin 
neutralizer (TN) 1X (R-002-100), penicillin–streptomycin 
(Pen Strep, 15140-122) (PEST) 100X were purchased from 
Gibco, ThermoFisher Scientific, and human keratinocyte 
growth supplement (HKGS) 100X (S-001-5) from Cascade 
Biologist were procured from VWR Corporation. USDA-
approved Origin Fetal Bovine Serum (FBS) was procured 
from VWR Seradigm Life Science. The organic solvents 
including, ethanol (6183-10) and methanol (BDH 1135-
4LP), were acquired from Macron Chemicals and VWR, 
respectively.

2.2.2  |  Cell lines, cell cultures, 
cytotoxicity, and viability evaluation assay

Human-derived GFP-expressing melanoma A375, and ep-
idermoid carcinoma A431 cell lines were purchased from 
Angio-Proteomie. Cells of human melanoma carcinoma 
SK-MEL-28 lines were acquired from American Type 
Culture Collection (ATCC). The human immortalized ke-
ratinocyte cell line (N/TERT1), (Dickson et al., 2000) was 
generously gift from Dr. Ellen van den Bogaard (Radboud 
University Nijmegen, Netherlands) to Dr. Chamcheu. 
These cells were cultured and maintained in Epi-Life® 

Growth Medium supplemented with (low) 60 μM cal-
cium and cascade Biologist human keratinocyte growth 
supplement (HKGS). Human cutaneous SCC cell line 
SCC-12 (Rheinwald & Beckett, 1981) was generously pro-
vided by Dr. James G. Rheinwald to Dr. Efimova. Except 
for SK-MEL-28, which was cultured in an RPMI-1640 
medium supplemented with 5% FBS, all other human 
immortalized cell lines were grown and maintained in 
DMEM containing varying percentages of FBS: 5% FBS 
for A431 and SCC-12 lines, and 10% FBS for A375. All cul-
ture media were routinely supplemented with 1% PEST 
100X (100 U/mL penicillin and 100 μg/mL streptomycin), 
and cells were cultured in incubators maintained at 37°C 
under an atmosphere of 95% humidity, 20% O2 and 5% 
CO2. The growth media of incubated cells were changed 
every 2–3 days until they attained 70%–80% confluence, 
after which they were subcultured for experiments and/
or re-passaging. DMSO was used as a vehicle to prepare 
a 10 mM stock solution of the test compounds. Control 
cells were treated with the vehicle (DMSO) at concentra-
tions (0.01%–0.2%), not affecting cell viability. From these 
10 mM stock solutions prepared in DMSO, escalating con-
centrations were prepared using the corresponding cell 
growth media as a diluent, and the cells (65%–75% conflu-
ent) were treated with (0–40 μM) or without the drug in 
sext-to octuplicate and incubated for 48 h. All treatment 
protocols and controls were prepared as previously de-
scribed (Roy et al., 2021a, 2021b).

The MTT assay method was performed to assess the 
potency and cytotoxic influence of the test compounds 
against two cutaneous melanoma (A375 and SK-MEL-28) 
and two nonmelanoma (A431 and SCC-12) skin cancer 
cell lines in addition to a control immortalized normal 
human epidermal keratinocytes (NTERT/1) cell line. 
Briefly, exponentially growing parent passage cells at 70%–
85% confluency were harvested, washed, counted using a 
hemocytometer, and individually seeded at a density of 
2–5 × 103 cells/well in a 96-well plate in 200 μL of their 
respective growth media, incubated and monitored until 
reaching their logarithmic growth phase at over 70% con-
fluent before treatment. All experimental treatment con-
centrations were repeated at least in 8–10 wells, and the 
experiment was repeated six to eight times. Subsequently, 
the cells were harvested following the MTT protocol as 
previously described (Chamcheu, et al., 2019), with absor-
bance measured at 562 nm wavelength using a SynergyLX, 
multimode microplate reader (BioTek Instruments Inc.). 
The results from escalating concentration of each test and 
control (cisplatin) agent were analyzed using the zero 
drug control groups as the relative comparator and are 
expressed as a percentage following the equation: [(absor-
bance in treatment group/absorbance in control) × 100%]. 
GraphPad Prism software version 9.3 (GraphPad Software, 
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Inc.) was then used to compute the various IC50 values as 
earlier described (Roy et al., 2021a, 2021b).

2.2.3  |  Colony formation assay

This assay was performed to demonstrate the colony 
formation potential of the active compounds on SCC-
12 and SK-MEL-28 cell lines, following a previously de-
scribed protocol (Roy et  al.,  2021a, 2021b). Briefly, 3000 
viable cells treated with compounds 11 or 13 at varying 
concentrations (0, ½IC50, IC50, and 1½IC50) for 48 h in a 
T-25 flask were harvested and seeded into a 10 cm2 plate 
in quadruplicates in respective drug-free growth medium. 
Plates were monitored with routine media change every 
alternate day for 10–14 days until control cells reached 
about 90% confluency or cell plates formed about 50–150 
colonies. The cell plates were then harvested by washing 
twice in 1 × PBS, followed by fixing and staining in a sub-
merged solution containing 0.5% gentian violet staining 
agent in 64% (v/v) methanol and 4% paraformaldehyde 
(4% PFA) for 45–60 min at room temperature. Stained cells 
were gently washed in tap water until the solution became 
clear and were air-dried and imaged with a Nikon D7500 
camera. Colonies were counted and analyzed using the 
count and Plot Histograms of Colony Size (countPHICS) 
analysis tool99 and GraphPad Prism software version 9.1 
(GraphPad Software, Inc.), respectively. Statistical analy-
ses of the data provided values for the mean ± SD of three 
independent experiments, comparing each treatment 
group to the DMSO group: *p < .05, **p < .01, ***p < .001.

2.2.4  |  Immunofluorescence 
staining and immunocytochemical 
analysis of cell morphology by (β-actin 
cytoskeleton reorganization) and apoptosis 
(caspase-3 activation)

Immunofluorescence analysis was employed to detect 
morphological and biochemical changes associated with 
the expression of an apoptosis marker (caspase 3) and the 
cell actin cytoskeleton reorganization following the treat-
ment of cultured cells. Briefly, cells pre-seeded into an 
8-well chamber slide were treated with escalating concen-
trations (0, ½IC50, IC50 and 1½IC50) of the test compounds 
11 or 13 for 48 h. The cells were washed and fixated using 
4% PFA in PBS pH 7.4 for 20–30 min at room temperature, 
followed by permeabilization in 0.1% Triton X-100 stabili-
zation buffer for 5 min and washing three times with cold 
1 × PBS. Nonspecific binding was reduced using a block-
ing buffer with 1%BSA for 0.5–1 h. The cells were added to 
the respective primary antibodies (β-Actin or Caspase-3 at 

[1:1000 dilution]) for fluorescence staining, and cell slides 
were incubated overnight at 4°C. Slides were subsequently 
washed thrice and incubated with Cross-Adsorbed Texas 
Red- Goat Anti-mouse IgG (H + L) (dilution 1:600) and 
Alexa fluor™ Plus 488 Goat Anti-rabbit IgG (H + L) (di-
lution 1:1000) Secondary Antibodies for 2 h at room tem-
perature in the dark. Slides were rewashed and mounted 
using in situ mounting media containing phalloidin and 
4′,6-diamidino-2-phenylindole (DAPI). The mounted 
slides were visualized and imaged using an inverted 
fluorescence microscope (Olympus IX71 equipped with 
a DP71 digital camera) at 10× and 20× magnification. 
The images captured were processed using the cellSens 
Imaging Software V3.2, and each experiment was per-
formed three times (Chamcheu, et al., 2019).

