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Abstract: Human malignant melanoma exhibits imbalances in redox status, leading to activation
of many redox-sensitive signaling pathways. APE/Ref-1 is a multifunctional protein that serves
as a redox chaperone that regulates many nuclear transcription factors and is an important mech-
anism in cancer cell survival of oxidative stress. Previous studies showed that APE/Ref-1 is a
potential druggable target for melanoma therapy. In this study, we synthesized a novel APE/Ref-1
inhibitor, bis-cinnamoyl-1,12-dodecamethylenediamine (2). In a xenograft mouse model, compound
2 treatment (5 mg/kg) significantly inhibited tumor growth compared to the control group, with
no significant systemic toxicity observed. We further synthesized compound 2 analogs to deter-
mine the structure-activity relationship based on their anti-melanoma activities. Among those,
4-hydroxyphenyl derivative (11) exhibited potent anti-melanoma activities and improved water
solubility compared to its parental compound 2. The ICsy of compound 11 was found to be less than
0.1 uM. Compared to other known APE/Ref-1 inhibitors, compound 11 exhibited increased potency
in inhibiting melanoma proliferation. As determined by luciferase reporter analyses, compound 2
was shown to effectively inhibit HyO,-activated AP-1 transcription activities. Targeting APE/Ref-1-
mediated signaling using pharmaceutical inhibitors is a novel and effective strategy for melanoma
treatment with potentially high impact.

Keywords: APE/Ref-1; human melanoma; small molecular inhibitors; reactive oxygen species (ROS);
redox regulation

1. Introduction

Melanoma arising from melanocytes makes up only 2% of all skin cancers, while it
causes over 80% of all skin cancer deaths [1]. In recent years, melanoma incidence rates have
increased more rapidly than other cancer types in the United States, and it is expected that
7650 patients will die due to melanoma in 2022 alone [2]. Ultraviolet radiation (UVR,) which
can generate reactive oxygen species (ROS) and nitric oxide (NO) in the skin [3-5], has been
implicated as a significant environmental contributor to the development of melanoma [6,7].
The contributions of UVR to melanomagenesis and malignant development may;, at least
partially, be due to ROS- or NO-induced DNA damage, which has been studied in our
laboratory and by other groups [8-11].
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APE/Ref-1 is a critical enzyme in DNA base excision repair, which catalyzes the
cleavage of the phosphodiester bond at either the 5" or 3’ end of an apurinic/apyrimidinic
site [12]. Studies have also revealed that APE-1 exhibits distinct redox functions that
facilitate DNA binding activities of many nuclear transcription factors (such as AP-1,
Myb, NF-kB, p53, and HIF-«); due to its redox-regulatory activity, it is also known as
Redox Factor-1 (Ref-1) [13]. APE/Ref-1 plays a critical role in malignant transformation
when combined with elevated ROS levels in the JB6 model [14]. Notably, our previous
studies demonstrated that APE/Ref-1 is induced by ROS and NO stress [8,15]. In addition,
genome-wide analyses and proteomic studies also suggest an important role of APE/Ref-1
in regulating many biological processes, such as mitochondrial function and ribosomal
RNA quality control [16].

Accumulating evidence shows that many human tumors, including the brain, cervical,
and prostate cancers, exhibit elevated APE/Ref-1 expression and abnormal subcellular
localization compared to normal tissues, making it an attractive druggable target for devel-
oping new cancer therapeutic strategies [12,17,18]. Up-regulated APE/Ref-1 is shown to
protect cells from various pro-apoptosis stimuli, including oxidative stresses, chemother-
apeutic drugs, and radiation treatment [19,20]. Elevated APE/Ref-1 has been closely
associated with increased metastasis of cancer cells and contributes to tumor development
and progression in human melanoma and hepatocellular carcinoma [15,21,22]. Compounds
impairing APE/Ref-1-mediated redox signaling or DNA repair have shown enhanced anti-
tumor activities [23-25]; however, other studies have also demonstrated the pro-apoptotic
effects of APE/Ref-1 by potentiating p53-mediated signaling [26]. The experimental stresses
applied in the studies may explain the distinct role of APE/Ref-1 in apoptosis.

In addition, given the complexity of cancer signaling networks, there are wide varieties of
intra- and intercellular signaling pathways that could fuel cancer progression [27]. APE/Ref-1
regulates many nuclear transcription factors in a redox-dependent and -independent manner.
Inhibition of APE/Ref-1 may generate broader inhibition of its regulated signaling network,
compared to blocking a single signaling pathway downstream of APE/Ref-1 [12,28]. Direct
inhibition may be more efficient and minimize the development of drug resistance.

The crystal structure of APE/Ref-1 revealed potentially druggable pockets in the
vicinity of Cys65, which is located in the redox regulation domain. The studies showed
that redox-specific inhibition of APE/Ref-1 induced cell cycle arrest and sensitized cancer
cells to chemotherapy [28-32]. We have conducted virtual screenings using the ICM
software package developed by Molsoft [33-35], which docks small molecules from a large
database and ranks binding affinity using an energetic scoring function. The chemical
structures of the top hit compounds were identified [15], and a series of analogs based
on the lead compound structure were designed and synthesized in our study. Among
them, bis-cinnamoyl-1,12-dodecamethylenediamine (compound 2) (Figure 1) exhibited
the most potent anti-melanoma activity both in vitro and in vivo. The structure-activity
relationship generated from our study will shed light on the future design and synthesis of
small molecular inhibitors targeting APE/Ref-1 for melanoma treatment.
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Figure 1. Chemical structures of cinnamamide derivatives.

2. Results
2.1. Chemistry

In this study, a series of symmetrical and unsymmetrical dicinnamoyl derivatives con-
jugated through hydrophobic central units of 1,12-diaminododecane and 1,6-diaminohexane
were synthesized as depicted in Schemes 1 and 2. Different bolaamphiphiles were prepared
based on increasing the hydrophilicity of these compounds by introducing hydrophilic
hydroxyl groups to the aromatic rings and changing the hydrophobic chain length.

1. K,CO5, THF Q/\)LN/\/\/\/\/\/\/NH)(\/@
2. NHy(CHa)1oNH,

Scheme 1. Synthesis of bis-cinnamoyl-1,12-dodecamethylenediamine (2).

First, bis-cinnamoyl-1,12-dodecamethylenediamine (2) was synthesized by the reacting
cinnamoyl chloride (1) with 1,12-dodecamethylenediamine in dry THF in the presence of
potassium carbonate as a base (Scheme 1). The structure of the product was confirmed by
NMR and mass spectrometry. The purity was confirmed by analytical HPLC, showing a
retention time (R¢) of 26 min.

To improve water solubility, diamide bolaamphiphiles containing two hydroxyl groups
were prepared using N-methylmorpholine (NMM) and 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (Hexafluorophosphate Az-
abenzotriazole Tetramethyl Uronium, HATU) as a coupling reagent. Symmetrical bolaam-
phiphile derivatives (4, 5, and 7) were prepared through a coupling reaction of one equiva-
lent of 1,12-dodecamethylenediamine with two equivalents of the cinnamic acid derivative
under basic conditions; 4-Hydroxycinnamic acid (3) and 3-hydroxycinnamic acid (6) were
activated by HATU, followed by a coupling reaction with 1,12-dodecamethylenediamine
in the presence of NMM as a basic catalyst to generate the corresponding diamide, bis-(4-
hydroxy-cinnamoyl)-1,12-dodecamethylenediamine (4) and bis-(3-hydroxy-cinnamoyl)-
1,12-dodecamethylenediamine (7), respectively (Scheme 2a,b). Analytical HPLC confirmed
the purity of compounds 4 and 7, showing (R¢) = 21.89 and 22.19 min, respectively; more-
over, to prepare a more hydrophilic bolaamphiphile derivative, a shorter aliphatic 1,6-
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dihexylamine was used for the reaction with compound 3 to prepare bis-(4-hydroxy-
cinnamoyl)-1,6-hexanemethylenediamine (5) under the same conditions, as mentioned
above (Scheme 2a). The crude products were purified by silica gel column chromatography
and the purity was confirmed using analytical HPLC (Supplementary Materials).
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Scheme 2. Synthesis of bis-cinnamoyl derivatives. (a) Synthesis of symmetrical bis-cinnamoyl
derivatives 4 and 5; (b) Synthesis of symmetrical bis-cinnamoyl derivative 7 and unsymmetrical
bis-cinnamoyl derivative 9; (c) Synthesis of unsymmetrical bis-cinnamoyl derivative 11; (d) Synthesis

of symmetrical bis-cinnamoyl derivative 12.
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Unsymmetrical bis-cinnamamide derivatives 9 and 11 were synthesized in two steps.
First, the reaction of equimolar amounts of the appropriate acid derivative and the di-
amine was used to afford the corresponding monocinnamamide. It should be noted that
optimizing the reaction conditions, such as using a mild activating reagent and reaction
time control, was required to drive the reaction towards a single coupling and create the
desired compound containing a free amine group for the subsequent coupling. As de-
picted in Scheme 2b,c, N-(12-aminododecyl)-3-(3-hydroxyphenyl) acrylamide (8) and N-(12-
aminododecyl)-cinnamamide (10) were constructed from the reaction of 3-hydroxycinnamic
acid (6) and cinnamic acid (1), respectively, with diamine in the presence of HBTU and
DIPEA over 2 h. As a representative example, the novel monoamide (8) was identified via
mass spectrometry, exhibiting a mass of 347.1 [M + H]*; moreover, the 'H NMR spectra
showed broad singlet and triplet peaks at 7.69 and 8.08 ppm, which are characteristics of
NH; and NH, respectively. The singlet peak at 9.57 ppm represents the phenolic hydroxyl
group (Figure 513, Supplementary Materials).

