ﬁr International Journal of
Molecular Sciences

Article

SK119, a Novel Shikonin Derivative, Leads to Apoptosis in
Melanoma Cell Lines and Exhibits Synergistic Effects with
Vemurafenib and Cobimetinib

Nadine Kretschmer -2

and Rudolf Bauer!

check for
updates

Citation: Kretschmer, N.;
Durchschein, C.; Hufner, A.; Rinner,
B.; Lohberger, B.; Bauer, R. SK119, a
Novel Shikonin Derivative, Leads to
Apoptosis in Melanoma Cell Lines
and Exhibits Synergistic Effects with
Vemurafenib and Cobimetinib. Int. J.
Mol. Sci. 2022, 23, 5684. https://
doi.org/10.3390/ijms23105684

Academic Editor: Young-Jun Jeon

Received: 29 April 2022
Accepted: 17 May 2022
Published: 19 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Christin Durchschein 1, Antje Hufner

300, Beate Rinner 2, Birgit Lohberger **

Institute of Pharmaceutical Sciences, Department of Pharmacognosy, University of Graz, Beethovenstr. 8,
8010 Graz, Austria; nadine kretschmer@uni-graz.at (N.K.); christin.durchschein@hotmail.com (C.D.);
rudolf bauer@uni-graz.at (R.B.)

Division of Biomedical Research, Medical University Graz, Roseggerweg 48, 8036 Graz, Austria;
beate.rinner@medunigraz.at

Institute of Pharmaceutical Sciences, Department of Pharmaceutical Chemistry, University of Graz,
Universitaetsplatz 1, 8010 Graz, Austria; antje.huefner@uni-graz.at

Department of Orthopedics and Trauma, Medical University Graz, Auenbruggerplatz 5, 8036 Graz, Austria
*  Correspondence: birgit.lohberger@medunigraz.at

Abstract: Melanoma is a complex and heterogenous disease, displays the deadliest form of skin
cancer, and accounts for approx. 80% of all skin cancer deaths. In this study, we reported on the
synthesis and pharmacological effects of a novel shikonin derivative (SK119), which is active in
a nano-molar range and exhibits several promising in vitro effects in different human melanoma
cells. SK119 was synthesized from shikonin as part of our search for novel, promising shikonin
derivatives. It was screened against a panel of melanoma and non-tumorigenic cell lines using XTT
viability assays. Moreover, we studied its pharmacological effects using apoptosis and Western blot
experiments. Finally, it was combined with current clinically used melanoma therapeutics. SK119
exhibited ICs( values in a nano-molar range, induced apoptosis and led to a dose-dependent increase
in the expression and protein phosphorylation of HSP27 and HSP90 in WM9 and MUG-Mel 2 cells.
Combinatorial treatment, which is highly recommended in melanoma, revealed the synergistic effects
of SK119 with vemurafenib and cobimetinib. SK119 treatment changed the expression levels of
apoptosis genes and death receptor expression and exhibited synergistic effects with vemurafenib
and cobimetinib in human melanoma cells. Further research indicates a promising potential in
melanoma therapy.
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1. Introduction

According to the World Health Organization (WHO, Geneva, Switzerland), the in-
cidence of skin cancer has been increasing over recent decades, with a global occurrence
of 2-3 million cases each year. This means that one in every three cancers diagnosed
is a skin cancer. Melanoma accounts for approximately 5% of all skin cancer cases, but
displays the deadliest form of skin cancer and accounts for approx. 80% of all skin cancer
deaths. Moreover, its incidence has increased faster than the incidence of any other type
of cancer [1,2]. Melanoma is a complex and heterogenous disease, making its diagnosis
and treatment still extremely difficult today. Even if improvements in melanoma therapy
were achieved with, for example, BRAF and PD1 inhibitors, the treatment of metastatic
melanoma remains challenging [3]. Therefore, there is still an urgent need for the discovery
and development of novel potential melanoma drugs.

Natural products have always played a crucial role in the discovery of novel anti-
cancer drugs, and traditional remedies still dominate therapeutic measures all around
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the world [4,5]. Today, almost 80% of all approved, small-molecule anti-cancer drugs are
natural products per se, or derived from them [4]. A famous example is camptothecin,
a monoterpenoid indole alkaloid isolated for the first time in 1966 from the Chinese tree
Camptotheca acuminata Decne (Nyssaceae) [6], which mediates its anticancer effects by
inhibiting DNA topoisomerase I. The synthetic analogs of camptothecin, such as topotecan
and irinotecan, were developed to improve clinical efficiency and are in clinical use for
more than 25 years, reflecting their important role [7,8]. Moreover, nature continues to be
an inspiring source of novel biologically active compounds, however, most isolated natural
products will not directly develop into clinically effective drugs. Instead, they serve as a
pharmacophore, giving model compounds to develop more effective drugs [5].

In our survey for discovering novel promising anticancer drugs, the constituents of the
roots of Onosma paniculatum Bur and Franch (Boraginaceae) arose as such candidates [9-12].
These roots are traditionally used in Chinese medicine to treat different skin disorders in
particular, such as measles, skin infections, cuts, and burns and are applied internally and
externally [13]. The main pharmacological active constituents are naphthoquinones, such
as shikonin and the derivatives thereof. We could show that the most active and promising
natural derivative was 8,f-dimethylacrylshikonin (DMAS), which was especially active
against a panel of melanoma cell lines [10-12]. In ongoing studies, our goal was to modify
the structure of DMAS to further optimize its effects. Firstly, among other derivatives,
we developed a novel shikonin derivative—cyclopropylacetylshikonin—which was more
effective against two metastatic melanoma cell lines than DMAS [14]. A similar derivative
bearing another cyclopropane moiety was also shown by our group to exhibit promising
effects in melanoma cell lines [15]. In the current study, we report on the synthesis and
pharmacological effects of another novel shikonin derivative (SK119), which is active in a
nano-molar range and exhibited several promising in vitro effects.

2. Results and Discussion
2.1. Synthesis and Structure Elucidation of SK119

In our studies about the structure-activity relationship of DMAS and its derivatives, we
analyzed the influence of the configuration of the side chain. Initially, we aimed to prepare
dimethyl-acryl-alkannin from shikonin and dimethyl acrylic acid, via the Mitsunobu
reaction, which is similar to a procedure that was used by Liao et al. for the acylation of a o
hydroxy phenyl compound [16]. However, DEAD (diethyl azodicarboxylate) was replaced
by DIAD (diisopropyl azodicarboxylate), which is more convenient to handle. Though the
R¢-value of the reaction product (TLC on silica) was close to DMAS, the spot was more
purple in color. After isolation and structure elucidation, the structure of this product was
finally determined as the dimer SK119, which is depicted in Figure 1.
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Figure 1. Structure of 1,4-dihydro-[2-(1-(1,4-dihydro-5,8-dihydroxy-1,4-dioxonaphthalen-3-yl)-4-
methylpent-3-enyl)]-5,8-dihydroxy-3-((E)-4-methylpenta-1,3-dienyl)naphthalene-1,4-dione (SK119).
(A,B) indicate the shikonin-like moieties.