2.2.5  |  In vitro wound-healing assay

The scratch wound-healing assay was performed to evalu-
ate the ability of compound 11 or 13 to limit the migration 
and wound closure using a previously described protocol 
(Chamcheu, et al., 2019; Roy et al., 2021a, 2021b). Briefly, 
a 24-well plate seeded with cells was incubated until a 
fully confluent monolayer of cells was attained. This 
layer was disrupted by scratching a straight line across 
the center using a sterile 200 μL Gilson pipette tip. The 
plated cells were washed gently to remove debris and de-
tached cells, and then treated with compound 11 or 13 at 
escalating concentrations (0, ½IC50, IC50, and 1½IC50). 
At times 0 h, 24 h, and 48 h, the scratch wound and reepi-
thelialization areas were imaged using an inverted phase-
contrast microscope (Olympus IX51, Olympus America 
Inc.) attached to an Infinity 2 digital camera processing 
with Infinity Analyze software version 6.5.6 (Teledyne 
Lumenera) and Adobe Photoshop. The ImageJ software 
package (NIH, Bethesda, MD) was then used to measure 
the wounded area covered for each treatment group at 
24 h and 48 h versus time 0 h (Chamcheu, et al., 2019; Roy 
et al., 2021a, 2021b).

2.2.6  |  Preparation of cell lysates, western 
blot assay, and analysis

Cell lysate preparation and immunoblotting were per-
formed. Briefly, lysates were prepared after subjecting 
3 × 10 cm2 plates seeded with about 3000 cells each and 
treated with varying concentrations (0, ½IC50, IC50, and 
1½IC50) of compounds for 48 h, following the refer-
ence protocol (Chamcheu, et al., 2019; Roy et al., 2021a, 
2021b). After treatment with compound 11 or 13, the 
cell growth medium was aspirated, and the cells were 
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harvested after washing in cold 1 × PBS (pH 7.4), and 
whole-cell, cytosolic, and nuclear lysates were pre-
pared as described earlier (Chamcheu, et al., 2019; Roy 
et  al.,  2021a, 2021b). Briefly, cells were lysed by incu-
bating in cell lysis RIPA buffer supplemented with 
protease and phosphatase inhibitors; 1 mM PMSF (phe-
nylmethylsulfonyl fluoride), 10 mM RIPA buffer, 1 mM 
protease inhibitor cocktail (1 mM EDTA, 20 mM NaF, 
0.5% NP-40, 1% Triton X-100) (Roche) and 0.5% Na3VO4 
on ice. The homogenate was then centrifuged at 14,000 g 
for 25 min at 4°C, the supernatant was collected, and 
the cleared lysate protein concentration was quantified 
using the BCA protein assay kit (Thermo Scientific) ac-
cording to the manufacturer's protocol. A readout was 
obtained using the Eppendorf BioPhotometer D30, and 
aliquots were also withdrawn either for immediate use 
or for storage at −80°C for later use for western blot 
assay as earlier described (Chamcheu, et al., 2019; Roy 
et al., 2021a, 2021b).

Western blotting was carried out, with analysis aimed 
at identifying potential mechanisms and targeted path-
ways accounting for the observed biological responses to 
treatments with compounds 11 or 13, following previously 
described protocols. Accordingly, lysates were denatured 
in 2X Laemmli sample buffer and loaded onto gels (so as 
to resolve equal amounts of protein, 25 g per lane) using 
a KD 4–12% polyacrylamide ready mini-PROTEAN TGX 
gels electrophoresis apparatus, which effects separation 
based on molecular weight and overall molecular charge 
differentials. The resolved proteins were transferred into 
a nitrocellulose filter membrane using a Trans-Blot Turbo 
Transfer Pack. The presence of proteins was indicated by 
using a ponceau staining before proceeding to washes 
(2X) under tap water and TBS-T wash buffer. Unspecific 
epitopes in the membrane were blocked with 5% BSA (for 
phospho-protein targets) or 5% nonfat dry milk/1% Tween 
20; in 20 mM Tris-buffered saline (TBS or wash buffer) at 
room temperature on a rotating shaker for 45 min. The 
membranes were incubated overnight at 4°C or for 2 h at 
room temperature, in blocking solutions containing the 
corresponding monoclonal or polyclonal primary antibod-
ies (1:250 to 1:1000 dilution). Blots were then washed three 
times (5 min each) with PBST and incubated in anti-mouse 
or anti-rabbit horseradish-peroxidase (HRP) conjugated 
secondary antibody (1:2000 dilution). Afterward, blots 
were rewashed three times (5 min each) with PBST and 
MilliQ-water, exposed to Enhanced Chemiluminescence 
Plus West Pico for 5 min, and autoradiographed in a 
BioRad Gel-Doc System (Bio-Rad Laboratories). The load-
ing consistency was verified by stripping and re-probing 
blots with primary monoclonal antibody tagging house-
keeping proteins (β-actin, GAPDH, and Rab11) following 
previously described procedures (Chamcheu, et al., 2019; 

Roy et al., 2021a, 2021b). The bands were then visualized 
and imaged using the Bio-Rad ChemiDoc™ detection 
system. Densitometry was done using Quantity One, the 
BioRad digitized scientific imaging analysis software pro-
gram. The Rab11 and β-actin densitometric readouts were 
used for normalization, linear ranges of band densities 
were established through multiple blot exposures, and the 
analysis and data presented were based on three different 
experiments. The resulting data were analyzed for statisti-
cally significant differences according to one-way ANOVA 
as computed with the GraphPad Prism software package 
(version 9.3.1) (Chamcheu, et al., 2019).

2.3  |  In silico screening assays

2.3.1  |  Target prediction methodology

The SwissTargetPrediction database (http://​www.​swiss​
targe​tpred​iction.​ch/​) web server, which predicts the tar-
gets of bioactive molecules based on a combination of two-
dimensional (2D) and 3D similarity measures with known 
ligands (Daina et al., 2014, 2019; Gfeller et al., 2014), was 
employed to screen and estimate the putative macromo-
lecular targets of all the compounds from the library. 
Briefly, these compounds' respective canonical Simplified 
Molecular Input-Line Entry System (SMILES) structure 
formats were individually converted using the ChemDraw 
tool before being imported into the SwissTargetPrediction 
network database to be queried. After the SMILES struc-
tures were uploaded to the database, the species “Homo 
sapiens” was selected, and a report of probable matched 
targets data was obtained. Macromolecular targets of in-
terest for further investigations were identified for each 
compound based on predicted probability, under a crite-
rion of probability >.112.

2.3.2  |  In silico molecular docking 
simulation methodology

Docking simulations were conducted with the AutoDock 
program suite, according to generally established and 
promulgated protocols (Burley et  al.,  2018). SMILES 
structures of ligands marketed for clinical use were re-
trieved from the PubChem network database (https://​
pubch​em.​ncbi.​nlm.​nih.​gov/​) (Burley et  al.,  2018; Trott 
& Olson, 2010), and these were converted into 3D con-
figuration using OpenBabel, as were the SMILES strings 
for our synthesized compounds to be tested. Suitable 3D 
crystallographic structures of each of the protein targets 
were retrieved from the RCSB Protein Data Bank (PDB) 
website (https://​www.​rcsb.​org/​) (Burley et  al.,  2018). 

http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
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The program PyMOL (version 2.3.3) was used to process 
each raw PDB file data by removing the pre-complexed 
water molecules, and other standard pre-docking pro-
tein preparation procedures in separating the protein 
and ligand structure from the protein-ligand complex. 
The separated natural ligand was taken in its bound 
conformation for use as a native validation control for 
the docking simulations, and results were also obtained 
for a known high-affinity ligand (in most instances, ones 
marketed for clinical use) in comparison to those found 
for our synthesized ligands. Ligand and de-liganded tar-
get structures were then converted to PDBQT files using 
AutoDock Tools (ADT) incorporated from an open-
source software suite (namely, MGL tools 1.5.6; Harris 
et  al.,  2008) from the Molecular Graphics Laboratory 
package from The Scripps Research Institute (http://​
autod​ock.​scrip​ps.​edu/​). During processing (to render 
the file suitable for initiating a docking simulation), hy-
drogens were auto-added for nonbonded atoms within 
the separated (de-liganded) protein structure before con-
version to PDBQT format. Most of the tested molecules 
included at least one bond having restricted rotation, 
and the initial torsion angle for each ligand was defined 
as a starting point for each of the docking simulations. 
While OpenBabel software (v2.2.1) (https://​pyrx.​sourc​
eforge.​io/​) was used for converting the SMILES format 
of all the ligands to generate their 3D conformations in 
PDB format, and the program Raccoon was used to es-
tablish an initial low-energy conformation (and config-
uration, where atropisomerism is possible), which was 
then converted to PDBQT format for use in the dock-
ing simulations (Rigsby & Parker, 2016). A grid box (in 
cartesian coordinates, (11.25–23.00)x-, (11.25–24.06)y-, 
and (19.12–29.50)z-directions) surrounding the docking 
site defined according to the particular pre-complexed 
ligand present in the PDB structure of each target after 
removing water molecules and hetero atoms for each of 
the natural ligands in its receptor, with a default grid 
point spacing of 0.375 Å. The binding affinity was pre-
dicted using the freely available graphical user inter-
face (GUI) AutoDock Vina software (v.1.2.0.) (Trott & 
Olson,  2010), in this case, the Linux OS implementa-
tion. After docking simulation with a single computed 
low-energy starting conformation, other conformations 
of the docked ligands were obtained, and each ligand 
with the minimum binding energy and RMSD value was 
chosen. The ligand and the target complexes were then 
visualized using PyMOL (Rigsby & Parker,  2016), and 
BIOVIA Discovery Studio (version 3.5, Dassault Systèmes 
BIOVIA), for detailed scrutiny. As noted above, known 
ligands of the studied targets were docked for method-
ology and procedural validation, and as positive com-
parators and longitudinal controls for these simulations. 