Second, using similar conditions as used in the synthesis of compound 4, monocinnamoyl-
fatty acyl amide conjugates (8 and 10) containing free amino groups were reacted with
the additional cinnamic acid derivatives (1 and 3), respectively. As shown in Scheme 2b,c,
these reactions afforded the corresponding unsymmetrical bis-cinnamoyl derivatives, N-(12-
cinnamamidododecyl)-3-(3-hydroxyphenyl) acrylamide (9) and N-(12-cinnamamidododecyl)-
3-(4-hydroxyphenyl) acrylamide (11), with each possessing only one hydroxyl group. As a
representative example, the 'H NMR spectrum fits well with structure 9 and indicated that
the molecule has unsymmetrical imide protons, showing two triplet signals at 7.92 and
8.08 ppm.

Using an alternative method, as shown in Scheme 2d, hexane-1,6-diamine was reacted
with cinnamic acid in the presence of pyridine and triphenyl phosphite for 8 h to afford
(2E,2’E)-N,N’-(Propane-1,3-diyl)bis(3-phenylacrylamide) (12).

2.2. Molecular Docking Study of the Synthesized Compound Candidates

Using molecular modeling, we further evaluated the new compounds by docking the
compounds to the APE/Ref-1 crystal structure, downloaded from PDB (1BIX) (Table 1) [15].
Figure 2 shows the binding of compound 2 into its binding site of APE/Ref-1, resulting
in an ICM docking score of —9.23. Compound 11 docked into the same binding cavity,
with an ICM docking score of —16.31. The best docking score among all the synthesized
candidate compounds was observed with Compound 4 (—20.14), as shown in Table 1.

Table 1. Docking scores and cytotoxicity of compounds in human melanoma A375 and SK-
Mel-28 cells.

Synthesized Docking Score Anti-Melanoma Activities
Compounds
’ —923 Cytotoxicity is not dose-dependent; at 0.1 uM, cell viability
' reduced to <50% of control in A375 cells.
1 1631 0.079 +£ 0.013 uM (ICsp, detected by MTT assay, average in
’ two human melanoma cell lines: A375 and SK-Mel-28)
4 —20.14 50% inhibition of cell survival not observed up to 10 uM.
5 —12.91 50% inhibition of cell survival not observed up to 50 uM.
7 —11.74 50% inhibition of cell survival not observed up to 10 uM.
8 —12.51 50% inhibition of cell survival not observed up to 25 uM.
9 —5.97 50% inhibition of cell survival not observed up to 10 uM.
10 —15.44 50% inhibition of cell survival not observed up to 25 uM.

12 —10.06 50% inhibition of cell survival not observed up to 10 uM.
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Figure 2. Molecular docking and binding mode of compound 2 to the druggable binding site of the
APE/Ref-1 protein (1BIX).

2.3. Effects of Novel APE/Ref-1 Inhibitors on Melanoma Proliferation Using MTT
Colorimetric Assay

APE/Ref-1 inhibitors have exhibited anti-proliferation and anti-angiogenesis activity
against several human malignancies; therefore, we have chosen anti-tumor efficacy as an
endpoint to rank the candidate compounds for bio-evaluation. MTT assays were conducted
to evaluate the in vitro anti-melanoma activities of the synthesized compounds in human
melanoma cell lines and immortalized melanocytes. Cells were incubated with compounds
at various concentrations for 72 h. Cell viabilities after treatments were then analyzed in
comparison to that of control.

As shown in Figure 3a, lead compound 2 exhibited potent cytotoxicity in human
melanoma A375 cells at 0.1 uM as the surviving cells were reduced to less than 50% of
control after 72 h treatment; however, with increasing doses, the cellular toxicity was
not increased accordingly in both cell lines, which may be explained by the limited water
solubility and stability of compound 2 (Figure 3a). Apparent drug precipitation was evident
in the media at higher concentrations (>2.5 pM). Of note, no significant cytotoxicity of
compound 2 was observed among two melanoblast cell lines after 72 h treatment (Hermes
3A and Hermes 4A, Figure 3b). Hermes 1 cells were more sensitive to compound 2, but the
cytotoxicity was not elevated with increasing concentrations.

Compounds 4 and 7 are analogs of lead compound 2 in which two hydrophilic hy-
droxyl groups (—OH) were added to the aromatic rings. The virtual docking scores of
compounds 4 and 7 analyzed by the ICM-Pro program are —20.14 and —11.74, respec-
tively. Compared to compound 2 (—9.23), compound 4 exhibited improved docking to the
druggable pocket localized in the redox domain of APE/Ref-1; however, the MTT results
showed these modifications led to a significant loss of anti-tumor activity compared to
compound 2.

Similar to compound 4, compound 5 has two hydrophilic groups (—OH) but includes
a modified chain length to increase the water solubility and was found to have a virtual
docking score of —12.91. MTT analysis demonstrated that such modification also resulted
in the loss of anti-melanoma activity compared to compound 2, and 50% cell death was not
observed up to 50 pM (Table 1).
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Compounds 9 and 11 are analogs of lead compound 2, in which one hydrophilic
hydroxyl group (—OH) was added to the meta- or para-position, respectively. The corre-
sponding virtual docking scores of compounds 9 and 11 are —5.97 and —16.31 (Table 1).
Compound 9 showed poor anti-melanoma activity, while compound 11 exhibited a potent
cytotoxic effect in melanoma cells (Figure 3). The virtual docking profiles align well with
their anti-melanoma activities, suggesting the position of the —OH group plays a vital role
in their interactions with the APE/Ref—1 protein. The binding profile model may guide
future modifications of the aromatic ring and predict the compounds” anti-melanoma activ-
ities; moreover, compound 11 exhibits improved water solubility compared to compound 2
due to the hydrophilic hydroxyl group. Significant precipitation was evident at ~20 uM,
approximately 8-folds higher than compound 2 (2.5 uM, data not shown).

2.4. Potent and Selective Anti-Tumor Activities of Compound 11 in Human Melanoma Cells

Among all the synthesized analogs of compound 2, compound 11 exhibited promis-
ing anti-tumor activities with improved water solubility in a dose-dependent manner.
The viabilities of melanoma cells were significantly decreased with compound 11 treat-
ment (Figure 3c,d). In comparison to well-studied APE/Ref-1 inhibitors, E2009 and
E3330 [30,31,36], compound 11 exhibited significantly increased potency in reducing via-
bility in melanoma cells (Figure 3c). The ICsps of compound 11 in A375 and SK-Mel-28
melanoma cells were 0.088 uM and 0.07 uM, respectively (Figure 3d, Table 1), which are
more potent than commercially available APE/Ref-1 redox inhibitors. At1 uM, cell viabil-
ity reduced to 19% of control (vehicle only, 0.1% DMSO) after treatment with compound
11, while no significant cytotoxicity was observed with E2009 and E3330 treatment at the
same concentration (96.7% and 102.6% of control, respectively) (Figure 3c). The ICsgs of
E3330 and E2009 in A375 melanoma cells were 6.6 pM and 5.3 uM, respectively, which
were 75-fold and 60-fold higher compared to that of compound 11.

The selectivity of compound 11 was also determined by comparing its cytotoxicity
in melanoma cells to that in normal melanoblast Hermes 1 cells. As shown in Figure 3d,
the IC5p of compound 11 in Hermes 1 is 0.274 uM, which is much higher than the ICsp,
observed in A375 and SK-Mel-28 melanoma cells.
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Figure 3. Potent cytotoxicity of compounds 2 and 11 in human melanoma cells. Cell viability
was determined by MTT assay. The results are shown as the percentage of viable cells after 72 h
treatment at different concentrations. The results were statistically processed from three independent
experiments. The ICsy was calculated using GraphPad Prism 8. (a) Cytotoxicity of compound 2 in
A375 melanoma cells; (b) Cytotoxicity of compound 2 in human immortalized melanoblasts cells
(Hermes 1, 3A, and 4A). The bars represent the average of three independent experiments. Hermes 1,
Hermes 3A, and Hermes 4A cell lines were obtained from the Wellcome Trust Functional Genomics
Cell Bank and cultured as instructed [37,38]. (c) Cytotoxicity of compound 11 in comparison to
APE/Ref—1 inhibitors E2009 and E3330 in A375 melanoma cells. (d) Melanoma cells are more
sensitive to compound 11 in comparison to melanoblast Hermes 1 cells.