The 'H and '3C NMR spectra of SK119 in CDCl; (Figure 2A,B, NMR data: Table 1)
reveal a dimeric structure of SK119. Hence, the 13C NMR spectrum showed the nearly
30 signals, including four carbonyl signals (5 = 182 to 187 ppm). The 'H NMR spectrum
(Figure 2A) shows two shikonin-like moieties, A and B, as exemplified by the four singlets
of phenolic OH protons (6 = 12.4 to 12.7 ppm) and the four singlets of the four methyl
groups (6 = 1.6 to 1.9 ppm), but only one methylene group (multiplet at 5 = 2.8 ppm).
Two doublets at 4 = 6.04 and 6.58 ppm resp. and a doublet of doublets at 6 = 7.41 ppm
with coupling constants of 15.6 and 11.3 Hz indicate the elimination of water in one side
chain, resulting in an (E)-4-methylpenta-1,3-dienyl group in the shikonin-like moiety A.
There is still a 4-methylpent-3-enyl group attached to the shikonin-like moiety B, but the
o-hydroxy group is replaced by a less polar substituent. DEPT-HSQC and 'H,'H COSY
(see Supplementary Materials, Figures S1 and S2) show the signals of the «-CH (CH-11') at
4 =4.67 ppm and 6 = 38.8 ppm. DEPT-HSQC and HMBC (see Supplementary Materials,
Figures 52 and S3) allowed to assign all of the hydrogen and carbon atoms of subunit B,
which still bears a hydrogen in position 3. Overlay and very similar chemical shifts of
several signals prevent the distinct assignment of all signals of entity A, but couplings of
o-CH of the 4-methylpent-3-enyl chain (CH-11") with carbonyls of both quinones confirm
this CH group as a linker of both quinones. In HMBC, the carbon signal at 143.8 ppm,
which belongs to naphthazarine A, couples with x-protons of both of the side chains,
whereas the two x-protons couple to different carbonyls of moiety A. This, as well as the
NOEs (see Supplementary Materials, Figure S4) between the two «-CH of the side chains
(H-11 and H-11"), prove the proximity of both chains. The C-2 of moiety A is assumed to
show cross peaks in HMBC with o and 3 protons of the 4-methylpenta-1,3-dienyl group,
but probably due to overlay with signals of C-3 or 6-C (C-14), the signal of C-2 could not
be identified. Therefore, SK119 was also measured in benzene-dg (see Supplementary
Materials, Figures S5-58). As depicted in Figure 3, C-2 appears as an additional signal at
144.1 ppm close to C-3 (144.7 ppm) coupling with the & protons of both side chains.
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Figure 2. (A) TH NMR spectrum and (B) 13C NMR spectrum of SK119, measured in CDCl3.
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Table 1. NMR data of SK119, measured in CDCl3 and benzene-dg. *, **, *** Peaks with the same
symbol may be interchanged within column. For numbering, see Figure 1.

Solvent CDClj3 Solvent C¢Dg
No. BC H Bc H
1 186.8 - 187.3 -
2 143.9? - 144.1 -
3 143.9 - 144.7 -
4 186.2 - 187.0 -
5 158.3 ** OH:12.72 s 159.4 OH: 13.10 s
6 129.6 *** 720s 130.1 6.70d,] =9.1 Hz
7 129.2 *** 7.20s 129.8 6.69d,]=9.1Hz
8 158.6 ** OH:12.72 s 159.6 OH: 13.03 s
9 112.1* - 112.8 -
10 111.80 * - 11252 * -
11 120.6 6.58d,]=15.6 Hz 121.8 6.76 d, ] =153 Hz
12 139.2 741dd,]=15.6,11.3 Hz 139.9 7.65dd,]=15.3,11.1 Hz
13 126.7 6.04d,]=112Hz 127.8 6.03d,]=114Hz
14 143.5 - 143.4 -
15 26.5 1.63s 26.6 158 s
16 19.0 1.60s 19.1 1.60s
1 182.5 - 182.79 ** -
2/ 151.4 - 151.6 -
3/ 135.7 723d,J=11Hz 136.3 726d,] =09 Hz
4 182.7 - 182.72 ** -
5 162.5 OH: 1247 s 163.6 OH: 12.85s
6 131.2 7.19d,]=9.6 Hz 131.8 6.59d,]=9.7Hz
7' 131.0 7.16d,]=9.6 Hz 131.2 6.53d,]=9.7Hz
8’ 163.1 OH: 1241s 164.2 OH: 12.71s
9 111.77 * - 112.2 -
10/ 111.6 - 11248 * -
11/ 38.8 4.67tm,[=7.6 Hz 39.6 4.72tm, ] =7.0 Hz
12/ 29.7 2.73-2.87 m, 2H 30.6 2.62-2.79 m, 2H
13/ 120.3 5.08tm, | = 6.8 Hz 121.5 514tm, ] =7.0Hz
14/ 135.2 - 135.2 -
15/ 25.7 1.89s 26.1 1.53s
16’ 18.0 1.85s 18.3 1.51s
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Figure 3. Detail of the HMBC spectrum of SK119, measured in benzene-dé6.

This type of dimeric shikonin is reported for the first time. Among the known
dimeric shikonin derivatives (for examples, see Supplementary Materials, chapter 3),
shikometabolin C is the only one with direct connection of x-C of the side chain with
the quinoid ring of another shikonin unit. However, it shows an additional ring closure
resulting in a pentacyclus with the loss of one quinonoid pattern [17,18]. Shikometabolin C
and other types of known shikonin dimers are presented in the Supplementary Materials.