Obtained docking results included estimated binding 
energies for each ligand: target pair as generated by 
AutoDock Vina. Results were exported as PDBQT files 
and were uploaded to PyMOL software to visualize and 
evaluate the conformation of ligands in the 3D structure 
data binding models. Binding energies estimated by the 
software suite were used as docking scores. They were 
taken as an indication of the potential for a given mac-
romolecular target to be mechanistically involved in, or 
to contribute to, accounting for, the observed biological 
activities. Those interactions for which a value ≤ −8 (i.e., 
in principle, with units of Kcal/mol, corresponding to an 
estimated Kdissoc of 1.6 × 10−6 M = 1.6 μM) were taken 
as an indication of substantive binding potential, irre-
spective of the comparable results found for the native 
or commercial reference ligands.

2.3.3  |  In silico evaluation of drug-likeness, 
solubility predictions, physicochemical-based 
estimations of dermal penetrability, and oral 
absorbability properties

The SwissADME online server predictor, which provides 
computed estimates of bioavailability properties, gastro-
intestinal absorption (GA), druglike nature (druglikeness; 
DL), and other parameters considered for defining test 
agent bioactivity, such as the logarithm of the partition co-
efficient (milog P), the number of hydrogen-bond donors 
(HBDs), the number of hydrogen-bond acceptors (HBAs), 
the total topological polar surface area of the compound 
(TPSA), the number of rotatable bonds (Nrotbs), and ag-
gregate indices of druglikeness, including Lipinski's rule 
of fives (Pfizer) filter, Ghose filter, Veber (GSK) filter, 
Egan (Pharmacia) filter, and Muegge (Bayer) filter. These 
findings were used to assess prospective dermal penetra-
tion ability, oral absorbability, and cell membrane pen-
etrability of these compounds (Daina et al., 2019; Gfeller 
et al., 2014).

2.3.4  |  Statistical analysis

All statistical analyses were performed using GraphPad 
Prism Software version 9.1 (GraphPad Prism Inc.) (Roy 
et al., 2021a, 2021b). All quantitative and grouped data are 
expressed and presented as means ± standard deviation 
(SD) or ±, standard error of the mean (SEM) from at least 
three independent experiments. The significance was 
analyzed by one-way ANOVA, Student's t-test or ANOVA 
with Dunn's multiple comparisons or Bonnferoni's post 
hoc tests to determine the difference between two or more 
groups. The following symbols represent the levels of 

http://autodock.scripps.edu/
http://autodock.scripps.edu/
https://pyrx.sourceforge.io/
https://pyrx.sourceforge.io/
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statistical significance within each analysis: *p-value < .05, 
**p-value < .01, ***p-value < .001 and ****p-value < .001.

3   |   RESULTS AND DISCUSSION

This report represents an initial step toward potentially 
repurposing a series of molecules previously synthesized 
in our lab as part of long and tedious efforts to better 
understand Plasmodium facilparum critical biochemi-
cal pathways (Fotie, 2012, 2018). In recent years, our lab 
has prepared a number of structurally diverse molecules 
as potential inhibitors of both heme detoxification, and 
hypoxanthine-guanine-xanthine phosphoribosyltrans-
ferase (HGXPRT) pathways in Plasmodium facilparum, 
with the goal of developing new antimalarial chemo-
therapeutic agents (Fotie,  2012, 2018, 2019). However, 
given our current interest in developing and optimizing 
new scaffolds for their anticancer properties (Chamcheu, 
et al., 2019; Chamcheu, Roy, et al., 2019; Roy et al., 2021a, 
2021b), it seemed auspicious to screen this small library 
of compounds for their anticancer activities against 
A375, SK-MEL-28, A431, and SCC-12 skin cancer cell 
lines. While the synthetic schemes for these compounds 
are provided in Figure  1 provides a quick insight into 
the structural diversity of the 35 compounds that dis-
played relevant attributes through in  vitro biological or 
in silico studies. As such, compounds 1 and 2 are methyl 
3,4,5-trimethoxybenzoate derivatives closely related to 
methyl gallate, and were prepared through electrophilic 
bromination and nitration, respectively (Fotie et al., 2015). 
The two 4-cyclohexenylaniline derivatives (3 and 4) were 
obtained by reacting the corresponding substituted aniline 
with cyclohexanone in the presence of a catalytic amount 
of molecular iodine at 160°C, under neat conditions (Fotie 
et  al.,  2013), with the same conditions implemented for 
the preparation of 6- and 8-ethoxy-substituted 2,2,4-tri
methyl-1,2-dihydroquinolines 5 and 6, obtained by re-
acting the corresponding aniline with acetone through 
a Skraup-Doebner-Von-Miller quinoline synthesis 
(Fotie et al., 2015; Fotie, Kemami Wangun, et al., 2012). 
Furthermore, under similar conditions, using cyclopen-
tanone instead of acetone, compound 7 was produced, 
and while reacting a 2,2,4-trimethyl-1,2-dihydroquinoli
ne in the presence of either cyclohexanone or cyclopen-
tanone, compounds 8 and 9 were produced, respectively 
(Fotie et al., 2013; Fotie, Kemami Wangun, et al., 2012). 
The diphenylamine derivative 11, the only compound 
from the C–N-linked dimers group to display any useable 
anticancer properties, was prepared by dimerizing the 
corresponding aniline derivative via a silver(I) catalyzed 
direct C–H functionalization (Fotie, Rhodus, et al., 2012). 
Finally, the largest family of compounds screened during 

this study was also prepared using silver(I) as a catalyst 
under reaction conditions similar to those used in the prep-
aration of compound 11 (Berkessa et al., 2016). As such, 
aniline derivatives were cross-coupled with 2-naphthol 
(β-naphthol) in a regioselective aerobic oxidative cross-
coupling, resulting in a direct C–H functionalization, 
affording a small array of 2′-aminophenyl-β-napthols 
(12–16), and a series of 2′-aminobiphenyl-2-ol derivatives 
(17–35) when using phenols instead of naphtols (Berkessa 
et  al.,  2016). However, in contrast to sodium persulfate 
(Na2S2O8) used as the oxidizing agent in the preparation 
of 11, which resulted in a C–N coupling reaction, hydro-
gen peroxide (H2O2) was used as a substitute, resulted in 
a C–C coupling (Berkessa et al., 2016). The structures of 
compounds 12 (CCDC 821630) (Berkessa et al., 2016), 13 
(CCDC 1442427) (Berkessa et  al.,  2016), and 16 (CCDC 
1442428) (Berkessa et  al.,  2016) were unambiguously 
confirmed by single-crystal x-ray diffraction, with the 
single-crystal x-ray structures shown as thermal ellip-
soid representations (50% probability level) provided in 
Figure 1, and the related data deposited in the Cambridge 
database, and copies of these materials can be obtained 
free of charge from CCDC, 12 Union Road, Cambridge 
CB2 1EZ, UK, http://​www.​ccdc.​am.​ac.​uk. The reaction 
schemes related to the preparation of all these compounds 
as well as their complete characterization are provided in 
the Appendix S1.