2.5. Compound 2 Suppressed HyO;-Induced AP-1 Transactivation in Human Melanoma Cells

An AP-1 transactivation assay was conducted in melanoma cells transfected with a lu-
ciferase reporter construct as described previously [39]. Our study showed that compound
2 at 0.5 pM effectively inhibited AP-1 transactivation induced by H,O; in A375 melanoma
cells compared with H,O; alone (p < 0.05) (Figure 4). The HyO;-activated AP-1 activity was
reduced from 2.3-fold of control to approximately basal levels (95.7% of control); however,
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compound 2 did not display any inhibition of the basal AP-1-dependent transcription.
Co-treatment with E3330, an APE/Ref-1 redox inhibitor, at 10 uM concentration, reduced
AP-1 activity marginally. Compound 11 at 10 pM also failed to inhibit HyO,-activated AP-1
transactivation (p > 0.05).

3

2.5 *
o 1 L
w I
© 2 *
2 I
U -
£ 15
Y
o #
3 1 - I
(]
w
0.5
0
H,0, (100 uM) - + - + - + - +
E3330 (10 pM) - - + + - - - -
Compound 2 + +
(0.5 uMm) - - - = - -
Compound 11 + +
(10 pMm)

Figure 4. Inhibition of AP-1 transcriptional activation in human melanoma A375 cells by compound
2. A375 cells were transfected with an AP-1 luciferase reporter plasmid. 24 h after transfection, cells
were incubated with HyO, (100 uM) in the presence or absence of compound 2 (0.5 uM), compound
11 (10 M), or E3330 (10 uM) for 48 h. After treatment, the cells were harvested to determine the
luciferase activity, expressed as fold of control without treatment. The results normalized by cell
numbers represent means =+ SD of triplicates. * p < 0.05 compared to control; # p < 0.05 compared to
H,0, treatment.

2.6. Effects of APE/Ref-1 Inhibitor on Tumor Growth Using a Melanoma Xenograft Mouse Model

Given the limited water solubility, lead compound 2 (stocked in DMSO) was further
diluted in normal saline. The drug suspension was sonicated at room temperature for
15 min before injection to nude mice. HPLC analysis shows no evidence of chemical
structural change after compounding. The drug suspension was made fresh daily and
injected into mice immediately after compounding. The control group was intraperitoneally
injected (IP) with vehicle (0.1% DMSQO in normal saline) daily based on the body weight
(0.1 mL/10 g).

As shown in Figure 5, the study demonstrated that the APE/Ref-1 inhibitor, compound
2, effectively inhibited tumor growth in vivo. The effective dose of compound 2 was as
low as 5 mg/kg IP daily without producing any apparent systemic toxicities (Figure 527,
Supplementary Materials). After 21-days of treatment, tumor growth was significantly
inhibited, with the average tumor size reduced to 58.5% of control (p < 0.05) (Figure 5a).
The average tumor weight in the treatment group was only 64.7% of that of the control
group (p < 0.05) (Figure 5b). Future studies are warranted to determine the dose-response
and pharmacokinetic profile.
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Figure 5. Compound 2 inhibited the tumor growth of human melanoma in vivo. Metastatic melanoma
A375 cells were injected into male nude mice subcutaneously on the flank. Compound 2 treatment
(5 mg/kg, IP, daily) inhibited tumor growth (a) and reduced tumor weight (b). (a) Tumor volume
was measured by digital calipers and determined using the formula (mm?) = (L x W?)/2. Tumor
growth was presented as a fold increase in size from day 3 (mean + SD). (b) Comparison of measured
tumor burden (via weight) after 21 days of therapy. The p values were determined using a two-tailed
Student’s t-test. * p < 0.05 compared to control group.

3. Discussion

In recent years, there have been dramatic developments in the treatment of advanced
cutaneous melanoma (CM) using revolutionary immunotherapy, which is a powerful
new approach yielding remarkable and durable responses in melanoma patients [40,41];
however, these checkpoint inhibitors are mainly indicated for patients with metastatic
melanoma and disease progression following other treatments [42]. In addition, current
and novel approaches have not slowed the worldwide melanoma epidemic, and the
incidence of CM continues to rise in the United States [2]. As such, the development
of novel therapeutic interventions to block melanomagenesis and disease progression to
advanced stages will have both high impact and importance.

It has been well studied that APE/Ref-1 serves as an important mechanism facili-
tating cancer cell survival from oxidative stresses associated with radiation therapy and
chemotherapy [15,20,43]. Novel APE/Ref-1 inhibitors have been shown to inhibit cancer
cell metastasis and the development of drug resistance, suggesting that targeting APE/Ref-1
is a promising strategy to achieve a better clinical benefit for cancer patients [17,22,30,44].

In recent years, increasing efforts have been devoted to developing novel redox inhibitors
of APE/Ref-1 for cancer treatment; however, to the best of our knowledge, only a limited
number of compounds exhibit promising APE/Ref-1 inhibitory effects [24,30,43,4546]. A
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recently developed small molecular inhibitor of apurinic/apyrimidinic (AP) endonuclease
activity was shown to exacerbate the oxidative DNA damage following exposure to cisplatin
at 10 uM [24,25]. To date, the most successful APE/Ref-1 redox inhibitors reported are
E3330 (APX3330) and its analogs, which exhibited therapeutic effects on tumor angiogenesis
and growth without interfering with its DNA repair activities [36,47]. E3330 was also
shown to reduce the collective cell migration of human breast cancer cells and decrease
chemo-invasion and colony formation when combined with docetaxel; however, such
inhibitory activity was only evident at a higher concentration (50 pM) [30]. A recent Phase
I trial of E3330 reported that six of nineteen cancer patients had disease stabilization for
>4 cycles after treatment [23,28]. One melanoma patient presented with a stable disease
with 245 days of treatment.

Beyond these studies, there has been little work on structure-based inhibitor design.
As detailed in our previous studies [15,17], the redox function of APE/Ref-1 plays a vital
role in melanoma progression, which is also consistent with other groups’ observation of
the anti-tumor activity of APE/Ref-1 redox inhibitors. We, therefore, selected the structure
of the redox domain of APE/Ref-1 for screening and molecular modeling. In our study, we
carried out virtual screenings using the ICM-Pro software package developed by MolSoft
L.L.C [33,34]. The program uses an energetic scoring function to carry out virtual docking
of molecules from a large database and ranks binding. Notably, the software incorporates
ligand flexibility. We screened multiple drug libraries containing over 3-million compounds
and identified the top-ranked candidate compounds. After chemical structure optimization
and cell-based bioactivity screening, we have successfully developed our lead APE/Ref-1
inhibitor, compound 2, for further structure-activity studies.

More analogs of compound 2 were synthesized to develop the structure-activity re-
lationship and improve the physicochemical properties. Our study demonstrated that
incorporating one or two hydroxyl groups on the aromatic ring enhances the water solubil-
ity, but this comes at the expense of reducing anti-melanoma activity. Compound 11 was
found to be more water-soluble than compound 2 and exhibited promising anti-melanoma
activities compared to the reported APE-Ref-1 inhibitors, E3330 and E2009. Inhibition of
cell viability was evident even at very low concentrations in vitro (<0.1 uM). Our in vivo
mouse study showed that compound 2 treatment significantly inhibited tumor growth in a
melanoma xenograft mouse model.

However, given the hydrophobic nature of compound 2, its water solubility is limited,
and increased precipitation was evident at concentrations above 2.5 uM. Shortening the
chain from C12 to C6 markedly improved the compound’s water solubility, but significantly
reduced the anti-melanoma activity. One hypothesis is that the long-chain may contribute
to binding by facilitating or stabilizing the interaction between the compound and the
APE/Ref-1 protein. Shortening the chain may lead to an unstable binding profile and
subsequent reduction of anti-tumor activity. This hypothesis may apply to compound 12 as
well, which possesses a shortened chain and loss of anti-melanoma activity. To improve the
bioavailability and drug delivery to melanoma cells, we will also consider using a cyclic
peptide drug delivery system containing arginine and tryptophan residues developed by
the Parang group [48]. These cell-penetrating peptides were shown to effectively enhance
the uptake of anti-cancer drugs in tumor cells [49].

Structure-based virtual screening and docking have been widely used for drug dis-
covery, such as in hit identification and lead optimization. As noted in Table 1, the virtual
docking score of a candidate compound does not always align with its anti-melanoma
activities. The poor water solubility of compound 2 significantly hindered the detection of
direct interactions between compound 2 and the APE/Ref-1 protein using Surface Plasmon
Resonance (SPR) analysis. Future crystallization studies of APE/Ref-1 protein-ligand com-
plexes are warranted to optimize and refine the virtual modeling and ultimately improve
structure-based drug design.
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4. Materials and Methods
4.1. Materials

Trans-cinnamoyl chloride, trans-4-hydroxycinnamic acid, trans-cinnamic acid, 1,6-
hexamethylenediamine, 1,12-dodecamethylenediamine, all solvents, chemicals reagents,
and HPLC-eluents were purchased from Sigma-Aldrich, St. Louis, MO, USA, and used as
received without further purification. Analytical HPLC was used to confirm the purity of
final products (>95%). The analytical HPLC was conducted on the Shimadzu RP-HPLC
system and C18 column (250 cm X 4.60 mm) over 80 min using water (0.1% TFA) as eluent
A and acetonitrile (0.1% TFA) as eluent B. NMR spectra were recorded on a Bruker Avance
I HDTM 400 NMR spectrometer using DMSO-dg or CD30D as solvents and TMS as an
internal reference. Mass spectra were obtained by a Bruker Impact 11, UHR-qTOFE.