2.2. Screening of SK119 against Different Melanoma Cell Lines

SK119 was firstly screened against a panel of melanoma cell lines. To investigate the
effects of SK119 on non-tumorigenic cells, fresh, isolated human adult fibroblasts (FS-1),
and embryonic kidney cell line HEK-293 were used. To cover a broad range of different
melanoma types, we used the Sbcl2 cell line as an example of an early state of tumor
progression (cutaneous melanoma, radial growth phase) and three melanoma cell lines
derived from melanoma metastases (WM9, WM164, and MUG-Mel2), because melanoma
metastases often respond poorly to cancer therapeutics. WM cells originated at the left
axillary node and are BRAF mutated. WM164 cells were obtained from the right upper
arm and represent a stage IV superficial spreading melanoma and are also BRAF-mutated.
BRAF mutations are the most frequent mutations in melanoma, occurring in about 68%
of melanoma metastases, 80% of primary melanoma, and 82% of nevi [19]. It is assumed
that these mutations are a critical step for the initiation of melanomagenesis. The most
frequent mutation is characterized by a valine-to-glutamic acid substitution at codon 600
(V60OE). This leads to a ten-fold higher kinase activity, which results in increased cell
proliferation and a lower incidence of apoptosis [19,20]. Currently, melanoma carrying a
BRAFYE mutation are typically treated with a combination of BRAF and MEK inhibitors.
However, tumor resistances and recurrences often occur [21]. In addition, we used a cell line
which carried no BRAF, but a NRAS mutation. This MUG-Mel2 cell line was isolated and
established from a very fast-growing metastasis at the left shoulder [22]. NRAS mutations
occur in about 25% of all melanomas. In the case of a NRAS mutation, no targeted inhibitors
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are in clinical use so far. NRAS mutated melanomas are mostly only treated with MEK
inhibitors, leading to an even lower therapeutic success rate [23].

When compared to the most active, isolated derivative DMAS [10], SK119 was on
average four- to five-fold more active, as shown by their ICsy values (Table 2). In the case
of MUG-Mel2 cells, SK119 exhibited even a 10-fold lower ICsy than DMAS, indicating a
10-fold higher effect.

Table 2. ICsp values (uM) of SK119 after 72 h treatment compared to the most active, formerly
isolated derivative DMAS; (mean + SD, n = 6). x-fold A: x-fold difference of the ICsy values =
ICs50 pmas/ICsg sk119- ICsp values were determined using the four-parameter logistic curve.

Cell Line Sbcl2 WM9 WM164 MUG-Mel2 FS-1 HEK-293
SK119 0.3 £0.01 0.6 £0.01 1.7£03 0.7 £0.01 0.5+0.01 22+04
DMAS 1.1+£01 27+03 83+03 72+05 1.8+0.3 95+14

x-fold A 3.7 4.5 49 10.3 3.7 43

In the literature, dimeric shikonin derivatives described so far are vaforhizin and
iso-vaforhizin and several shikometabolines, such as shikometabolines A-H [17,18,24-27].
However, these dimers are quite heterogenous in structure and, therefore, difficult to
compare. Shikometabolines were, for example, found after incubation of shikonin with
human intestinal bacteria [17,18]. In a study of Min et al. (2000), shikometabolines A-D
were tested for their cytotoxicity against five cancer cell lines (prostate, lung, kidney, colon,
and leukemia) [28]. However, all four derivatives were less cytotoxic than SK119. In
another study, shikometabolin H was shown to be cytotoxic with a relatively high ICs
over 30 pM and inhibited the growth of colon cancer cells by affecting STAT3 [27]. Other
pharmacological activities besides cytotoxicity were shown, for example, for vaforhizin
and iso-vaforhizin, which can be found in different species of the Boraginaceae family,
and which exhibited anti-leishmanial activity [24]. Moreover, two acylated derivatives of
shikometabolin B exhibited neuraminidase inhibitory activity [25].

In summary, however, dimeric shikonins are, as yet, scarcely investigated pharmaco-
logically. In our study, SK119 was also tested in two non-tumorigenic cell lines. FS-1 cells
are adult fibroblasts freshly isolated from an apron of fat. HEK-293 cells are a well-known
and often used cell line, derived from human embryonic kidneys. Both cell lines were also
affected by SK119. For the FS-1 cells, the ICs value was in the same range as for the cancer
cells. In the case of the HEK-293 cells, the IC5) value was up to seven-fold higher than
the ICsg value found for the melanoma cell lines. The cytotoxicity of chemotherapeutics
towards healthy cells is a known problem in cancer therapy, and can lead to undesired
side effects. Vinblastine, for example, is an alkaloid found in Vinca rosea and in clinical use
for many years for the treatment of e.g., breast cancer, Hodgkin’s disease, non-Hodgkin’s
lymphoma, and Histiocytosis X. When tested in vitro, it is active in the same concentration
range towards melanoma cells and non-tumorigenic lung fibroblasts [10]. Nevertheless,
further studies will be necessary to investigate the risk—benefit ratio of our novel compound.

The next step was to investigate whether SK119 leads to apoptosis induction, as is
reported for several other shikonin derivatives, including DMAS [12,29]. Therefore, a
Caspase-Glo® 3/7 assay was performed, which measures the activity of caspases 3 and 7
belonging to effector caspases and, therefore, displaying key enzymes during the process
of apoptosis. For comparison reasons, the cell lines WM9 and MUG-Mel2 were used for
the ongoing studies. Staurosporine, a protein kinase inhibitor, was used as the positive
control and showed a rapid and strong increase in caspase 3/7 activity. This compound
has been characterized as a strong inducer of apoptosis in many different cell types [30].
As shown in Figure 4A, SK119 led to a strong increase in caspase 3/7 activity, especially
after 24 h, which is indicative of apoptosis induction. Based on these data, we investigated
the apoptotic induction in detail.
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Figure 4. Apoptotic induction by treatment with SK119. (A) Results of the Caspase-Glo® 3/7Assay.
Treatment of WM9 and MUG-Mel2 cells led to a strong activity increase in caspases 3/7, indicative
of apoptosis induction 24 h after treatment (mean + SD, n = 6). Staurosporine (25 pM) served as
positive control; (B) Western blot analyses were used to verify the expression of the pro-apoptotic
BAK, the anti-apoptotic Bcl-2 and the antagonist NOXA at the protein level. One representative blot
out of three is shown and (3-actin was used as loading control; (C) Densiometric quantification are
presented (mean + SD; n = 3). All full-length blots are presented in the Supplementary Materials,
Figure 512.