In an attempt to repurpose the series of molecules de-
scribed above, these compounds were screened for their 
antiproliferative and cytotoxic activities against cultured 
cells of a number of skin cancer cell lines, namely mela-
noma (A375 and SK-MEL-28) and nonmelanoma (A431 
and SCC-12) lineages, using MTT and trypan blue dye 
exclusion assays as previously reported (Chamcheu, 
et al., 2019; Chamcheu, Roy, et al., 2019; Roy et al., 2021a, 
2021b), with NTERT/1 keratinocytes used as a control. 
The obtained IC50 values reflect the concentration of 
added compound estimated to be capable of reducing 
the measured viability of the cell population by 50% from 
the maximal confluency for each of the cell lines, and are 
summarized in Table 1 for the 35 molecules that displayed 
any noticeable antiproliferative activity against any of the 
cell lines. The limited structural diversity for the hit com-
pounds does not allow for a comprehensive structure–
activity relationship, but some preliminary observations 
were made. These compounds appeared to be primarily 
active against the nonmelanoma A431 and SCC-12 cell 
lines, with only a handful displaying any appreciable activ-
ity against the melanoma A375 and SK-MEL-28 cell lines 
(Table 1). Among the substituted benzene derivatives, the 
two substituted methylgallates 1 (IC50 8.6 μM) and 2 (IC50 
4.7 μM), and the aniline derivative 10 (IC50 5.10 μM), ex-
hibited low-micromolar activity against the A431 cell line, 

http://www.ccdc.am.ac.uk
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while cyclohexenyl anilines 3 and 4 were less active, with 
all of them being inactive against the other cancer cell 
lines used in this study.

Nevertheless, N1,N2-diethyl-N1-methoxyphenyl-
phenylenediamine 11 (A431: IC50 = 5.0 μM, SCC-
12: IC50 = 2.9 μM, SK-MEL-28: IC50 = 4.9 μM, A375: 
IC50 = 6.7 μM), obtained by a dimerization of the aniline 
derivative 10, exhibited reasonable potency across all the 
four cell lines. Its cell-viability-reducing effect was min-
imal on the immortalized noncancerous NTERT/1 cells, 
indicative of better selectivity comparatevely to that of 
the control drug cisplatin, an agent clinically used in the 
treatment of an array of human cancers (Almeida & Dos 
Santos, 2023; Tang et al., 2023; Wang et al., 2023). On the 
other hand, 1,2-dihydroquinolines 5 (A431: IC50 = 10 μM, 
SK-MEL-28: IC50 = 12 μM), 6 (A431: IC50 = 10 μM, SK-
MEL-28: IC50 = 36 μM), and 7 (A431: IC50 = 10 μM, SK-
MEL-28: IC50 = 17 μM) displayed the same level of activity 

against the nonmelanoma A431 cell line. Surprisingly, they 
were also more active against the SK-MEL-28 melanoma 
cell line than they were against the other nonmelanoma 
SCC-12 cell line. Yet, they were all inactive against A375, 
the other melanoma line used in this study. Cycloalkenyl-
1,2-dihydro-2,2,4-trimethylquinoline derivatives (8, 9) 
were less active than the other analogs (5, 6, 7) across 
all the cell lines. Several 1-(2-aminophenyl)-β-naphthols 
(12–15), 2-(2-aminophenyl)-α-naphthol (16) and 
2′-amino-(1,1′-biphenyl)-2-ols (17–35) displayed various 
level of activity against these cell lines. Many of them ex-
hibited a decent antiproliferative activity against the A431 
cell line, notably 12 (IC50 = 10 μM), 13 (IC50 = 8.0 μM), 15 
(IC50 = 8.0 μM), 17 (IC50 = 6.6 μM), 19 (IC50 = 8.0 μM), and 
33 (IC50 = 13 μM), which were only marginally active or 
completely inactive against noncancerous immortal-
ized NTERT/1 cells. Compound 13 (A431: IC50 = 5.0 μM, 
SCC-12: IC50 = 3.3 μM, SK-MEL-28: IC50 = 14 μM, A375: 

F I G U R E  1   List of compounds from the library that displayed any useable activity against any of the cell lines used in the in vitro cell 
culture assays.



10 of 29  |      BOATENG et al.

T A B L E  1   Antiproliferative activity (IC50; μM) of the hit compounds against four human skin cancer cell lines; melanoma (A375 and SK-
MEL-28) and nonmelanoma (A431 and SCC-12) cells, with NTERT/1 keratinocytes as a control.

Compounds

Nonmelanoma cell lines Melanoma cell lines
Normal 
cell line

A431 (IC50 μM)a SCC-12 (IC50 μM)a
SK-MEL-28 (IC50 
μM)a A375 (IC50 μM)a

NTERT/1 
(IC50 μM)a

1 8.60 ± 0.55 35.5 ± 1.81 >40.0 >40.0 NA

2 4.70 ± 0.78 35.9 ± 0.85 >40.0 >40.0 NA

3 12.8 ± 1.69 31.9 ± 3.31 >40.0 >40.0 NA

4 20.6 ± 0.74 33.3 ± 0.68 >40.0 >40.0 >40.0

5 10.4 ± 1.34 27.9 ± 1.30 12.2 ± 2.44 >40.0 >40.0

6 10.1 ± 1.89 >40.0 36.4 ± 1.22 >40.0 >40.0

7 10.0 ± 0.91 24.6 ± 3.71 17.1 ± 0.38 >40.0 NA

8 14.8 ± 0.73 >40.0 >40.0 >40.0 NA

9 15.2 ± 3.50 34.7 ± 0.88 >40.0 >40.0 >40.0

10 5.10 ± 1.06 31.9 ± 3.31 >40.0 >40.0 NA

11 5.00 ± 0.80 2.90 ± 0.58 4.90 ± 0.55 6.70 ± 0.47 18.0 ± 1.14

12 10.0 ± 0.76 12.9 ± 1.50 29.9 ± 1.10 >40.0 NA

13 5.00 ± 0.94 3.30 ± 0.58 13.8 ± 0.88 17.1 ± 0.94 35.6 ± 3.45

14 17.1 ± 1.02 16.3 ± 0.28 >40.0 >40.0 >40.0

15 8.00 ± 1.24 13.3 ± 0.27 24.8 ± 1.25 >40.0 NA

16 14.0 ± 0.71 32.8 ± 1.78 >40.0 >40.0 >40.0

17 6.60 ± 0.56 23.5 ± 1.76 >40.0 >40.0 >40.0

18 17.5 ± 2.14 >40.0 >40.0 >40.0 >40.0

19 8.00 ± 2.95 18.6 ± 1.15 >40.0 >40.0 NA

20 17.1 ± 2.40 25.3 ± 1.45 >40.0 >40.0 >40.0

21 15.3 ± 6.12 >40.0 >40.0 >40.0 >40.0

22 32.8 ± 1.55 16.5 ± 0.52 31.1 ± 0.90 >40.0 >40.0

23 16.9 ± 2.21 >40.0 32.2 ± 1.44 >40.0 >40.0

24 16.2 ± 1.15 18.3 ± 1.07 39.1 ± 1.02 >40.0 >40.0

25 28.6 ± 5.04 17.1 ± 1.59 17.5 ± 1.83 >40.0 NA

26 22.8 ± 2.14 33.7 ± 1.45 >40.0 >40.0 >40.0

27 24.0 ± 3.45 18.0 ± 1.41 38.6 ± 1.53 >40.0 >40.0

28 30.2 ± 2.83 22.4 ± 1.49 28.6 ± 2.84 >40.0 >40.0

29 33.5 ± 0.11 32.2 ± 2.93 >40.0 >40.0 >40.0

30 20.9 ± 2.18 30.0 ± 0.79 >40.0 >40.0 >40.0

31 23.5 ± 3.81 31.8 ± 1.97 >40.0 >40.0 >40.0

32 38.8 ± 2.15 26.2 ± 1.26 >40.0 >40.0 >40.0

33 12.6 ± 0.71 38.9 ± 0.09 >40.0 >40.0 >40.0

34 21.4 ± 1.48 28.4 ± 1.79 >40.0 >40.0 >40.0

35 22.6 ± 1.99 28.7 ± 0.21 >40.0 >40.0 >40.0

Cisplatinb 7.7 ± 0.34 4.4 ± 0.24 14.21 ± 0.24 1.49 ± 0.44 9.1 ± 1.1

Note: GraphPad Prism software was used for statistical analyses.
aData are expressed as the mean ± SD from the dose–response curves of at least six independent experiments performed in sextuplicates; the incubation time 
for each compound with cells was 48 h; the cytotoxicity was measured by MTT assay; IC50: compound concentration required to inhibit tumor cell proliferation 
(assessed as cell viability) by 50%.
bCisplatin (a well-known anticancer agent) was used as positive controls.
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IC50 = 17 μM) was the most active of the group across all 
cell lines, with a decent selectivity index when compared 
to its activity against the noncancerous immortalized 
NTERT/1 cells.