4.2. Chemical Synthesis

(2E,2’E)-N,N’-(Dodecane-1,12-diyl)bis(3-phenylacrylamide)(Bis-cinnamoyl-1,12-dodecamethy
lenediamine) (2). Trans-cinnamoyl chloride (1, 100 mg, 0.6 mmol) was dissolved in dry THF
(15 mL), followed by the addition of potassium carbonate (166 mg, 1.2 mmol, 2 equiv). A
solution of 1,12-dodecamethylenediamine (60 mg, 0.3 mmol, 0.5 equiv) in THF (10 mL)
was added dropwise over 20 min and the reaction mixture was stirred for 4 h. After the
completion of the reaction, the crude product was collected by filtration, washed with
water, and crystallized from methanol to afford compound 2 as a white solid (125 mg, 45%).
The purity was confirmed by analytical HPLC (R; = 26.69 min).

'H NMR (400 MHz, DMSO-dg): & (ppm) 1.20-1.31 (br s, 16H, -(CH,)g), 1.40-1.49
(m, -CH,-CH,-NH, 4H), 3.12-3.19 (m, -CH,;NH,, 4H), 6.61 (d, ] = 16 Hz, -CO-CH=CH,
2H), 7.41-7.56 (m, aromatic hydrogens, CH=CHCO, 12H), 8.19 (t, ] = 5 Hz, 2H, 2NH);
13C NMR (100 MHz, DMSO-dg): & (ppm) 165.22 (2 C=0), 138.79 (CH=CHCO), 135.44
(CH=CHCO), 129.82 (aromatic C), 129.39 (aromatic C), 127.92 (aromatic C), 122.85 (aromatic
C), 26.90-29.60 (aliphatic CH,); HR-MS (ESI-qTOF) (m/z) (C30H40N2O,): calcd 460.3090,
found 461.3675 [M + H]*, 483.3516 [M + Na]*, and 499.3270 [M + K]*.

(2E,2’E)-N,N’-(Dodecane-1,12-diyl)bis(3-(4-hydroxyphenyl)acrylamide (4). To a solution of
4-hydroxycinnamic acid (3, 100 mg, 0.6 mmol) in DMF (20 mL) was added N-methylmorpho
line (NMM, 124 uL, 1.2 mmol, 2 equiv) followed by 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU, 114 mg, 0.3 mmol,
0.5 equiv). The mixture was stirred at room temperature for 20 min, followed by the addi-
tion of 1,12-dodecamethylene diamine (60 mg, 0.3 mmol, 0.5 equiv). After 4 h, the solvent
was evaporated, and the resulting crude solid was loaded onto silica gel and purified via
chromatography using ethyl acetate:methanol as 90:10 (v/v), to provide compound 4 as a
white powder (95 mg, 32%). The purity was confirmed by analytical HPLC (R; = 21.89 min).

'H NMR (400 MHz, DMSO-dg): & (ppm) 1.20-1.32 (br s, 16H, -(CH,)g), 1.37-1.48
(m, 4H), 3.10-3.19 (m, -CH,NH,, 4H), 6.42 (d, | = 15 Hz, -CO-CH=CH, 2H), 6.78-7.37 (m,
aromatic hydrogens, CH=CHCO, 10H), 7.95 (t, ] = 5 Hz, 2H, 2NH), 9.81 (s, 2H, 20H).
13C NMR (100 MHz, DMSO-d6): § (ppm) 165.69 (2 C=0), 159.21 (2C-OH), 138.89 (Alkene
carbons), 129.59 (aromatic C), 126.43 (aromatic C), 119.30 (aromatic C), 116.18 (aromatic
C), 26.96-29.68 (aliphatic CH,); HR-MS (ESI-qTOF) (m/z) (C30H40N2O4): calcd 492.2988,
found 493.3185 [M + HJ*, 515.3227 [M + Na]*, 531.2753 [M + K]*.

(2E,2’E)-N,N’-(Hexane-1,6-diyl)bis(3-(4-hydroxyphenyl)acrylamide) (5). The same syn-
thetic procedure as used in the synthesis of compound 4 is used in the synthesis of com-
pound 5. 4-Hydroxycinnamic acid (3, 100 mg, 0.6 mmol), 1,6-diaminohexane (35 mg,
0.3 mmol, 0.5 equiv), HATU (114 mg, 0.3 mmol, 0.5 equiv), and N-methylmorpholine
(124 uL, 1.2 mmol, 2 equiv) were used for the synthesis. The crude product was purified by
silica gel column chromatography, using ethyl acetate: methanol as 90:10 (v/v), affording a
white product (5, 80 mg, 32%).

'H NMR (400 MHz, DMSO-dg): & (ppm) 1.26-1.35 (br s, 4H, -(CH,)5), 1.39-1.49 (m,
4H, -CH,-CH,-NH), 3.10-3.20 (m, -CH,;NH,, 4H), 6.44 (d, | =16 Hz, -CO-CH=CH, 2H),
6.82-7.41 (m, aromatic hydrogens, CH=CHCO, 10H), 7.99 (t, | = 6 Hz, 2H, 2NH), 9.84 (s, 2H,
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20H); 3C NMR (100 MHz, DMSO-dg): 165.70 (2 C=0), 159.21 (2 C-OH), 138.91 (Alkene
carbons), 129.60 (aromatic C), 126.43 (aromatic C), 119.30 (aromatic C), 116.10 (aromatic
C), 26.60-29.70 (aliphatic CH;). HR-MS (ESI-qTOF) (1m/z) (Co4H2sN2Oy): calcd 408.2049,
found 409.2243 [M + H]*, 431.2371 [M + Na]*.

(2E,2’E)-N,N’~(dodecane-1,12-diyl)bis(3-(3-hydroxyphenyl)acrylamide) (7). The synthetic
procedure is the same as the procedure used to synthesize compounds 4 and 5. 3-Hydroxyci
nnamic acid was used instead of 4-hydroxycinnamic acid. In brief, 3-hydroxycinnamic acid
(6, 100 mg, 0.6 mmol), 1,12-dodecamethylenediamine (60 mg, 0.3 mmol, 0.5 equiv), HATU
(114 mg, 0.3 mmol, 0.5 equiv), N-methylmorpholine (124 uL, 1.2 mmol, 2 equiv) were used
for the synthesis. The crude product was purified by silica gel column chromatography,
using ethyl acetate: methanol as 90:10 (v/v), affording a white product (7, 110 mg, 37%).
The purity was confirmed by analytical HPLC (R; = 22.19 min).

'H NMR (400 MHz, CD;0D): & (ppm) 1.23-1.36 (br s, 16H, -(CHy)s), 1.48-1.56 (m, 4H,
-CH,-CH;-NH), 3.20-3.25 (m, -CH,;NH;, 4H), 6.53 (d, ] =15 Hz, -CO-CH=CH, 2H), 6.80-7 .46
(m, aromatic hydrogens, CH=CHCO, 10H); '3C NMR (100 MHz, CD30D): $ (ppm) 167.24
(2 C=0), 157.61 (2 C-OH), 140.30 (CH=CHCO), 136.25 (CH=CHCO), 120.38 (aromatic C),
118.89 (aromatic C), 116.47 (aromatic C), 113.70 (aromatic C), 39.20 (CH,NH), 26.60-29.25
(alphantic CHjy); HR-MS (ESI-qTOF) (m/z) (C30Hs9N2O4): caled 492.2988, found 493.3168
[M + HJ*, 515.2990 [M + Na]*, 531.2733 [M + K]*.

(E)-N-(12-Aminododecyl)-3-(3-hydroxyphenyl) acrylamide (8). 3-Hydroxycinnamic acid
(6, 200 mg, 1.2 mmol), was added to equimolar amounts of 1,12-dodecamethylenediamine
(244 mg, 1.2 mmol) and (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate (HBTU, 455 mg, 1.2 mmol, 1 equiv), in DMF (20 mL), followed by the addition
of N,N-diisopropylethylamine (DIPEA, 417 uL, 2.4 mmol, 2 equiv) and stirring at room tem-
perature for 3 h. The crude compound was subjected to silica gel column chromatography
for purification, using ethyl acetate:methanol:ammonia as 73:25:2 (v/v/v), to give a white
product (8, 115 mg, 27%). The purity was confirmed by analytical HPLC (R¢ = 19.09 min).

'H NMR (400 MHz, DMSO-dg): & (ppm) 1.20-1.35 (br s, 16H, -(CH,)g), 1.40-1.58
(m, 4H, -CH,-CH,-NH), 2.68-2.81 (m, 2H, CH,NH,), 3.10-3.21 (m, 2H, NHCH,), 6.55 (d,
J =16 Hz, -CO-CH=CH, 1H), 6.76-7.32 (m, aromatic hydrogens, CH=CHCO, 5H), 7.69 (s,
2H, NHy), 8.08 (t, ] = 6 Hz, 1H, NH), 9.57 (s, 1H, OH); '3C NMR (100 MHz, DMSO-dy):
5 (ppm) 164.25 (2 C=0), 158.17(C-OH), 138.99 (CH=CHCO), 136.69 (CH=CHCO), 130.37
(aromatic C), 122.58 (aromatic C), 119.07 (aromatic C), 117.03 (aromatic C), 114.12 (aromatic
C), 22.50-29.65 (-CH,). HR-MS (ESI-qTOF) (m/z) (C21H34N2O;): caled 346.2620, found
347.0936 [M + H]*.