2.3. SK119 Treatment Changed Expression Levels of Apoptosis Genes and Death Receptor Expression

Firstly, we investigated the internal apoptosis pathway by analyzing the effect of
SK119 on the pro-apoptotic gene BAK, the anti-apoptotic gene Bcl-2, and the antagonist
NOXA. Melanoma cell lines were treated with 0.75, 1.5, and 3 pM SK119, followed by
total protein extraction after 24 h incubation and expression levels were determination
using Western blot analysis. The pro-apoptotic gene BAK and the antagonist NOXA were
upregulated in both cell lines in a dose-dependent manner, whereas the anti-apoptotic gene
Bcl-2 reduced accordingly (Figure 4). This apoptotic induction via NOXA downregulation
could already be detected with DMAS in melanoma cells [12].
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In the external apoptosis pathway, the tumor necrosis factor (TNF) receptor family,
which includes TNE-R1, TNF-R2, Fas, and the TRAIL receptors, plays an important role
in the regulation of apoptosis in various physiological systems [31]. Death receptors, as
a subgroup of the TNF-receptor superfamily, are characterized by a highly conserved
extracellular region containing cysteine-rich repeats and a conserved intracellular region of
about 80 amino acids termed the death domain. This domain is required for the transmis-
sion of the cytotoxic signal by recruiting adaptor proteins (FADD, TRADD, RIP) resulting
in the activation of caspases [32]. TNF-R1 and TNF-R2, the two receptors for TNF-«, can
mediate distinct cellular responses [33]. Total protein analysis 24 h after SK119 treatment
revealed a decrease of TNF-R1 and TRAIL-R2 protein expression in WM9 melanoma cells,
whereas the TNF-R2 expression increased in both cell lines (Figure 5). The expression of the
other two receptors was only very weak in MUG-Mel2. The corresponding adaptor protein
TRADD increased, and FADD and RIP diminished in our cellular system. As SK119 is a
completely new derivative, no comparable results could be found in the literature.
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Figure 5. Influence of SK119 treatment on protein expression of death receptors. (A) Protein expres-
sion analysis of the heat shock proteins HSP27 and HSP90, the tumor necrosis factor (TNF) receptor
TNF-R1 and TNF-R2, TRAIL-R2, and the adaptor proteins FADD, TRADD, and RIP after treatment
with 0.75 uM and 1.5 uM SK119 for 24 h in WM9 and MUG-Mel2 cells. Untreated control cells (ctrl)
served as reference value and 3-actin was used as loading control. One representative blot out of
three is shown; (B) Densiometric quantifications are presented (mean + SD; n = 3). All full-length
blots are presented in the Supplementary Materials, Figure S13.

Heat shock proteins (HSPs) are a set of highly conserved proteins and powerful
chaperones whose expression is induced in response to a wide variety of physiological and
environmental insults, including anticancer chemotherapy, thus allowing the cell to survive
lethal conditions [34]. Secondly, HSPs are powerful anti-apoptotic proteins, associating
with key effectors of the apoptotic machinery, and thereby interfering with this cell death
process at different stages. At the post-mitochondrial level, it was shown that HSP27 binds
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to cytochrome c [35], and HSP70 binds to the apoptotic protease activating factor 1 (Apaf-1),
thereby inhibiting caspases’ activation and apoptotic cell death [36]. SK119 treatment
caused a dose-dependent increase in the expression and protein phosphorylation of HSP27
and HSP90 in WM9 and MUG-Mel 2 cells (Figure 5).

2.4. 5K119 Exhibited Synergistic Effects with Vemurafenib and Cobimetinib

Finally, we investigated the effects of SK119 in combination with vemurafenib and
cobimetinib. One of the central pathways that is most dysregulated in melanoma is the
RAS-RAF-MEK-ERK-MAP kinase pathway. In most cases, a BRAF mutation is found [37].
Mutated BRAF proteins have an increased kinase activity, leading to uncontrolled cell
growth and cancer development [38]. The second most common key driver mutation
can be found in NRAS, which also plays a key role in this pathway. A few years ago,
BRAF inhibitors, such as vemurafenib and dabrafenib, revolutionized melanoma treatment.
However, adverse side effects and especially the development of resistance within the
melanoma are common, which leads to a poor prognosis [39]. In the case of the NRAS-
mutant melanomas, tumors exhibit an aggressive clinical behavior, are hard to treat, and
are associated with a very poor prognosis [40]. These tumors are typically treated with
MEK-inhibitors such as cobimetinib. Since the WM9 cells are BRAF mutated and the
MUG-Mel2 cells are NRAS mutated, we decided to use vemurafenib for the WMO9 cells
and cobimetinib for the MUG-Mel2 cells. First of all, we determined the ICs; values for
both compounds in each cell line using the XTT viability assay (Figure 6A,D). In WM9
cells, we found an IC5( of vemurafenib of 82.1 nM. Cobimetinib exhibited an ICsy value
of 55.2 nM in MUG-Mel2 cells. To study the synergistic or antagonistic effects, cells were
treated with different concentrations of SK119 and vemurafenib or cobimetinib, and the
results were analyzed using the XTT assay and the free software tool, Combenefit (Cancer
Research UK, University of Cambridge, Cambridge, UK) [41]. As shown in Figure 6B,C,
we found antagonistic effects in the WM9 cells when SK119 was applied in a very low
concentration of 0.3 uM. However, when both compounds were applied at ICs5j, we found
a strong synergistic effect. In the case of the MUG-Mel2 cells, the application of both
compounds at the approx. ICsg also led to synergistic effects. In addition, when SK119
was applied at higher concentrations, it led to antagonistic effects. This also shows that,
in the case of combinatorial treatment, the concentration of each compound is of great
importance to lead to desirable effects. In general, combinatorial therapy in melanoma is
highly recommended to reduce the risk of resistance of the cancer cells and has been shown
to dramatically improve response rates, progression-free survival, and overall survival [42].
Therefore, this approach is of high interest and needs to be investigated in more detail in
further studies.
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Figure 6. Treatment of WM9 and MUG-Mel2 cells with vemurafenib or cobimetinib and SK119.
(A—C) treatment of WM cells with vemurafenib (A) or vemurafenib and SK119 in varying concen-
trations and analyzed using the Bliss model and the Combenefit software tool (B,C); (D-F) treatment
of MUG-Mel2 cells with cobimetinib (D) or cobimetinib and SK119 in varying concentrations and
analyzed using the Bliss model and the Combenefit software tool (E,F) (1 = 3, incubation time: 72 h).