The substantial divergence in activity across all cell 
lines between 13 and 12, differing only by the nature of 5′ 
substituent (ethoxy in the former vs. methyl in the latter) 
suggests either a beneficial effect of aromatic ring elec-
tron enrichment (inductive), or that a one-atom extension 
of the substituent better fills the potential target binding 
pocket.

Furthermore, the rotational constraint imposed by the 
ortho-amino substitution of the 2′ aminophenyl substit-
uent in conjunction with the β-naphthol to which they 
are attached creates the likelihood that each of these 
compounds might be present as two atropisomers, in 
not-yet-characterized proportions, which might not be 
the same for each compound. Such atropisomers would 
be expected to have disparate target-level affinities and 
function, confounding the interpretation for this series, 
including 2-(2-aminophenyl)-α-naphthol (16) and all the 
2′-amino-(1,1′-biphenyl)-2-ol derivatives (17–35). In addi-
tion, the fact that the presence of a wide array of substit-
uents on the phenol moiety (p-Br (18), p-Cl (19), p-OMe 
(20), p-Me (21), p-iPr (22), 2,4-diCl (24), or 2,4-diMe (25)) 
reduced the activity as compared to 17 which bears an un-
substituted phenol, suggests that the electronic features 
of this latter ring does not substantively participate in 
charge-transfer type ligand-target interactions, and that 
the para-position to the phenol is likely remote from any 
potential target engagement. The variation of the size of 
the substituent on the nitrogen of the aniline coupling 
partner beyond a methyl group (26–35) does not seem to 
have a significant impact on the activity.

While the overall antiproliferative activities exhibited 
by these lead compounds are not particularly exceptional, 
it should be pointed out that they are still prominent in 
many ways, considering that the assays were performed 
on solid tumor cells. Furthermore, some of the hit com-
pounds exhibited higher potency and better selectivity 
than cisplatin, a well-known anticancer agent used as a 
positive control in this study. In fact, as a preemptive at-
tempt to investigate the toxicity of compounds 11 and 
13, the PROTOX II web-tool was used where the virtual 
LD50 values supported the observed in  vitro selectivity 
of these hits, as compared to the standard control drugs 
used (Table S1). As can be gleaned from Table S1, com-
pounds 11 and 13 belong to the safer toxicity class 5, 
whereas the positive control drugs 5-FU appeared in Class 
4, and cisplatin in Class 3 with respect to LD50 prediction 
class. Cumulatively, these results suggest that the po-
tency and selectivity of these families of compounds can 
be improved through structure modifications and further 

structure–activity relationship studies. This requires a bet-
ter understanding of the drug-like properties and the po-
tential mechanism of action, as well as the identification 
of the potential drug target for these compounds.

Toward these objectives, a preliminary computer-
aided ligand-based target prediction technique, known 
as “target fishing,” was undertaken, using a combination 
of sophisticated similarity searches followed by molecu-
lar docking simulations. SwissTargetPrediction software 
and database allows for the quantification of similarities 
between compounds by computing a pair-wise compari-
son of 1D vectors describing molecular structures (Daina 
et  al.,  2017, 2019; Gfeller et  al.,  2014), determines the 
Tanimoto index between path-based binary fingerprints 
(FP2) through 2D measurements (Daina et al., 2017, 2019; 
Gfeller et al., 2014), and evaluates the Manhattan distance 
similarity between Electroshape 5D (ES5D) float vectors 
through a 3D assessment (Armstrong et  al.,  2010, 2011; 
Daina et al., 2014, 2019; Gfeller et al., 2014), to intuitively 
validate the “molecular similarity hypothesis,” based on 
the credence that similar molecules engage in-common 
binding sites to target in-common proteins (Armstrong 
et  al.,  2010, 2011). Proceeding in this manner, the soft-
ware produces a “CombinedScore” index, which, if 0.5 or 
higher, can be indicative of the fact that these molecules 
are reasonably likely to share a common protein target 
(Daina et al., 2017, 2019; Gfeller et al., 2014). It must be 
clarified that these predictions are only suggestive of the 
probability for a molecule to interact with a given protein 
as a target and not an indication of the compound being 
pharmacologically active in any particular desirable man-
ner. Nevertheless, “target fishing” has proven to be a fast 
and impressive way to predict the potential protein tar-
get(s) in drug discovery, although somewhat limited in 
accuracy (Armstrong et al., 2010, 2011; Daina et al., 2014, 
2019; Gfeller et al., 2014). Accordingly, molecular interac-
tion simulations were carried out to further map out the 
observed functional profiles of the hit compounds iden-
tified through whole-cell in  vitro assays, in conjunction 
with the similarity-based target predictions. Based on the 
protein targets identified from the similarity studies and 
for which suitable 3D structures were available, molecu-
lar “docking” was utilized to predict the binding potential 
and to generate docking scores as rough estimates of bind-
ing affinity. Figure 2 provides some examples of a bind-
ing pose and hydrogen bonding for compounds 11 and 13, 
shown in the balls and sticks model for receptors Chk1 
(A), Clk4 (B), Fyn (C), and Rock2 (D).

Several hit molecules were predicted to interact with 
substantial affinity only with a select number of enzymes 
(phosphodiesterases, kinases, proteases, oxidoreductases, 
erasers of histone acetylation) and ligand-gated ion chan-
nels (cf. Tables  S2 and S3). It should be specified that 
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many of the identified enzymes, transporters, and recep-
tors have been shown to play essential roles in skin car-
cinogenesis and cancer progression (Adinolfi et al., 2013; 
Khasabova et al., 2008; Wohlman et al., 2016).

Taken together with the fact that pharmacological 
activation of cannabinoid receptors appeared to induce 
the apoptotic death of tumorigenic epidermal cells with-
out affecting the viability of non-transformed epidermal 
cells (Casanova et  al.,  2003), these studies suggest that 
the suitable interventional modulation of peripheral en-
docannabinoid signaling could be a promising strategy 
for the management of some types of cancers. Moreover, 
lipoxygenases are well known to catalyze the formation 
of corresponding hydroperoxides from polyunsaturated 
fatty acids such as linoleic acid and arachidonic acid. They 
are expressed in immune, epithelial, and tumor cells as-
sociated with other physiological conditions, such as skin 
inflammation, and tumorigenesis (Katikaneni et al., 2020; 
Spanbroek et al., 1998).

Beyond the target-level potency, the biological activity 
of small molecules is often influenced to a greater extent by 
their physicochemical properties, including dermal pen-
etrability. The web tool (Daina et al., 2014, 2019; Gfeller 
et al., 2014) was used to compute the accords versus vio-
lations parameters for these compounds via in silico pre-
dictions involving various sets of filter criteria, including 
the Lipinski (Pfizer) filter (Lipinski et al., 2001), the Ghose 

filter (Ghose et  al.,  1999), the Veber (GSK) filter (Veber 
et al., 2002), the Egan (Pharmacia) filter (Egan et al., 2000), 
and Muegge (Bayer) filter (Muegge et al., 2001). The ob-
tained results (Table 2) indicate that the physicochemical 
characteristics of all the hit compounds are well within 
the defined parameters for a good drug candidate. More 
importantly, the bioavailability score of about 0.55 ob-
tained for all these compounds satisfies Lipinski's rule for 
a neutral compound, indicative of their suitability for ab-
sorption through oral ingestion (Lipinski et al., 2001), and 
provides a reasonable basis for lead optimization endeav-
ors and further structure–activity relationship studies.