(E)-N-(12-Cinnamamidododecyl)-3-(3-hydroxyphenyl) acrylamide (9). The synthetic pro-
cedure is the same as the one used in synthesis of compound 5 using instead N-(12-
aminododecyl)-3-(3-hydroxyphenyl) acrylamide (8, 50 mg, 0.14 mmol), trans-cinnamic acid
(1, 20 mg, 0.14 mmol), HATU (27 mg, 0.07 mmol, 0.5 equiv), and N-methylmorpholine
(29 uL, 0.28 mmol, 2 equiv). The crude compound was subjected to silica gel column
chromatography to purify the crude product, using methylene chloride:ethylacetate as
70:30 (v/v) to yield 9 (35 mg, 50%). The purity was confirmed by analytical HPLC
(R¢ = 23.94 min).

'H NMR (400 MHz, DMSO-dg): & (ppm) 1.30-1.32 (br s, 16H, -(CH,)g), 1.38-1.50
(m, 4H, -CH,-CH,-NH), 3.09-3.20 (m, -CH,NH,, 4H), 6.50 (d, ] = 16 Hz, -CO-CH=CH,
1H), 6.59 (d, | = 16 Hz, -CO-CH=CH, 1H), 6.76-7.55 (m, aromatic hydrogens, CH=CHCO,
11H), 8.02-8.10 (m, 2H, 2NH), 9.55 (s, 1H, OH). '*C NMR (100 MHz, DMSO-dg): & (ppm)
165.23 (C=0), 165.22 (C=0), 158.14 (C-OH), 138.98 (CH=CHCO), 138.79(CH=CHCO), 136.71
(CH=CHCO), 135.45 (CH=CHCO), 130.37 (aromatic C), 129.81 (aromatic C), 129.38 (aro-
matic C), 127.91 (aromatic C), 122.85 (aromatic C), 122.59 (aromatic C), 119.08 (aromatic C),
117.02 (aromatic C), 114.11 (aromatic C), 26.90-29.62 (aliphatic -CH,); HR-MS (ESI-qTOF)
(m/z) (C3pHyoNO3): caled 476.3039, found 477.3245 [M + H]*, 499.3068 [M + Na]*.

N-(12-Aminododecyl)cinnamamide (10). HBTU (507 mg, 1.34 mmol, 1 equiv) was
added to equimolar amounts of trans-cinnamic acid (1, 200 mg, 1.34 mmol) and 1,12-
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dodecamethylenediamine (268 mg, 1.34 mmol, 1 equiv) in DMF (20 mL), followed by the
addition of DIPEA (465 uL, 2.4 mmol, 2 equiv) and stirring at room temperature for 3 h.
After completion of the reaction, the solution was evaporated. The white residue powder
was subjected to silica gel column chromatography, using ethyl acetate:methanol:ammonia
as 75:23:2 (v/v/v) to give the desired product (10) (110 mg, 25%). The purity was confirmed
by analytical HPLC (R¢ = 20.28 min).

'H NMR (400 MHz, DMSO-dg): § (ppm) 1.21-1.32 (br s, 16H, -(CH>)g), 1.39-1.55 (m,
4H, -CH,-CH,-NH), 2.74 (t, | = 8 Hz, 2H, CH;NH,), 3.18 (q, ] =7 Hz, 2H, NHCH,), 6.60 (d,
J =16 Hz, -CO-CH=CH, 1H), 7.35-7.55 (m, aromatic hydrogens, CH=CHCO, 6H), 7.68 (s,
2H, NH,), 8.09 (t, ] = 6 Hz, 1H, NH); 1*C NMR (100 MHz, DMSO-d): & (ppm) 165.23 (CO),
138.79 (CH=CHCO), 135.43 (CH=CHCO), 129.83 (aromatic C), 129.39 (aromatic C), 127.91
(aromatic C), 122.88 (aromatic C), 26.20-29.70 (aliphatic -CH;); HR-MS (ESI-qTOF) (m/z)
(C21H34N;0): caled 330.2671, found 331.3007 [M + HJ*.

(E)-N-(12-Cinnamamidododecyl)-3-(4-hydroxyphenyl) acrylamide (11). The synthetic pro-
cedure was the same as the one used for the synthesis of 5 using N-(12-aminododecyl)
cinnamamide (10, 50 mg, 0.15 mmol), 4-hydroxycinnamic acid (3, 25 mg, 0.15 mmol,
1 equiv), HATU (29 mg, 0.07 mmol, 0.5 equiv), and N-methylmorpholine (23 uL, 0.28 mmol,
2 equiv). Silica gel column chromatography was used for the purification of the crude
product with methylene chloride:ethyl acetate (70:30) (v/v) as eluents to generate com-
pound 11 as a white product (40 mg, 55%). The purity was confirmed by analytical HPLC
(R¢ = 23.68 min).

'H NMR (400 MHz, DMSO-dg): § (ppm) 1.15-1.33 (br s, 16H, -(CH>)g), 1.32-1.50 (m,
4H, -CH,-CH;-NH)), 3.07-3.21 (m, -CH,;NH,, 4H), 6.41 (d, | = 16 Hz, -CO-CH=CH, 1H),
6.59 (d, | = 16 Hz, -CO-CH=CH, 1H), 6.77-7.55 (m, aromatic hydrogens, CH=CHCO, 11H),
7.92 (t,] = 5 Hz, 1H, NH), 8.08 (t, ] = 5 Hz, 1H, NH), 9.80 (s, 1H, OH); 3C NMR (100 MHz,
DMSO-dg): & (ppm) 164.95 (C=0), 164.20 (C=0), 159.21 (C-OH), 138.88 (CH=CHCO),
138.79 (CH=CHCO), 135.45 (CH=CHCO), 129.80 (aromatic C), 129.58 (aromatic C), 127.91
(aromatic C), 126.43 (aromatic C), 122.86 (aromatic C), 119.31 (aromatic C), 116.18 (aromatic
(), 23.50-29.70 (aliphatic -CHj); HR-MS (ESI-qTOF) (m/z) (C30H49N2O3): caled 476.3039,
found 477.3203 [M + H]*, 499.3364 [M + Na]*.

(2E,2'E)-N,N’~(hexane-1,6-diyl)bis(3-phenylacrylamide) (12). Hexane-1,6-diamine (0.58 g,
5 mmol), cinnamic acid (1.48 g, 10 mmol), and pyridine (15 mL) were mixed in a round
bottom flask and stirred for 15-20 min. Triphenyl phosphite (2.8 mL, 10.75 mmol) was
added to the flask, and the reaction mixture was refluxed for 8 h. Pyridine was distilled out
after cooling the mixture to room temperature to reduce the volume to 5 mL. The mixture
was left for overnight standing. After acetone was added, the obtained solid product was
filtered and washed with acetone. Methanol was used for the recrystallization of the crude
product (1.32 g, 70%). M.P. 192 °C.

'H NMR (400 MHz, DMSO-dy): & 1.33 (s, 4H, CHy); 1.47 (s, 4H, -CH,-CH,-NH), 4.15 (q,
4H, | =19.4 Hz, -CH,;NH,), 6.63 (d, ] = 15.8 Hz, 2H, Olefin proton), 7.35-7.43 (m, 4H, Olefin
protons and Ph-H); 7.52 (m, 8H, PhH); 8.10 (s, 2H, NH). 1*C NMR (400 MHz, DMSO-d;)
5 165.30 (2 C=0), 138.81 (CH=CHCO), 135.42 (CH=CHCO), 129.88 (aromatic C), 129.39
(aromatic C), 127.92 (aromatic C), 122.85 (aromatic C), 39.09 (CH,NH), 29.6 (-CH3), 26.7
(-CHy), HR-MS (ESI-qTOF) (m/z) (C24H9N»O3): caled 376.2151, found 377.2240 [M + H]*.

4.3. Three-Dimensional Virtual Docking Using Molsoft ICM-Pro System

The in silico molecular docking was performed using Molsoft ICM-Pro (x64) [33]. The
druggable binding cavity located in the redox-regulatory domain of the APE/Ref-1 protein
(1BIX, 10.2210/pdb1BIX/pdb) was identified and used for docking. The molecular docking
conformation presenting the lowest binding energy was selected to visualize the possible
compound-protein interaction. The virtual docking scores were collected and the ligands
with lower observed ICM scores were chosen due to the higher chance of the ligand being
a binder to the APE/Ref-1 cavity [50].
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4.4. Cell Lines and Cell Culture

Human malignant melanoma cells (A375, #CRL-1619; SK-Mel-28, #HTB-72) were
purchased from ATCC. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
ATCC #30-2002; for A375 cells) or Eagles’ Minimum Essential Medium (EMEM, ATCC
#30-2003; for SK-Mel-28 cells) supplemented with 10% fetal bovine serum (FBS, ATCC
#30-2020) at 37 °C in 5% CO,. All cell lines were passaged once reaching 70-90% confluence.