3. Materials and Methods

3.1. Synthesis of 1,4-Dihydro-[2-(1-(1,4-dihydro-5,8-dihydroxy-1,4-dioxonaphthalen-3-yl)-4-
methylpent-3-enyl)]-5,8-dihydroxy-3-((E)-4-methylpenta-1,3-dienyl)naphthalene-1,4-dione
(5K119)

Shikonin was purchased from Chengdu Biopurify Phytochemicals Ltd. (Chengdu,
China). Reagents and solvents were acquired from commercial suppliers. Solvents were
dried and purified using standard techniques. Under argon atmosphere, a solution of
shikonin (29 mg, 0.1 mmol) and dimethyl acrylic acid (20 mg, 0.2 mmol) in abs. THF
(0.83 mL) was cooled to 0 °C. PPh3 (105 mg, 0.4 mmol) was added and the solution was
stirred for 15 min, followed by addition of DIAD (0.13 mL, 0.75 mmol) in 0.22 mL THF.
After stirring for 30 min at 0 °C, cyclohexane was added (1 mL) and the mixture was
concentrated in vacuo. The residue was filtered over silica and celite® (2 mm layer each),
the products containing fractions were combined, concentrated in vacuo, and submitted to
flash chromatography (silica, cyclohexane cyclohexane/CH,Cl; = 1:0 to 1:2). PTLC of the
raw product (silica, developed three times with cyclohexane/CH,Cl, = 2:1 and twice with
cyclohexane /CH,Cl, = 1:1) resulted in 6.5 mg (24%) SK119.
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3.2. Spectroscopic Data of SK119

Nuclear magnetic resonance (NMR) spectroscopy data were recorded on a Varian
400 MHz spectrometer (400 and 100 MHz, respectively, Varian, Palo Alto, CA, USA).
Chemical shifts are referenced to solvent (7.26 and 77.00 ppm for CDCl3 and 7.16 and
128.36 ppm for benzene-d6). The data are depicted in the Results and Discussion sections.
Additional data: IR (ATR): 2970 (w); ~2950 (br) (OH); 2911 (w); 2856 (m); 1722 (w); 1640 (s)
(C=0); 1568 (s); 1450 (s); 1404 (m); 1262 (s); 1190 (s); 1137 (m); 780 (m); 733 (s) cm ! obtained
on a Bruker ALPHA Platinum ATR A220/D-OX (Bruker, Billerica, MA, USA); MS (ESI")
m/z (%): 540.17, calculated for C3,H»5Og: 540.1784 (Dionex Ultimate 3000 UHPLC, Thermo,
San José, CA, USA).

3.3. Cell Culture

Sbcl2, WM164, WM9, and MUG-Mel2 melanoma cells were cultured in RPMI 1640
medium (Gibco®, Thermo Fisher Scientific Inc., Waltham, MA, USA), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution (both Gibco®).
Human adult fibroblasts (FS-1) were kindly provided by Prof. Dr. Beate Rinner (Medical
University of Graz, Graz, Austria) and HEK293 cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco®), 2 mM L-glutamine, and 10% FBS. All cells were kept in a
humidified 5% CO; atmosphere at 37 °C and passaged at 90% confluence using a trypsin-
EDTA 0.25% solution. The cell line was authenticated by STR profiling within the last three
years. All experiments were performed with mycoplasma-free cells.

3.4. Preparation of Test Compounds

Test compounds were dissolved in ethanol and freshly diluted with phosphate buffered
saline (PBS) before each experiment. The final ethanol concentration was max. 0.5% and
did not affect the cells” behavior, as shown by the control experiments.

3.5. Cell Viability Assay

This assay was used for the determination of the IC5y values and for the analysis
of synergistic and antagonistic effects. For the determination of cell viability, the cell
proliferation kit IT (XTT) (Roche Diagnostics, Mannheim, Germany) was used, in accordance
with the manufacturer’s instructions. In detail, 5 x 10% cells/well were seeded in clear
96-well flat bottom plates and grown for 24 h to allow the cells to adhere. Afterwards, SK119
was freshly diluted with PBS and added to the wells in at least five different concentrations.
Control cells were treated with 0.5% ethanol. After a 72 h incubation period, a fresh XTT
solution was prepared by mixing 5 mL of XTT with 100 uL of the electron coupling reagent.
To each well, 50 puL of this XTT solution was added and cells were incubated at 37 °C for
another 2 h. Finally, absorbance at 490 nm with a reference wavelength of 650 nm was
measured using a Hidex Sense Microplate Reader (Hidex, Turku, Finland). Cell viability
was calculated as a percentage of control cells using the following formula: (absorbance
490 nm-650 nm of treated cells/absorbance 490 nm-650 nm of control cells) * 100. The
ICsp values were determined using the four parameter logistic curve and SigmaPlot 14.0
(Systat Software, Inc., Diisseldorf, Germany). To analyze the results of the combinatorial
treatment, the free available software tool Combenefit (Cancer Research UK, University of
Cambridge, Cambridge, UK) was used in accordance with the provider’s recommendations
and instructions. Vinblastine at 0.01 uM served as a positive control.

3.6. Caspase-Glo® 3/7 Assay

The Caspase-Glo® 3/7 Assay was purchased from Promega (Madison, WI, USA)
and used in accordance with the manufacturer’s instructions. In brief, 100 uL of a
100,000 cells/mL solution was pipetted in white 96-well plates and incubated for 24 h
to allow the cells to adhere. Afterwards, SK119 was freshly diluted, added to the cells,
and the cells were treated for 6 h, 24 h, and 48 h. Staurosporine (Abcam, Cambridge, UK)
at 10 uM served as the positive control. For analysis, a Caspase-Glo® 3/7 reagent was
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prepared and added to the cells. Finally, luminescence was measured using a Hidex Sense
Microplate Reader (Hidex, Mainz, Germany). The assay was performed two times, with
three replicates each.

3.7. Western Blot Analysis

Whole cell protein extracts were prepared with lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1 mM NaF, 1 mM EDTA, 1% NP-40, 1 mM Na3zVO,) and protease inhibitor
cocktail (P8340; Sigma Aldrich), subjected to SDS-PAGE and blotted onto Amersham™
Protran™ Premium 0.45 uM nitrocellulose membrane (GE Healthcare Life Science, Lit-
tle Chalfont, UK). Protein concentration was determined with the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Primary
antibodies against Bcl-2, BAK, NOXA, survivin, HSP70, HSP27, phospho HSP27, and the
Death Receptor Antibody Sampler Kit, including primary antibodies against Fas, DcR2,
DcR3, TRAILR2, FADD, RIP, TNF-R1, TNF-R2, and TRADD (Cell Signaling Technology,
Danvers, MA, USA), were used. The (3-Actin was purchased from Santa Cruz (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Blots were developed using a horseradish
peroxidase-conjugated secondary antibody (Dako, Jena, Germany) at room temperature for
1 h and the Amersham™ ECL™ prime Western blotting detection reagent (GE Healthcare),
in accordance with the manufacturer’s protocol. Chemiluminescence signals were detected
with the ChemiDocTouch Imaging System (BioRad Laboratories Inc., Hercules, CA, USA)
and images were processed with the ImageLab 5.2 Software (BioRad Laboratories Inc.).
Signal intensities were analyzed densitometrically and expressed relative to 3-actin, and
the values were expressed relative to the control (mean =+ SD; n = 3).
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//www.mdpi.com/article/10.3390/ijms23105684/s1. References [43-49] are cited in the supplemen-
tary materials.