Pan-assay interference compounds (PAINS) are promis-
cuous molecules defined by common substructural motifs 
that encode for an increased chance of any member regis-
tering as a hit in any given assay, almost independently of 
platform and technology (Baell & Holloway, 2010; Baell & 
Nissink, 2018; Lagorce et al., 2015; Saubern et al., 2011). 
These interferences arise through various mechanisms 
including, reactivity with biological and bioassay nucleo-
philes such as thiols and amines, photoreactivity with any 
protein functionality, metal chelation that can interfere 
with proteins or through bringing in heavy metal contam-
inants, redox cycling and redox activity, physicochemical 
interference such as micelle formation, or possess pho-
tochromic properties that might interfere with typically 
used assay signaling such as absorption and fluorescence 

F I G U R E  2   Binding pose and hydrogen bonding (yellow dotted line) of each receptor's control compounds, and phenolic 11 and 13 as 
shown in ball and stick model for receptor Chk1 (A), Clk4 (B), Fyn (C), and Rock2 (D).
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(Baell & Holloway, 2010; Baell & Nissink, 2018; Lagorce 
et al., 2015; Saubern et al., 2011).

However, it is essential to note that identifying in-
dividual compounds with a PAINS substructure does 
not necessarily imply that the molecule is promiscu-
ous or will invariably exhibit broad-spectrum inter-
ference. Approximately 5% of FDA-approved drugs 
contain PAINS-recognized substructures and have ex-
hibited multiple PAINS alerts (Baell & Holloway,  2010; 
Baell & Nissink,  2018; Lagorce et  al.,  2015; Saubern 
et  al.,  2011). Therefore, these PAINS filters and alerts, 
much like Lipinski's rule of five, serve as guiding princi-
ples rather than strict rules (Baell & Holloway, 2010; Baell 
& Nissink, 2018; Lagorce et al., 2015; Saubern et al., 2011).

Consequently, all the molecules involved in this study 
were subjected to SwissADME PAINS filters, and the num-
ber of alerts for each compound is reported in Table  2. 
Eight of these compounds (1, 2, 4, 5, 6, 9, 12, and 16) ex-
hibited no PAINS alerts, while the remaining compounds 
each showed one PAINS alert, likely due to the potential 
redox cycling properties of phenol and aniline substruc-
tures. However, this does not necessarily imply that these 
molecules are inherently promiscuous or guaranteed to 
cause interference in the assays reported in this study. In 
fact, as the compounds exhibiting this single alert share a 
similar substructure, while also displaying a widely differ-
ent level of activity in the cell inhibition assay, it is highly 
unlikely that the observed antiproliferative properties re-
sult from a PAINS interference attributable to the shared 
subunit.

As the primary objective of this exercise is not only to 
identify hit compounds from a small library of molecules 
with unsuspected biological activity, but also to frame their 
pharmacological profile for further optimization through 
a rationale design and synthesis of analogs, more studies 
were initiated to determine the potential antiproliferative 
mechanism of action, and the potential drug target(s) for 
the two most active hit compounds. As such, the effects 
of compounds 11 and 13 on wound healing, colony for-
mation, and on the apoptotic pathways were investigated. 
Using scratch wound assay, the abilities of compounds 11 
and 13 to restrict the growth or migration of SCC-12 and 
SK-MEL-28 cells into cell-free areas produced by scratch-
wounding were assessed. Both compounds significantly 
inhibited cell migration into the scratched wound areas 
relative to the untreated control, in a dose-dependent 
manner after a 48 h incubation (Figure 3).

While exploring the long-term (2-week treatment in 
2D culture) impacts of different concentrations (0, ½IC50, 
IC50, and 1½IC50; IC50 values obtained from the prolifera-
tion studies with cells of the same line) of compounds 11 
and 13 on colony formation, these compounds appeared 
to significantly reduce the number of colonies formed C
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in both SCC-12 and SKMEL-28 cells in a concentration-
dependent manner (Figure 4A,B), in comparisons to the 
corresponding untreated control groups (Figure 4C–F).

Despite the structural differences between 11 and 13, 
both compounds exhibited relatively strong abilities to de-
crease cell viability, cell migration, and colony formation. 
In an attempt to identify attributable molecular mecha-
nisms for each of these two compounds, their apoptotic 
effects on SCC-12 and SK-MEL-28 cancer cell lines were 

explored. Consequently, the effects of 11 and 13 on cel-
lular cytoskeleton (actin staining) and nuclear morphol-
ogy (DAPI staining) Figure 5A,B (control; c and ca, and 
drug-treated; g-k and ga-ka), as well as on the activation of 
proapoptotic caspase-3, were assessed by comparing apop-
totic cell fractions and caspase-3 cleavage to untreated 
groups via an immunofluorescent microscopy analysis. 
The nuclei of SCC-12 and SK-MEL-28 cells treated with 
either 11 or 13 exhibited morphologies characteristic of 

F I G U R E  3   The relatively potent hit compounds 11 and 13, dose-dependently (0, ½IC50, IC50, and 1½IC50, IC50 values obtained from 
the proliferation studies with cells of the same line, μM), inhibited the in vitro migration of SCC-12 (A; top panel) and SK-MEL-28 (A; 
bottom panel) cells into the cell-free wounded areas of a confluent cell monolayer scratched wound. Dose-dependent suppression of wound 
closure by compounds 11 and 13 with cultured SCC-12 and SK-MEL-28 cells (B) shows test compounds' effect in limiting the migration of 
cells into the inflicted in vitro wounds. The bar graphs (B) represent the mean ± SD of scratched wound area values after 48 h expressed as a 
percentage at 0 h untreated control from three independent experiments conducted in triplicates. Statistical significance was assessed using 
one-way ANOVA and Dunn's multiple comparison tests; p < .05 (*), p < .01 (**), p < .001 (***) and p < .0001 (****) are indicated, and were all 
considered significant.
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fragmented chromatin, with punctate apoptotic nuclei, in 
a dose-dependent manner (data not shown). Compared to 
untreated SCC-12 cells (Figure  5A(a) and B(aa)), which 
presented a well-organized actin filament radiating across 
the cell cytoskeleton and extending to the lamellipodia, 
the drug-treated cells showed disoriented and diminished 
actin filament cytoskeleton. These effects were dose-
dependent for both compounds 11 (Figure  5A(e–i), red) 
and 13 (Figure 5B(ea–ia), red) on the SCC-12 cell line.

As shown in Figure  6, similar potency was observed 
for 11 (Figure 6A(e–i), red) and 13 (Figure 6B(ea–ia), red) 
on the SK-MEL-28 cell line. With regards to the activation 
of proapoptotic caspase-3, untreated SCC-12 cells showed 
a regular staining pattern of procaspase-3 (Figure 5A(b) 
and B(ba), green), while treatment with either compound 
dose-dependently activated caspase-3 and induced its 
translocation into the nucleus, as evidenced by the punc-
tuated active caspase-3 immunofluorescence staining 
detected in the nuclei observed in cells treated with 11 
(Figure 5A(f and j) and 13 (Figure 5B(fa and ja). The punc-
tuated caspase-3 staining was colocalized with the nuclear 
actin staining (Figure 5A (h and i) for 11 and Figure 5B 

(ha and ia) for 13, cyan), and along with their impacts on 
caspase-3 activation status, compounds 11 (Figure  6A(f 
and j)) and 13 (Figure  6B(fa and ja)) also exhibited cor-
responding dose-dependent effects on the actin cytoskel-
eton, which also served for the localization (cyan yellow) 
of the actin (red), nucleus (DAPI), and pro and active 
caspase-3 immunostaining (green) (see Figures 5 and 6).