Human immortalized melanoblast cell lines Hermes 1, Hermes 3A, and Hermes
4A were obtained from the Wellcome Trust Functional Genomics Cell Bank, generously
supplied to researchers [38]. Cells were cultured in the medium as recommended containing
RPMI 1640, FBS (10%), 12-O-tetradecanoyl phorbol acetate (TPA, 200 nM), Cholera toxin (CT,
200 pM), human stem cell factor (hSCF, 10 ng/mL), and endothelin 1 (EDN1, 10 nM) [51].

4.5. In Vitro Anti-Melanoma Activity Screening Using MTT Colorimetric Assay

Cell viability analysis was conducted based on the bio-reduction of a tetrazolium
compound (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTT) metabolized by live cells. Briefly, human melanoma cells were
inoculated into 96 well microtiter plates in 100 pL at plating densities ranging from
5000 to 8000 cells/well depending on the doubling time of individual cell lines (A375:
5000 cells/well; Sk-Mel-28: 7500 cells/well; Hermes: 8000 cells/well). After cell inocu-
lation, the microtiter plates are incubated for 24 h prior to the addition of experimental
drugs. Various drugs dissolved in DMSO were added to a serum-free medium at differ-
ent concentrations and incubated for 72 h, and negative controls were treated with the
equivalent amounts of the DMSO solution. By the end of treatment, MTT solution was
added to the wells to a final concentration of 0.5 mg/mL for an additional 2 h incubation.
Solubilization solution (4 mM HCI, 0.1% NP-40 in isopropanol) was then added, and the
absorbance was recorded at 595 nm on a plate reader (BioRad, Hercules, CA, USA). All
readings were compared to the control, which represented 100% viability. Each experiment
was performed in triplicate and independently repeated at least two times.

4.6. Luciferase Assay to Determine AP-1 Transactivation Activities

3 x AP1pGL3 (3 x AP-1 in pGL3-basic) was a gift from Alexander Dent (Addgene
plasmid #40342), which contains three canonical AP-1 binding sites (TGACTCA) upstream
of a minimal promoter fragment containing a TATA box in the luciferase reporter plasmid
pGL3-basic [39]. 3 x AP1pGL3 was transfected to human melanoma A375 cells using
Lipofectamine 2000 following the manufacturer’s instructions (Invitrogen). 24 h after
transfection, the cells were treated with H,O, (100 M) for 48 h in the presence or absence
of APE/Ref-1 inhibitors (10 uM).

After different treatments, the cells were rinsed twice with phosphate-buffered saline
(PBS). Cells were then scraped from the plates in PBS and pelleted for 4 min at 4 °Cin a
microcentrifuge at 12,000 rpm. Cell pellets were resuspended in 100 pL luciferase lysis
buffer as per manufacturer instructions (Promega, #E1500). Luciferase activity measured in
relative light units reflects the AP-1 transcription rate and was detected by a SpectraMax
M5 UV VIZ Plate Reader. A cell count was conducted for normalization. All samples were
studied in duplicate, and readings were taken in triplicate. Each experiment was repeated
at least two times.

4.7. In Vivo Xenograft Melanoma

The Institutional Animal Care and Use Committee approved all the animal procedures
at Chapman University (IACUC #2020-1131). Male nude mice (Nu/Nu) were purchased
from Charles River (Wilmington, MA, USA) and were housed and maintained in the Chap-
man University vivarium under pathogen-free conditions. Human metastatic melanoma
A375 cells were injected subcutaneously into the flank (1 x 10° cells per mouse). Three
days-post tumor cell injection, mice were randomized into different groups. The treatment
group was injected with compound 2 (5 mg/kg/day, IP) for 21 days. The growth of the
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tumors was monitored three times a week and measured using digital Vernier calipers. The
size of the tumors was calculated as tumor volume (mm?) = (L. x W?)/2. The mice were
sacrificed at the end of the study via CO, euthanasia and cervical dislocation.

5. Conclusions

The novel APE/Ref-1 inhibitor developed in our study (compound 2) showed promis-
ing anti-melanoma activities in vitro and in vivo, suggesting that targeting APE/Ref-1-
mediated signaling might be a novel and effective strategy for melanoma therapy. More
studies are warranted in the future to develop more bioavailable and potent APE/Ref-1
inhibitors with chemical modifications of the lead compound.
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bis(3-(3-hydroxyphenyl) acrylamide) (7); Figure S13: 1H NMR (400 MHz, DMSO-dg) of (E)-N-(12-
aminododecyl)-3-(3-hydroxyphenyl) (8); Figure S14: 13C NMR (100 MHz, DMSO-dg) of (E)-N-(12-
aminododecyl)-3-(3-hydroxyphenyl) (8); Figure S15: Mass spectra of (E)-N-(12-aminododecyl)-3-(3-
hydroxyphenyl) (8); Figure S16: H NMR (400 MHz, DMSO-dg) of (E)-N-(12-cinnamamidododecyl)-
3-(3-hydroxyphenyl) acrylamide (9); Figure S17: 13C NMR (100 MHz, DMSO-dg) of (E)-N-(12-
cinnamamidododecyl)-3-(3-hydroxyphenyl) acrylamide (9); Figure S18: Mass spectra of (E)-N-(12-
cinnamamidododecyl)-3-(3-hydroxyphenyl) acrylamide (9); Figure S19: 'H NMR (400 MHz, DMSO-
dé6) of N-(12-aminododecyl) cinnamamide (10); Figure S20: 13C NMR (100 MHz, DMSO-dg) of

N-(12-aminododecyl) cinnamamide (10); Figure S21: Mass spectra of N-(12-aminododecyl) cinna-
mamide (10); Figure 522: 'H NMR (400 MHz, DMSO-dg) of (E)-N-(12-cinnamamidododecyl)-3-(4-
hydroxyphenyl) (11); Figure S23: 13C NMR (100 MHz, DMSO-d6) of (E)-N-(12-cinnamamidododecyl)-
3-(4-hydroxyphenyl) (11); Figure S24: Mass spectra of (E)-N-(12-cinnamamidododecyl)-3-(4-hydroxyp

henyl) (11); Figure S25: 'H NMR (400 MHz, DMSO-d¢) of (2E,2’E)-N,N’-(hexane-1,6-diyl)bis(3-
phenylacrylamide) (12); Figure 526: 13C NMR (100 MHz, DMSO-d6) of (2E,2’E)-N,N’-(hexane-
1,6-diyl)bis(3-phenylacrylamide) (12); Figure S27: No significant reduction of body weight was

evident in mice treated with compound 2 (5 mg/kg, IP, daily) for 21 days in a melanoma xenograft

mouse model.

Author Contributions: S.Y., K.P. and R.C. planned and designed the experiments; R.A., S.D., Z.Z.
and B.K. performed the chemistry; S.T., EK,, S.C. and S.Y. conducted or contributed to biological
assays; S.Y. and K.P. contributed reagents/materials/analysis tools; R.A., S.Y., K.P,, S.D., S.T. and B.K.
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Cancer Institute of the National Institutes of
Health for S.Y. (1KO8CA179084). S.Y. also received funding from Chapman University Office of
Research (Faculty Opportunity Grant). S.T. was supported by the Chapman University School of
Pharmacy Scholarship.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the core labs at the Chapman University School of Pharmacy
for access to all instrumentation. APE/Ref-1 inhibitors E3330 (APEX3330) and E2009 (APEX2009)
were generously provided by Mark R. Kelley (Indiana University School of Medicine). The authors


https://www.mdpi.com/article/10.3390/molecules27092672/s1
https://www.mdpi.com/article/10.3390/molecules27092672/s1

Molecules 2022, 27, 2672 17 of 19

also thank the Wellcome Trust Functional Genomics Cell Bank for providing the Hermes 1, Hermes
3A, and Hermes 4A cell lines of the study.

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

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Rastrelli, M.; Tropea, S.; Rossi, C.R.; Alaibac, M. Melanoma: Epidemiology, risk factors, pathogenesis, diagnosis and classification.
In Vivo 2014, 28, 1005-1011. [PubMed]

American Cancer Society. Cancer Facts & Figures 2022; American Cancer Society: Atlanta, GA, USA, 2022.

Romero-Graillet, C.; Aberdam, E.; Clement, M.; Ortonne, J.P.; Ballotti, R. Nitric oxide produced by ultraviolet-irradiated
keratinocytes stimulates melanogenesis. |. Clin. Investig. 1997, 99, 635-642. [CrossRef] [PubMed]

Russo, P.A.; Halliday, G.M. Inhibition of nitric oxide and reactive oxygen species production improves the ability of a sunscreen
to protect from sunburn, immunosuppression and photocarcinogenesis. Br. |. Dermatol. 2006, 155, 408—415. [CrossRef] [PubMed]
Aitken, G.R.; Henderson, J.R.; Chang, S.C.; McNeil, C.J.; Birch-Machin, M. A. Direct monitoring of UV-induced free radical
generation in HaCaT keratinocytes. Clin. Exp. Dermatol. 2007, 32, 722-727. [CrossRef]

Meyskens, FL., Jr.; Farmer, PJ.; Yang, S.; Anton-Culver, H. New perspectives on melanoma pathogenesis and chemoprevention.
Recent Results Cancer Res. 2007, 174, 191-195.