Author Contributions: Conceptualization: N.K., A.H., B.R. and R.B.; Methodology: N.K., A.H., C.D.
and B.L.; Validation: N.K., A.H. and B.L.; Investigations: N.K., A.-H., C.D. and B.L.; Resources: R.B.,
B.R. and B.L.; Writing—original draft: N.K., A.H. and B.L.; Writing—review and editing: all authors;
Visualization: N.K., A.-H. and B.L.; Supervision: R.B. and B.R.; Project administration: N.K. and R.B.;
Funding acquisition: N.K,, R.B. and B.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This project was funded by the Austrian Science Fund (FWF) (P27505).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

1. Kuphal, S; Bosserhoff, A. Recent progress in understanding the pathology of malignant melanoma. J. Pathol. 2009, 219, 400—-409.

[CrossRef] [PubMed]

2. Parker, E.R. The influence of climate change on skin cancer incidence—A review of the evidence. Int. |. Women’s Dermatol. 2020, 7,
17-27. [CrossRef] [PubMed]
3. Davis, L.E.; Shalin, S.C.; Tackett, A.]. Current state of melanoma diagnosis and treatment. Cancer Biol. Ther. 2019, 20, 1366-1379.

[CrossRef]

4. Newman, D.J,; Cragg, G.M. Natural products as sources of new drugs over nearly four decades from 01/1981 to 09/2019. ]. Nat.
Prod. 2020, 83, 770-803. [CrossRef] [PubMed]

5. Cragg, G.M,; Pezzuto, ] M. Natural Products as a Vital Source for the Discovery of Cancer Chemotherapeutic and Chemopreven-
tive Agents. Med. Princ. Pract. 2016, 25, 41-59. [CrossRef] [PubMed]

6.  Wall, M.E.; Wani, M.C. Camptothecin. Discovery to clinic. Ann. N. Y. Acad. Sci. 1996, 803, 1-12. [CrossRef]

7. Bailly, C. Irinotecan: 25 years of cancer treatment. Pharmacol. Res. 2019, 148, 104398. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23105684/s1
https://www.mdpi.com/article/10.3390/ijms23105684/s1
http://doi.org/10.1002/path.2617
http://www.ncbi.nlm.nih.gov/pubmed/19771562
http://doi.org/10.1016/j.ijwd.2020.07.003
http://www.ncbi.nlm.nih.gov/pubmed/33537393
http://doi.org/10.1080/15384047.2019.1640032
http://doi.org/10.1021/acs.jnatprod.9b01285
http://www.ncbi.nlm.nih.gov/pubmed/32162523
http://doi.org/10.1159/000443404
http://www.ncbi.nlm.nih.gov/pubmed/26679767
http://doi.org/10.1111/j.1749-6632.1996.tb26371.x
http://doi.org/10.1016/j.phrs.2019.104398

Int. . Mol. Sci. 2022, 23, 5684 14 0of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Thomas, A.; Pommier, Y. Targeting Topoisomerase I in the Era of Precision Medicine. Clin. Cancer Res. 2019, 25, 6581-6589.
[CrossRef]

Rinner, B.; Kretschmer, N.; Knausz, H.; Mayer, A.; Boechzelt, H.; Hao, X.-].; Heubl, G.; Efferth, T.; Schaider, H.; Bauer, R. A petrol
ether extract of the roots of Onosma paniculatum induces cell death in a caspase dependent manner. J. Ethnopharmacol. 2010, 129,
182-188. [CrossRef]

Kretschmer, N.; Rinner, B.; Deutsch, A.; Lohberger, B.; Knausz, H.; Kunert, O.; Blunder, M.; Boechzelt, H.; Schaider, H.; Bauer,
R. Naphthoquinones from Onosma paniculata induce cell-cycle arrest and apoptosis in melanoma Cells. J. Nat. Prod. 2012, 75,
865-869. [CrossRef]

Kretschmer, N.; Deutsch, A.; Durchschein, C.; Rinner, B; Stallinger, A.; Higareda-Almaraz, J.C.; Scheideler, M.; Lohberger, B.;
Bauer, R. Comparative Gene Expression Analysis in WM164 Melanoma Cells Revealed That 3-f3-Dimethylacrylshikonin Leads to
ROS generation, Loss of Mitochondrial Membrane Potential, and Autophagy Induction. Molecules 2018, 23, 2823. [CrossRef]
[PubMed]

Stallinger, A.; Kretschmer, N.; Kleinegger, F.; Brvar, L.; Liegl-Atzwanger, B.; Prokesch, A.; Durchschein, C.; Bauer, R.; Deutsch, A;
Rinner, B. 3,3-Dimethylacrylshikonin Induces Apoptosis in Melanoma Cell Lines by NOXA Upregulation. J. Nat. Prod. 2020, 83,
305-315. [CrossRef] [PubMed]

Zhongzhen, Z. An Illustrated Chinese Materia Medica in Hong Kong; Hong Kong School of Chinese Medicine: Hong Kong,
China, 2004.

Durchschein, C.; Hufner, A.; Rinner, B.; Stallinger, A.; Deutsch, A.; Lohberger, B.; Bauer, R.; Kretschmer, N. Synthesis of novel
shikonin derivatives and pharmacological effects of cyclopropylacetylshikonin on melanoma cells. Molecules 2018, 23, 2820.
[CrossRef] [PubMed]

Kretschmer, N.; Hufner, A.; Durchschein, C.; Popodi, K.; Rinner, B.; Lohberger, B.; Bauer, R. Synthesis and pharmacological
in vitro investigations of novel shikonin derivatives with a special focus on cyclopropane bearing derivatives. Int. J. Mol. Sci.
2021, 22, 2774. [CrossRef] [PubMed]

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

Meselhy, M.R.; Kadota, S.; Tsubono, K.; Hattori, M.; Nambaa, T. Biotransformation of Shikonin by Human Intestinal Bacteria.
Tetrahedron 1994, 50, 3081-3098. [CrossRef]

Meselhy, M.R.; Kadota, S.; Tsubono, K.; Kusai, A.; Hattori, M.; Namba, T. Shikometabolins A, B, C, and D, novel dimeric
naphthoquinones metabolites obtained from shikonin by human intestinal bacteria. Tetrahedron Lett. 1994, 35, 583-586. [CrossRef]
Pollock, P.; Harper, U.L.; Hansen, K.S.; Yudt, L.M.; Stark, M.; Robbins, C.M.; Moses, T.Y.; Hostetter, G.; Wagner, U.; Kakareka, J.;
et al. High frequency of BRAF mutations in nevi. Nat. Genet. 2003, 33, 19-20. [CrossRef]