The cysteinyl aspartate-specific protease family of 
apoptotic caspases, classified as initiators (caspases 8, 9, 
and 10) and executioners (caspases 3, 6, and 7), are often 
targeted for anticancer treatment, including skin tumor 
treatment (Boice & Bouchier-Hayes,  2020; Dabrowska 
et al., 2016; Pisani et al., 2020). Using both the immuno-
fluorescence microscopy (Figures  5 and 6) and western 
blot analyses (Figures  7 and 8) of SCC-12 (nonmela-
noma) and SK-MEL-28 (melanoma) cell lines, the effects 
of compounds 11 and 13 on the intrinsic and extrinsic 
apoptosis pathways were investigated by analyzing the 
protein expression levels of several key apoptosis-related 
markers. The assessed markers included an executioner, 
namely pro- and cleaved (activated) forms of caspase 3 (cf. 
Figures 5 and 6; green), and an initiator (pro- and cleaved 

F I G U R E  4   Compounds 11 and 13 
significantly inhibit colony formation 
potentials in SCC-12 (A) and SK-MEL-28 
(B) cells cultured in monolayers after 
14 days when control cells became 
confluent. The percentage decrease 
in colony formation is seen to be 
dose-dependent (0, ½IC50, IC50, and 
1½IC50, IC50 values obtained from the 
proliferation studies with cells of the same 
line; μM), and was comparable for SCC-12 
(C, D) and SK-MEL-28 (E, F) cells. The 
data expressed in the bar graphs represent 
the mean ± SD of colonies analyzed for 
compounds 11- and 13-treated groups, 
expressed as a percentage of the colony 
number for the untreated control 
group. Data are from three independent 
experiments, performed in quadruplicate. 
Statistical significance was assessed using 
one-way ANOVA and Dunn's multiple 
comparison tests; p < .05 (*), p < .01 
(**), p < .001 (***), and p < .0001 (****), 
as indicated, and were all considered 
significant.
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caspase-9), as well as cleaved PARP, evaluated by western 
blot analysis. In addition to the elevated levels of cleaved 
caspase-3 observed by immunofluorescence (Figures  5 
and 6), treatment of SCC-12 and SK-MEL-28 cells with ei-
ther 11 or 13 resulted in significant activation of apoptosis, 
as evidenced by the increased activation of caspase-9, and 
of PARP cleavage (Figure 7).

The expression levels of cleaved caspase-9 and cleaved 
PARP increased in a concentration-dependent manner 
compared to untreated controls. Furthermore, expres-
sion changes occurred for important Bcl-2-family proteins 
that regulate the induction of the mitochondrial pathway 
of apoptosis, specifically Bax (proapoptotic) and Bcl-2 
(antiapoptotic) (Lopez et  al.,  2022; Ozoran et  al.,  2022; 

Pisani et al., 2020; Watson et al., 1999), as well as PIM3, 
another apoptosis-related marker, upon treatment of 
SCC-12 and SK-MEL-28 cells with 11 or 13, in compar-
ison with untreated controls. Treatment of both SCC-12 
and SK-MEL-28 cells with 11 and 13 significantly and 
dose-dependently increased the protein expression level 
of Bax while decreasing the expression levels of Bcl-2 
and PIM3 compared to the untreated controls (Figure 8). 
Treatment with either of the two compounds resulted in a 
concentration-dependent increase in the Bax/Bcl-2 ratio, 
further endorsing the finding that 11 and 13 can induce 
the apoptosis of skin cancer cells, here exemplified with 
SCC-12 and SK-MEL-28 nonmelanoma and melanoma 
skin cancer cell lines, respectively, through the intrinsic 

F I G U R E  5   Compounds 11 and 13 dose-dependently altered the actin cytoskeleton cell morphology and activated pro-apoptotic 
caspase-3 translocation into the nucleus of cells of the SCC-12 nonmelanoma skin cancer line. Immunofluorescent micrographs analyses 
indicate that compounds 11 (A; e–l) and 13 (B; ea–la), as compared to untreated controls (for 11 (a–d) and 13 (aa–da)), morphologically 
distorted the actin cytoskeleton as well as decreased the actin expression levels (red) in monolayer cultures of SCC-12 cells in a dose-
dependent manner (0, ½IC50, IC50, and 1½IC50; μM; red; a, e, i and aa, ae, ai, respectively). Similarly, 11 (A) and 13 (B) prompted activation 
(green; b, f, j and ba, fa, ja) and translocation of procaspase 3 (green) into the nucleus (DAPI, blue) after treatment (colocalization, cyan) as 
shown (c, g, k and ca, ga, ka). Photomicrographs delineate the colocalization of actin and active caspase-3 in the nucleus (see h, I and ha, la) 
upon 11 and 13 treatments, respectively. Images were obtained after 48 h of incubation for SCC-12 cells with or without the test compound, 
and were analyzed as described in the Section 2.
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mitochondrial apoptotic pathway, leading to the pro-
nounced activation of PARP cleavage.

It is well documented that uncontrolled cell prolif-
eration and aberrant differentiation, which are the hall-
marks of cancers including melanoma and nonmelanoma 
skin cancers (Enane et  al.,  2018; Shirakawa et  al.,  2021; 
Wiechec et al., 2021) are associated with dysregulated sig-
naling pathways, such as the MAPK/ERK and PI3K/AKT 
pathways (Acevedo-Diaz et al., 2022; Dong et al., 2021; Luo 
et al., 2022), and have been therapeutically targeted in sev-
eral advanced melanoma clinical trials using a wide range 
of inhibitors (Carvajal et  al.,  2022; DePalo et  al.,  2022; 
Kakish et al., 2022). Furthermore, the levels of phosphor-
ylated p90RSK (Ser380), Akt (Ser473), p44/42-MAPK 

(ERK1/2; Thr202/Tyr20), and ribosomal protein S6 
(Ser235/236) were significantly suppressed in SCC-12 and 
SK-MEL-28 cells treated with either compound 11 or 13, 
as compared to the untreated controls. Additionally, the 
treatments of SCC-12 and SK-MEL-28 with escalating 
concentrations of 11 or 13 (0, IC50 and 1½IC50; values for 
IC50 from the cell proliferation experiments) for 48 h re-
sulted in a significant reduction in the levels of activated 
(phosphorylated) AKT, MAPK, and mTOR signaling path-
ways when compared to untreated controls, as indicated 
by the western blot analyses (Figure 9).

Considering the binding affinity of compounds 11 and 
13 toward a number of kinases, proteases, oxidoreductases 
and erasers, as well as the interactions observed during 

F I G U R E  6   Compounds 11 and 13 dose-dependently altered the actin cytoskeleton cell morphology and activated pro-apoptotic 
caspase-3 expression into the nucleus of cells of the SK-MEL-28 cutaneous melanoma cancer cell line. Immunofluorescent micrographs 
analyses indicate that compound 11 (A; e–l) and 13 (B; ea–la) by comparison to untreated controls (11 (a–d) and 13 (aa–da)), 
morphologically distorted the actin cytoskeleton as well as decreased the actin expression levels (red) in monolayer cultures of SK-MEL-28 
in a dose-dependent manner (0, ½IC50, IC50, and 1½IC50; μM; a, e, i and aa, ae, ai, respectively). Similarly, 11 (A) and 13 (B) prompted 
activation (green; b, f, j and ba, fa, ja) and translocation of pro-caspase 3 into the nucleus (DAPI, blue) after treatment (colocalization, cyan 
yellow) as shown (c, g, k and ca, ga, ka). Photomicrographs delineate the colocalization of actin and active caspase-3 (green) in the nucleus 
(see h, I and ha, la) upon compounds 11 and 13 treatments, respectively. Images were obtained after 48 h incubation of SK-MEL-28 cells 
with or without test compounds, and were analyzed as described in the Section 2.
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F I G U R E  7   Compounds 11 and 13 induce apoptosis by activating the extrinsic and intrinsic apoptotic pathway caspases in cutaneous 
melanoma (SK-MEL-28) and nonmelanoma cancer cells (SCC-12). (A) The blots show a dose-dependent effect (0, ½IC50, IC50 and 1½IC50; 
μM), IC50 values obtained from the proliferation studies with cells of the same line) on protein expression levels of markers of apoptosis, 
including pro- and-cleaved caspase 9 and cleaved PARP after 48 h of treatment. (B) The data shown are representative immunoblots from 
three independent experiments with similar results. β-actin served as a loading control to confirm the loading uniformity. The bar graphs 
normalized the actual protein optical density values against those for loading control. The resulting values are presented as a percentage 
versus ratios for untreated control (mean ± SD of relative quantitative density ratios). Statistical significance was assessed using one-
way ANOVA and Bonferoni's multiple comparison tests; p < .01 (**), p < .001 (***) and p < .0001 (****) are indicated, all considered to be 
statistically significant.
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F I G U R E  8   Compounds 11 and 13 induce apoptosis by activating the extrinsic and intrinsic apoptotic pathways in cutaneous melanoma 
(SK-MEL-28) and nonmelanoma (SCC-12) cancer cells. (A) Western blots show a dose-dependent effect (0, ½IC50, IC50, and 1½IC50; μM, 
IC50 values obtained from the proliferation studies with cells of the same line) on protein markers of apoptosis, including Bax, Bcl-2, and 
PIM3, after 48 h of treatment. (B) The data shown are representative immunoblots from three independent experiments. β-Actin was used as 
a loading control to confirm loading uniformity. The actual protein optical density values for bar graphs were normalized against those for 
loading control. The resulting values are presented as a percentage vs. ratios for untreated control (mean ± SD of relative quantitative density 
ratios). Statistical significance was assessed using one-way ANOVA and Bonferroni's multiple comparison tests; p < .01 (**) and p < .001 (***) 
were considered to be statistically significant.
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the in silico target fishing and docking experiments, it 
was conjectured that these two compounds exert their an-
tiproliferative activities by interfering with CDK8, CLK4, 