Moan, J.; Grigalavicius, M.; Baturaite, Z.; Dahlback, A.; Juzeniene, A. The relationship between UV exposure and incidence of
skin cancer. Photodermatol. Photoimmunol. Photomed. 2015, 31, 26-35. [CrossRef]

Yang, Z.; Yang, S.; Misner, B.J.; Chiu, R.; Liu, F; Meyskens, EL., Jr. Nitric oxide initiates progression of human melanoma via a
feedback loop mediated by apurinic/apyrimidinic endonuclease-1/redox factor-1, which is inhibited by resveratrol. Mol. Cancer
Ther. 2008, 7, 3751-3760. [CrossRef]

Meyskens, EL., Jr.; McNulty, S.E.; Buckmeier, J.A.; Tohidian, N.B.; Spillane, T.J.; Kahlon, R.S.; Gonzalez, R.I. Aberrant redox
regulation in human metastatic melanoma cells compared to normal melanocytes. Free Radic Biol. Med. 2001, 31, 799-808.
[CrossRef]

Mitchell, D.; Paniker, L.; Sanchez, G.; Trono, D.; Nairn, R. The etiology of sunlight-induced melanoma in Xiphophorus hybrid fish.
Mol. Carcinog 2007, 46, 679—-684. [CrossRef]

Garibyan, L.; Fisher, D.E. How Sunlight Causes Melanoma. Curr. Oncol. Rep. 2010, 12, 319-326. [CrossRef]

Shah, F,; Logsdon, D.; Messmann, R.A.; Fehrenbacher, J.C.; Fishel, M.L.; Kelley, M.R. Exploiting the Ref-1-APE1 node in cancer
signaling and other diseases: From bench to clinic. NP] Precis. Oncol. 2017, 1, 19. [CrossRef]

Evans, A.R.; Limp-Foster, M.; Kelley, M.R. Going APE over ref-1. Mutat Res. 2000, 461, 83-108. [CrossRef]

Yang, S.; Misner, B.J.; Chiu, R.J.; Meyskens, FL., Jr. Redox effector factor-1, combined with reactive oxygen species, plays an
important role in the transformation of JB6 cells. Carcinogenesis 2007, 28, 2382-2390. [CrossRef]

Yang, S.; Irani, K.; Heffron, S.E.; Jurnak, F.; Meyskens, FL., Jr. Alterations in the expression of the apurinic/apyrimidinic
endonuclease-1/redox factor-1 (APE/Ref-1) in human melanoma and identification of the therapeutic potential of resveratrol as
an APE/Ref-1 inhibitor. Mol. Cancer Ther. 2005, 4, 1923-1935. [CrossRef]

Vascotto, C.; Cesaratto, L.; Zeef, L.A.; Deganuto, M.; D’Ambrosio, C.; Scaloni, A.; Romanello, M.; Damante, G.; Taglialatela, G.;
Delneri, D.; et al. Genome-wide analysis and proteomic studies reveal APE1/Ref-1 multifunctional role in mammalian cells.
Proteomics 2009, 9, 1058-1074. [CrossRef]

Yang, S.; Meyskens, EL. Apurinic/apyrimidinic endonuclease/redox effector factor-1(APE/Ref-1): A unique target for the
prevention and treatment of human melanoma. Antioxid. Redox Signal. 2009, 11, 639-650. [CrossRef]

Caston, R.A.; Gampala, S.; Armstrong, L.; Messmann, R.A_; Fishel, M.L.; Kelley, M.R. The multifunctional APE1 DNA repair-redox
signaling protein as a drug target in human disease. Drug Discov. Today 2021, 26, 218-228. [CrossRef]

Angkeow, P; Deshpande, S.S.; Qi, B.; Liu, Y.X,; Park, Y.C.; Jeon, B.H.; Ozaki, M.; Irani, K. Redox factor-1: An extra-nuclear role in
the regulation of endothelial oxidative stress and apoptosis. Cell Death Differ. 2002, 9, 717-725. [CrossRef]

Robertson, K.A.; Bullock, H.A.; Xu, Y.; Tritt, R.; Zimmerman, E.; Ulbright, T.M.; Foster, R.S.; Einhorn, L.H.; Kelley, M.R. Altered
expression of Apel/ref-1 in germ cell tumors and overexpression in NT2 cells confers resistance to bleomycin and radiation.
Cancer Res. 2001, 61, 2220-2225.

Li, Q.; Zhou, Z.-W.; Duan, W,; Qian, C.-Y,; Wang, S.-N.; Deng, M.-S; Zi, D.; Wang, ].-M.; Mao, C.-Y.; Song, G.; et al. Inhibiting the
redox function of APE1 suppresses cervical cancer metastasis via disengagement of ZEB1 from E-cadherin in EMT. ]. Exp. Clin.
Cancer Res. 2021, 40, 220. [CrossRef]

Yang, Z.; Yang, S.; Misner, B.J.; Liu-Smith, F.; Meyskens, EL. The role of APE/Ref-1 signaling pathway in hepatocellular carcinoma
progression. Int. ]. Oncol. 2014, 45, 1820-1828. [CrossRef]

Shahda, S.; Lakhani, N.J.; O’'Neil, B.; Rasco, D.W.; Wan, J.; Mosley, A.L.; Liu, H.; Kelley, M.R.; Messmann, R.A. A phase I study of
the APE1 protein inhibitor APX3330 in patients with advanced solid tumors. J. Clin. Oncol. 2019, 37, 3097. [CrossRef]

Rai, G.; Vyjayanti, V.N.; Dorjsuren, D.; Simeonov, A.; Jadhav, A.; Wilson, D.M., 3rd; Maloney, D.J. Synthesis, biological evaluation,
and structure-activity relationships of a novel class of apurinic/apyrimidinic endonuclease 1 inhibitors. J. Med. Chem. 2012, 55,
3101-3112. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/25398793
http://doi.org/10.1172/JCI119206
http://www.ncbi.nlm.nih.gov/pubmed/9045865
http://doi.org/10.1111/j.1365-2133.2006.07339.x
http://www.ncbi.nlm.nih.gov/pubmed/16882182
http://doi.org/10.1111/j.1365-2230.2007.02474.x
http://doi.org/10.1111/phpp.12139
http://doi.org/10.1158/1535-7163.MCT-08-0562
http://doi.org/10.1016/S0891-5849(01)00650-5
http://doi.org/10.1002/mc.20341
http://doi.org/10.1007/s11912-010-0119-y
http://doi.org/10.1038/s41698-017-0023-0
http://doi.org/10.1016/S0921-8777(00)00046-X
http://doi.org/10.1093/carcin/bgm128
http://doi.org/10.1158/1535-7163.MCT-05-0229
http://doi.org/10.1002/pmic.200800638
http://doi.org/10.1089/ars.2008.2226
http://doi.org/10.1016/j.drudis.2020.10.015
http://doi.org/10.1038/sj.cdd.4401025
http://doi.org/10.1186/s13046-021-02006-5
http://doi.org/10.3892/ijo.2014.2589
http://doi.org/10.1200/JCO.2019.37.15_suppl.3097
http://doi.org/10.1021/jm201537d

Molecules 2022, 27, 2672 18 of 19

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Behrouzi, A.; Xia, H.; Thompson, E.L.; Kelley, M.R.; Fehrenbacher, ].C. Oxidative DNA Damage and Cisplatin Neurotoxicity Is
Exacerbated by Inhibition of OGG1 Glycosylase Activity and APE1 Endonuclease Activity in Sensory Neurons. Int. J. Mol. Sci.
2022, 23, 1909. [CrossRef]

Gaiddon, C.; Moorthy, N.C.; Prives, C. Ref-1 regulates the transactivation and pro-apoptotic functions of p53 in vivo. EMBO ].
1999, 18, 5609-5621. [CrossRef]

Sever, R.; Brugge, ].S. Signal transduction in cancer. Cold Spring Harb Perspect. Med. 2015, 5, a006098. [CrossRef]

Mijit, M.; Caston, R.; Gampala, S.; Fishel, M.L.; Fehrenbacher, J.; Kelley, M.R. APE1/Ref-1—One Target with Multiple Indications:
Emerging Aspects and New Directions. J. Cell Signal. 2021, 2, 151-161.