Tsao, H.; Chin, L.; Garraway, L.A.; Fisher, D.E. Melanoma: From mutations to medicine. Genes Dev. 2012, 26, 1131-1155. [CrossRef]
Mackiewicz, J.; Mackiewicz, A. BRAF and MEK Inhibitors in the Era of Inmunotherapy in Melanoma Patients. Contemp. Oncol.
2018, 22, 68-72. [CrossRef]

Rinner, B.; Gandolfi, G.; Meditz, K.; Frisch, M.-T.; Wagner, K.; Ciarrocchi, A.; Torricelli, F.; Koivuniemi, R.; Niklander, J.; Liegl-
Atzwanger, B.; et al. MUG-Mel2, a novel highly pigmented and well characterized NRAS mutated human melanoma cell line.
Sci. Rep. 2017, 7, 2098. [CrossRef] [PubMed]

Mufioz-Couselo, E.; Adelantado, E.Z.; Ortiz, C.; Soberino-Garcia, J.; Perez-Garcia, ]. NRAS-Mutant Melanoma: Current Challenges
and Future Prospect. OncoTargets Ther. 2017, 10, 3941-3947. [CrossRef] [PubMed]

Ali, A.; Assimopoulou, A.N.; Papageorgiou, V.P; Kolodziej, H. Structure/antileishmanial activity relationship study of naphtho-
quinones and dependency of the mode of action on the substitution patterns. Planta Med. 2011, 77, 2003-2012. [CrossRef]

Yang, Y.; Zhao, C.; Yuan, K.; Zhou, G.; Wang, Y.; Xiao, Y.; Wang, C.; Xu, J.; Yang, W. Two new dimeric naphthoquinones with
neuraminidase inhibitory activity from Lithospermum erythrorhizon. Nat. Prod. Res. 2015, 29, 908-913. [CrossRef] [PubMed]
Dong, M.; Liu, D.; Li, YH.; Chen, X.Q.; Luo, K,; Zhang, Y.M.; Li, R.T. Naphthoquinones from Onosma paniculata with potential
anti-inflammatory activity. Planta Med. 2017, 83, 631-635. [PubMed]

Cao, H.; Zhang, W,; Liu, D.; Hou, M,; Liu, S.; He, W,; Lin, ].; Shao, M. Identification, in vitro evaluation and modeling studies of
the constituents from the roots of Arnebia euchroma for antitumor activity and STAT3 inhibition. Bioorg. Chem. 2020, 96, 103655.
[CrossRef] [PubMed]

Min, B.S.; Meselhy, M.R.; Hattori, M.; Kim, H.M.; Kim, Y.H. Cytotoxicity of shikonin metabolites with biotransformation of
human intestinal bacteria. . Microbiol. Biotechnol. 2000, 10, 514-517.

Guo, C.; He, J.; Song, X.; Tan, L.; Wang, M,; Jiang, P; Li, Y.; Cao, Z.; Peng, C. Pharmacological properties and derivatives of
shikonin—A review in recent years. Pharmacol. Res. 2019, 149, 104463. [CrossRef]

Zhang, X.D.; Gillespie, S.K.; Hersey, P. Staurosporine induces apoptosis of melanoma by both caspase-dependent and
-independent apoptotic pathways. Mol. Cancer Ther. 2004, 3, 187-197.

Thorburn, A. Death receptor-induced cell killing. Cell. Signal. 2004, 16, 139-144. [CrossRef]

Schulze-Osthoff, K.; Ferrari, D.; Los, M.; Wesselborg, S.; Peter, M.E. Apoptosis signaling by death receptors. Eur. |. Biochem. 1998,
254, 439-459. [CrossRef] [PubMed]

Tartaglia, L.A.; Weber, R.F,; Figari, LS.; Reynolds, C.; Palladino, M.A.; Goeddel, D.V. The two different receptors for tumor necrosis
factor mediate distinct cellular responses. Proc. Natl. Acad. Sci. USA 1991, 88, 9292-9296. [CrossRef] [PubMed]


http://doi.org/10.1158/1078-0432.CCR-19-1089
http://doi.org/10.1016/j.jep.2010.02.006
http://doi.org/10.1021/np2006499
http://doi.org/10.3390/molecules23112823
http://www.ncbi.nlm.nih.gov/pubmed/30380804
http://doi.org/10.1021/acs.jnatprod.9b00719
http://www.ncbi.nlm.nih.gov/pubmed/31961147
http://doi.org/10.3390/molecules23112820
http://www.ncbi.nlm.nih.gov/pubmed/30380765
http://doi.org/10.3390/ijms22052774
http://www.ncbi.nlm.nih.gov/pubmed/33803437
http://doi.org/10.1002/anie.201606679
http://www.ncbi.nlm.nih.gov/pubmed/27633484
http://doi.org/10.1016/S0040-4020(01)81108-X
http://doi.org/10.1016/S0040-4039(00)75844-8
http://doi.org/10.1038/ng1054
http://doi.org/10.1101/gad.191999.112
http://doi.org/10.5114/wo.2018.73890
http://doi.org/10.1038/s41598-017-02197-y
http://www.ncbi.nlm.nih.gov/pubmed/28522871
http://doi.org/10.2147/OTT.S117121
http://www.ncbi.nlm.nih.gov/pubmed/28860801
http://doi.org/10.1055/s-0031-1280092
http://doi.org/10.1080/14786419.2014.957695
http://www.ncbi.nlm.nih.gov/pubmed/25190151
http://www.ncbi.nlm.nih.gov/pubmed/27852095
http://doi.org/10.1016/j.bioorg.2020.103655
http://www.ncbi.nlm.nih.gov/pubmed/32059155
http://doi.org/10.1016/j.phrs.2019.104463
http://doi.org/10.1016/j.cellsig.2003.08.007
http://doi.org/10.1046/j.1432-1327.1998.2540439.x
http://www.ncbi.nlm.nih.gov/pubmed/9688254
http://doi.org/10.1073/pnas.88.20.9292
http://www.ncbi.nlm.nih.gov/pubmed/1718003

Int. . Mol. Sci. 2022, 23, 5684 150f 15

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Jego, G.; Hazoumé, A.; Seigneuric, R.; Garrido, C. Targeting heat shock proteins in cancer. Cancer Lett. 2013, 332, 275-285.
[CrossRef] [PubMed]

Bruey, J.-M.; Ducasse, C.; Bonniaud, P; Ravagnan, L.; Susin, S.A.; Diaz-Latoud, C.; Gurbuxani, S.; Arrigo, A.P.; Kroemer, G.; Solary,
E.; et al. Hsp27 negatively regulates cell death by interacting with cytochrome C. Nat. Cell Biol. 2000, 2, 645-652. [CrossRef]
[PubMed]

Garrido, C.; Brunet, M.; Didelot, C.; Zermati, Y.; Schmitt, E.; Kroemer, G. Heat shock proteins 27 and 70: Anti-apoptotic proteins
with tumorigenic properties. Cell Cycle 2006, 5, 2592-2601. [CrossRef] [PubMed]

Ponti, G.; Manfredini, M.; Greco, S.; Pellacani, G.; Depenni, R.; Tomasi, A.; Maccaferri, M.; Cascinu, S. BRAF, NRAS and
C-KIT Advanced Melanoma: Clinico-pathological Features, Targeted-Therapy Strategies and Survival. Anticancer Res. 2017, 37,
7043-7048.