nuclear receptor ROR, tyrosine protein-kinase Fyn/LCK, 
ROCK1/2, and PARP, among other potential targets, all of 
which are dysregulated in skin cancers. The treatments of 

F I G U R E  9   Compounds 11 and 13 can inhibit activation of the AKT/mTOR and MAPK pathways, as indicated by the markers 
phosphorylated p90RSK (Ser380), phosphorylated AKT (Ser473), phosphorylated p44/42 MAPK (Erk1/2) (Thr202/Tyr204), and 
phosphorylated S6 Ribosomal Protein (Ser235/236) in cutaneous melanoma (SK-MEL-28) and nonmelanoma (SCC-12) skin cancer cells. 
(A) Western blots show a dose-dependent effect (0, IC50, and 1½IC50; μM; IC50 values obtained from the proliferation studies with cells 
of the same line) on phosphorylated protein levels after 48 h of treatment. (B) The data shown are immunoblots from three independent 
experiments. Rab-11 was used as loading control to confirm the loading uniformity. To obtain the bar graphs, the actual protein optical 
density values were normalized against those for loading control, and the resulting values are presented as a percentage of the corresponding 
ratios for untreated controls (mean ± SD of relative quantitative density ratios). Statistical significance was assessed using one-way ANOVA 
and Dunn's multiple comparison tests; p < .01 (**) and p < .001 (***), as indicated, were each considered significant.
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F I G U R E  1 0   Validation of ROCK-1, ROCK-2, Fyn, and LCK as potential targets for compounds 11 and 13 in cutaneous melanoma 
(SK-MEL-28) and nonmelanoma (SCC-12) skin cancer cells, as suggested by significant interactions and binding affinity observed 
during the in silico studies. (A) Western blots show a dose-dependent effect (0, IC50, and 1½IC50; μM; IC50 values obtained from the 
proliferation studies with cells of the same line) on protein levels after 48 h of treatment. (B) The data shown is immunoblots from three 
independent experiments. GAPDH was used as a loading control to confirm the loading uniformity. The actual protein optical density 
values were normalized against those for loading control to obtain the bar graphs. The resulting values are presented as a percentage of the 
corresponding ratios for untreated controls (mean ± SD of relative quantitative density ratios). Statistical significance was assessed using 
one-way ANOVA and Dunn's multiple comparison tests; p < .01 (**) and p < .001 (***), as indicated, were each considered significant.
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F I G U R E  1 1   Compounds 11 and 13 can modulate the hedgehog signaling targets GLI 1, GLI 2 and SHH in cutaneous melanoma (SK-
MEL-28) and nonmelanoma (SCC-12) skin cancer cells. (A) Western blots show a dose-dependent effect (0, IC50 and 1½IC50; μM; IC50 values 
obtained from the proliferation studies with cells of the same line) on protein levels after 48 h of treatment. (B) The data shown are immunoblots 
from three independent experiments. GAPDH was used as a loading control to confirm the loading uniformity. To obtain the bar graphs, the 
actual protein optical density values were normalized against those for loading control. The resulting values are presented as a percentage of the 
corresponding ratios for untreated controls (mean ± SD of relative quantitative density ratios). Statistical significance was assessed using one-way 
ANOVA and Dunn's multiple comparison tests; p < .01 (**) and p < .001 (***), as indicated, were each considered significant.
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SCC-12 and SK-MEL-28 with escalating concentrations 
of 11 or 13 (0, IC50, and 1½IC50; values for IC50 from the 
cell proliferation experiments) for 48 h resulted in a sig-
nificant reduction in the levels of ROCK1, ROCK2, FYN, 
LCK, (Figure 10), GLI 1, GLI 2, and SHH (Figure 11) in 
a dose-dependent manner, as compared to the controls. 
Together, these data suggest that the downregulation of 
the Hedgehog (HH) pathway, rock and its upstream PI3K/
AKT cascade might be an important target for these hit 
molecules. Although this might as well be only one among 
many other potential targets, it provides a solid framework 
for a rational design of analogs needed to optimize the an-
ticancer properties of this family of compounds.

4   |   CONCLUSIONS

In an effort to repurpose molecules previously pre-
pared in our lab as part of a study of the biochemistry 
of Plasmodium falciparum, the parasite responsible for 
malaria, a combination of in vitro assays, in silico target 
fishing and docking studies were used to identify and 
map out the antiproliferative activity of hit compounds 
from this small library. A number of these compounds 
were identified to possess an optimizable antiprolifera-
tive activity when evaluated in vitro against melanoma 
(A375 and SK-MEL-28) and nonmelanoma (A431 and 
SCC-12) skin cancer cell lines. In silico target fishing 
studies using the SwissTargetPrediction tool indicated 
that many of these compounds have favorable phys-
icochemical properties. In combination with docking 
predictions, these data suggested that CDK8, CLK4, nu-
clear receptor ROR, tyrosine protein-kinase Fyn/LCK, 
ROCK1/2, and PARP might be prospective molecular 
targets for the two most active compounds (11 and 13). 
Scratch wound-healing and colony formation func-
tional/phenotypic assays indicated that compounds 11 
and 13 exert their activity by interfering with the apop-
totic pathways. At the same time, further western blot 
analyses suggested that ROCK/Fyn and the Hedgehog 
(Hh) pathway might be involved in the mechanisms of 
the action of the two lead compounds. The Hedgehog 
pathway is a central regulator of many fundamental 
processes in vertebrate embryonic development, in-
cluding stem cell maintenance, cell differentiation, 
tissue polarity, and cell proliferation. While its role in 
organogenesis is decisive for proper embryonic devel-
opment, mutation can rekindle its hyper-activation in 
many cancers (Girardi et al., 2019; Onishi et al., 2022). 
Cross-talk between the dysregulated HH and other 
crucial pathways such as the PI3K/Akt/mTOR, Rho 
GTPase (ROCK1/2) and Src family kinases (Fyn/

LCK) have been shown to amplify the invasiveness, 
metastatic, and chemo-resistance of tumors (Larsen & 
Moeller, 2020; Pecora et al., 2021). Extracellular matrix 
remodeling and cytoskeleton components (including 
microtubules, actin filaments, and intermediate fila-
ments) are often affected by these signaling interactions 
and tend to downregulate or upregulate cell migration, 
anoikis/apoptosis modulators such as caspases, Bax, 
and PARP (Ma et al., 2022; Mengie Ayele et al., 2022). 
Small molecules that directly modulate HH and its 
related signaling pathways are potential chemothera-
peutic agents, as their inhibition effects can result in a 
decrease in disease prognosis. While the data reported 
here is still preliminary, and the target mentioned 
above might be just one target among many others, this 
report illustrates how unsuspected biological activities 
of a class of compounds can be uncovered and quickly 
mapped out using a multifaceted approach. This study 
also provides a strong framework for a rationale design 
of new analogs for a comprehensive structure–activity 
relationship study, potentially leading to optimizing 
the anticancer activity of these two family.
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