Mcllwain, D.W,; Fishel, M.L.; Boos, A.; Kelley, M.R.; Jerde, T.J. APE1/Ref-1 redox-specific inhibition decreases survivin protein
levels and induces cell cycle arrest in prostate cancer cells. Oncotarget 2018, 9, 10962-10977. [CrossRef]

Guerreiro, P.S.; Corvacho, E.; Costa, J.G.; Saraiva, N.; Fernandes, A.S.; Castro, M.; Miranda, ]J.P.; Oliveira, N.G. The APE1 redox
inhibitor E3330 reduces collective cell migration of human breast cancer cells and decreases chemoinvasion and colony formation
when combined with docetaxel. Chem. Biol. Drug Des. 2017, 90, 561-571. [CrossRef]

Kelley, M.R; Luo, M.; Reed, A ; Su, D.; Delaplane, S.; Borch, R.F; Nyland, R.L., 2nd; Gross, M.L.; Georgiadis, M.M. Functional
analysis of novel analogues of E3330 that block the redox signaling activity of the multifunctional AP endonuclease/redox
signaling enzyme APE1/Ref-1. Antioxid. Redox Signal. 2011, 14, 1387-1401. [CrossRef]

Fishel, M.L.; Xia, H.; McGeown, J.; Mcllwain, D.W.; Elbanna, M.; Craft, A.A.; Kaimakliotis, H.Z.; Sandusky, G.E.; Zhang, C.;
Pili, R.; et al. Antitumor Activity and Mechanistic Characterization of APE1/Ref-1 Inhibitors in Bladder Cancer. Mol. Cancer Ther.
2019, 18, 1947-1960. [CrossRef] [PubMed]

Cavasotto, C.N.; Orry, A.J. Ligand docking and structure-based virtual screening in drug discovery. Curr. Top. Med. Chem. 2007, 7,
1006-1014. [CrossRef]

Orry, A.J.; Abagyan, R.A.; Cavasotto, C.N. Structure-based development of target-specific compound libraries. Drug Discov. Today
2006, 11, 261-266. [CrossRef]

Natala, S.R.; Habas, A.; Stocking, E.M.; Orry, A.; Price, D.L.; Gill, M.B.; Bonhaus, D.W.; Abagyan, R.; Wrasidlo, W. Structure
based design and synthesis of novel Toll-like Receptor 2 (TLR 2) lipid antagonists. Bioorganic Med. Chem. Lett. 2021, 40, 127861.
[CrossRef] [PubMed]

Zou, G.M.; Maitra, A. Small-molecule inhibitor of the AP endonuclease 1/REF-1 E3330 inhibits pancreatic cancer cell growth and
migration. Mol. Cancer Ther. 2008, 7, 2012-2021. [CrossRef] [PubMed]

Gray-Schopfer, V.C.; Cheong, S.C.; Chong, H.; Chow, J.; Moss, T.; Abdel-Malek, Z.A.; Marais, R.; Wynford-Thomas, D.;
Bennett, D.C. Cellular senescence in naevi and immortalisation in melanoma: A role for p16? Br. |. Cancer 2006, 95, 496-505.
[CrossRef] [PubMed]

The Wellcome Trust Functional Genomics Cell Bank: Holdings. Pigment. Cell Melanoma Res. 2010, 23, 147-150. [CrossRef]
Vasanwala, EH.; Kusam, S.; Toney, L.M.; Dent, A.L. Repression of AP-1 function: A mechanism for the regulation of Blimp-
1 expression and B lymphocyte differentiation by the B cell lymphoma-6 protooncogene. J. Immunol. 2002, 169, 1922-1929.
[CrossRef]

Dean, E.; Lorigan, P. Advances in the management of melanoma: Targeted therapy, immunotherapy and future directions. Expert
Rev. Anticancer. 2012, 12, 1437-1448. [CrossRef]

Kuryk, L.; Bertinato, L.; Staniszewska, M.; Pancer, K.; Wieczorek, M.; Salmaso, S.; Caliceti, P.; Garofalo, M. From Conventional
Therapies to Immunotherapy: Melanoma Treatment in Review. Cancers 2020, 12, 3057. [CrossRef]

Barone, A.; Hazarika, M.; Theoret, M.R.; Mishra-Kaly, P; Chen, H.; He, K,; Sridhara, R.; Subramaniam, S.; Pfuma, E.; Wang, Y.; et al.
FDA Approval Summary: Pembrolizumab for the Treatment of Patients with Unresectable or Metastatic Melanoma. Clin. Cancer
Res. 2017, 23, 5661-5665. [CrossRef]

Luo, M.; Kelley, M.R. Inhibition of the human apurinic/apyrimidinic endonuclease (APE1) repair activity and sensitization of
breast cancer cells to DNA alkylating agents with lucanthone. Anticancer. Res. 2004, 24, 2127-2134.

Zou, G.M,; Karikari, C.; Kabe, Y.; Handa, H.; Anders, R.A.; Maitra, A. The Ape-1/Ref-1 redox antagonist E3330 inhibits the
growth of tumor endothelium and endothelial progenitor cells: Therapeutic implications in tumor angiogenesis. ]. Cell Physiol.
2009, 219, 209-218. [CrossRef]

Bapat, A.; Glass, L.S.; Luo, M.; Fishel, M.L.; Long, E.C.; Georgiadis, M.M.; Kelley, M.R. Novel small-molecule inhibitor of
apurinic/apyrimidinic endonuclease 1 blocks proliferation and reduces viability of glioblastoma cells. J. Pharmacol. Exp. Ther.
2010, 334, 988-998. [CrossRef]

Madhusudan, S.; Smart, F,; Shrimpton, P.; Parsons, J.L.; Gardiner, L.; Houlbrook, S.; Talbot, D.C.; Hammonds, T.; Freemont, P.A,;
Sternberg, M.J.; et al. Isolation of a small molecule inhibitor of DNA base excision repair. Nucleic Acids Res. 2005, 33, 4711-4724.
[CrossRef]

Nyland, R.L.; Luo, M.; Kelley, M.R.; Borch, R.F. Design and synthesis of novel quinone inhibitors targeted to the redox function of
apurinic/apyrimidinic endonuclease 1/redox enhancing factor-1 (Apel/ref-1). J. Med. Chem. 2010, 53, 1200-1210. [CrossRef]
Shirazi, A.N.; El-Sayed, N.S.; Tiwari, R.K.; Tavakoli, K.; Parang, K. Cyclic Peptide Containing Hydrophobic and Positively
Charged Residues as a Drug Delivery System for Curcumin. Curr. Drug Deliv. 2016, 13, 409-417. [CrossRef]


http://doi.org/10.3390/ijms23031909
http://doi.org/10.1093/emboj/18.20.5609
http://doi.org/10.1101/cshperspect.a006098
http://doi.org/10.18632/oncotarget.23493
http://doi.org/10.1111/cbdd.12979
http://doi.org/10.1089/ars.2010.3410
http://doi.org/10.1158/1535-7163.MCT-18-1166
http://www.ncbi.nlm.nih.gov/pubmed/31413178
http://doi.org/10.2174/156802607780906753
http://doi.org/10.1016/S1359-6446(05)03717-7
http://doi.org/10.1016/j.bmcl.2021.127861
http://www.ncbi.nlm.nih.gov/pubmed/33636302
http://doi.org/10.1158/1535-7163.MCT-08-0113
http://www.ncbi.nlm.nih.gov/pubmed/18645011
http://doi.org/10.1038/sj.bjc.6603283
http://www.ncbi.nlm.nih.gov/pubmed/16880792
http://doi.org/10.1111/j.1755-148X.2009.00641.x
http://doi.org/10.4049/jimmunol.169.4.1922
http://doi.org/10.1586/era.12.124
http://doi.org/10.3390/cancers12103057
http://doi.org/10.1158/1078-0432.CCR-16-0664
http://doi.org/10.1002/jcp.21666
http://doi.org/10.1124/jpet.110.169128
http://doi.org/10.1093/nar/gki781
http://doi.org/10.1021/jm9014857
http://doi.org/10.2174/1567201812666151029101102

Molecules 2022, 27, 2672 19 of 19

49. Mozaffari, S.; Salehi, D.; Mahdipoor, P.; Beuttler, R.; Tiwari, R.; Aliabadi, H.M.; Parang, K. Design and application of hybrid
cyclic-linear peptide-doxorubicin conjugates as a strategy to overcome doxorubicin resistance and toxicity. Eur. |. Med. Chem.
2021, 226, 113836. [CrossRef]

50. Schapira, M.; Totrov, M.; Abagyan, R. Prediction of the binding energy for small molecules, peptides and proteins. ]. Mol. Recognit.
1999, 12, 177-190. [CrossRef]

51. Cell Culture Media. Available online: https://www.sgul.ac.uk/about/our-institutes /molecular-and-clinical-sciences /research-
centres/cell-biology-research-centre /genomics-cell-bank/ cell-culture-media#a8 (accessed on 5 June 2021).


http://doi.org/10.1016/j.ejmech.2021.113836
http://doi.org/10.1002/(SICI)1099-1352(199905/06)12:3&lt;177::AID-JMR451&gt;3.0.CO;2-Z
https://www.sgul.ac.uk/about/our-institutes/molecular-and-clinical-sciences/research-centres/cell-biology-research-centre/genomics-cell-bank/cell-culture-media#a8
https://www.sgul.ac.uk/about/our-institutes/molecular-and-clinical-sciences/research-centres/cell-biology-research-centre/genomics-cell-bank/cell-culture-media#a8

	Introduction 
	Results 
	Chemistry 
	Molecular Docking Study of the Synthesized Compound Candidates 
	Effects of Novel APE/Ref-1 Inhibitors on Melanoma Proliferation Using MTT Colorimetric Assay 
	Potent and Selective Anti-Tumor Activities of Compound 11 in Human Melanoma Cells 
	Compound 2 Suppressed H2O2-Induced AP-1 Transactivation in Human Melanoma Cells 
	Effects of APE/Ref-1 Inhibitor on Tumor Growth Using a Melanoma Xenograft Mouse Model 

	Discussion 
	Materials and Methods 
	Materials 
	Chemical Synthesis 
	Three-Dimensional Virtual Docking Using Molsoft ICM-Pro System 
	Cell Lines and Cell Culture 
	In Vitro Anti-Melanoma Activity Screening Using MTT Colorimetric Assay 
	Luciferase Assay to Determine AP-1 Transactivation Activities 
	In Vivo Xenograft Melanoma 

	Conclusions 
	References