Davies, M.A.; Liu, P; McIntyre, S.; Kim, K.B.; Papadopoulos, N.; Hwu, W.-].; Hwu, P; Bedikian, A. Prognostic factors for survival
in melanoma patients with brain metastases. Cancer 2012, 117, 1687-1696. [CrossRef]

Luke, J.J.; Hodji, ES. Ipilimumab, vemurafenib, dabrafenib, and trametinib: Synergistic competitors in the clinical management of
BRAF mutant malignant melanoma. Oncologist 2013, 18, 717-725. [CrossRef]

Johnson, D.B.; Puzanov, I. Treatment of NRAS-mutant melanoma. Curr. Treat. Options Oncol. 2015, 16, 15. [CrossRef]

Di Veroli, G.Y.; Fornari, C.; Wang, D.; Mollard, S.; Bramhall, J.L.; Richards, EM.; Jodrell, D.I. Combenefit: An interactive platform
for the analysis and visualization of drug combinations. Bioinformatics 2016, 32, 2866-2868. [CrossRef]

Broman, K.K.; Dossett, L.A.; Sun, J.; Eroglu, Z.; Zager, ].S. Update on BRAF and MEK inhibition for treatment of melanoma in
metastatic, unresectable, and adjuvant settings. Expert Opin. Drug Saf. 2019, 18, 381-392. [CrossRef] [PubMed]

Ahmed, A.F; Saad, H.-E.A.; El-Karim, E.M.A. Two Polycyclic Geranylhydroquinone-Derived Metabolites from Roots of Arnebia
hispidissima (Lehm.) DC. Molecules 2014, 19, 5940-5951. [CrossRef] [PubMed]

Assimopoulou, A.N.; Ganzera, M.; Stuppner, H.; Papageorgiou, V.P. Simultaneous determination of monomeric and oligomeric
alkannins and shikonins by high-performance liquid chromatography-diode array detection-mass spectrometry. Biomed.
Chromatogr. 2008, 22, 173-190. [CrossRef] [PubMed]

Feng, J.; Yu, P; Zhou, Q.; Tian, Z.; Sun, M,; Li, X.; Wang, X,; Jiang, H. An integrated data filtering and identification strategy for
rapid profiling of chemical constituents, with Arnebiae Radix as an example. J. Chrom. A 2020, 1629, 461496. [CrossRef]

Liao, M.; Li, A.; Chen, C.; Ouyang, H.; Zhang, Y.; Xu, Y.; Feng, Y.; Jiang, H. Systematic identification of shikonins and
shikonofurans in medicinal Zicao species using ultra-high performance liquid chromatography quadrupole time of flight tandem
mass spectrometry combined with a data mining strategy. J. Chrom. A 2015, 1425, 158-172. [CrossRef]

Liao, M.; Yan, P; Liu, X.; Du, Z,; Jia, S.; Aybek, R.; Li, A.; Kaisa, S.; Jiang, H. Spectrum-effect relationship for anti-tumor activity
of shikonins and shikonofurans in medicinal Zicao by UHPLC-MS/MS and chemometric approaches. J. Chrom. B 2020, 1136,
121924. [CrossRef]

Noula, E.; Samanidou, V.F.; Assimopoulou, A.N.; Papageorgiou, V.P.; Papadoyannis, .N. Solid-phase extraction for purification
of alkannin/shikonin samples and isolation of monomeric and dimeric fractions. Anal. Bioanal. Chem. 2010, 397, 2221-2232.
[CrossRef]

Spyros, A.; Assimopoulou, A.N.; Papageorgiou, V.P. Structure determination of oligomeric alkannin and shikonin derivatives.
Biomed. Chromatogr. 2005, 19, 498-505. [CrossRef]


http://doi.org/10.1016/j.canlet.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21078542
http://doi.org/10.1038/35023595
http://www.ncbi.nlm.nih.gov/pubmed/10980706
http://doi.org/10.4161/cc.5.22.3448
http://www.ncbi.nlm.nih.gov/pubmed/17106261
http://doi.org/10.1002/cncr.25634
http://doi.org/10.1634/theoncologist.2012-0391
http://doi.org/10.1007/s11864-015-0330-z
http://doi.org/10.1093/bioinformatics/btw230
http://doi.org/10.1080/14740338.2019.1607289
http://www.ncbi.nlm.nih.gov/pubmed/30977681
http://doi.org/10.3390/molecules19055940
http://www.ncbi.nlm.nih.gov/pubmed/24818574
http://doi.org/10.1002/bmc.912
http://www.ncbi.nlm.nih.gov/pubmed/18059064
http://doi.org/10.1016/j.chroma.2020.461496
http://doi.org/10.1016/j.chroma.2015.11.028
http://doi.org/10.1016/j.jchromb.2019.121924
http://doi.org/10.1007/s00216-010-3717-5
http://doi.org/10.1002/bmc.470

	Introduction 
	Results and Discussion 
	Synthesis and Structure Elucidation of SK119 
	Screening of SK119 against Different Melanoma Cell Lines 
	SK119 Treatment Changed Expression Levels of Apoptosis Genes and Death Receptor Expression 
	SK119 Exhibited Synergistic Effects with Vemurafenib and Cobimetinib 

	Materials and Methods 
	Synthesis of 1,4-Dihydro-[2-(1-(1,4-dihydro-5,8-dihydroxy-1,4-dioxonaphthalen-3-yl)-4-methylpent-3-enyl)]-5,8-dihydroxy-3-((E)-4-methylpenta-1,3-dienyl)naphthalene-1,4-dione (SK119) 
	Spectroscopic Data of SK119 
	Cell Culture 
	Preparation of Test Compounds 
	Cell Viability Assay 
	Caspase-Glo® 3/7 Assay 
	Western Blot Analysis 

	References

