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Abstract

Melanoma is an aggressive disease with limited therapeutic options. Here, we determined the
effects of honokiol (HNK), a biphenolic natural compound on melanoma cells and stemness. HNK
significantly inhibited melanoma cell proliferation, viability, clonogenicity and induced
autophagy. In addition, HNK significantly inhibited melanosphere formation in a dose dependent
manner. Western blot analyses also demonstrated reduction in stem cell markers CD271, CD166,
Jarid1lb, and ABCB5. We next examined the effect of HNK on Notch signaling, a pathway
involved in stem cell self-renewal. Four different Notch receptors exist in cells, which when
cleaved by a series of enzymatic reactions catalyzed by Tumor Necrosis Factor-a-Converting
Enzyme (TACE) and y-secretase protein complex, results in the release of the Notch intracellular
domain (NICD), which then translocates to the nucleus and induces target gene expression.
Western blot analyses demonstrated that in HNK treated cells there is a significant reduction in the
expression of cleaved Notch-2. In addition, there was a reduction in the expression of downstream
target proteins, Hes-1 and cyclin D1. Moreover, HNK treatment suppressed the expression of
TACE and y-secretase complex proteins in melanoma cells. To confirm that suppression of
Notch-2 activation is critical for HNK activity, we overexpressed NICD1, NICD2, and performed
HNK treatment. NICD2, but not NICD1, partially restored the expression of Hes-1 and cyclin D1,
and increased melanosphere formation. Taken together, these data suggest that HNK is a potent
inhibitor of melanoma cells, in part, through the targeting of melanoma stem cells by suppressing
Notch-2 signaling.
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INTRODUCTION

The incidence of melanoma has increased dramatically over the last few decades, making it
one of the fastest growing malignancies in the United States [1,2]. Melanoma is an
aggressive form of skin cancer that has limited therapeutic options. Furthermore, melanoma
expresses a plastic and multipotent phenotype similar to embryonic stem cells [3]. Unlike
embryonic stem cells, however, melanoma cells lack major regulatory “checks and balance
mechanisms due to the aberrant activation of stem cell signaling pathways, which trigger
their plastic phenotype, uncontrolled growth, and aggressive behavior [3]. Within the past
decade, the paradigm for tumor development has evolved, with our increased understanding
that tumors, like normal adult tissues, contain stem cells, termed cancer stem cells (CSCs),
which initiate and support tumor growth and maintenance. Therefore, understanding the
signals and the regulatory pathways within CSCs lends to a significant potential for more
effective treatment of melanomas.

In the context of disrupting signaling pathways with CSCs, aberrant activation of the Notch
signaling pathway has been implicated in a number of malignancies [4]; however, there is
little known about the role of Notch signaling in melanoma. Notch signaling is an
evolutionarily conserved pathway that has been implicated in normal embryonic
development, organ development and the regulation of self-renewal in adult stem cells,
thereby maintaining tissue homeostasis [5,6]. In mammals, the Notch receptor family
consists of four receptors (Notch-1—4) and five ligands (Delta-like-1, Delta-like-3, Delta-
like—4, Jagged-1, and Jagged-2). All four Notch receptors show some common structural
similarity. Each Notch receptor can be activated by cell membrane-associated ligands [7].
Activation and maturation of Notch receptors involve different proteolytic cleavage events.
The first cleavage is catalyzed by ADAM-family metalloprotease TACE [8] followed by
second cleavage mediated by y-secretase, an enzyme complex that contains presenilin,
nicastrin, presenilin enhancer 2 (PEN2), and anterior pharynx-defective 1 (APH1) [9]. This
coordinated cleavage results in the release and translocation of the NICD into the nucleus.
The active NICD can bind to activator proteins, such as recombination signaling binding
protein-J (RBPJ) and mastermind-like proteins (MAML), and form a nuclear transcriptional
activator complex to regulate transcription of downstream target genes, such as the hairy and
enhancer of split (Hes) gene, Hey family genes, c-myc, cyclin D1, and p21/Waf1l [7,10,11].
Recent studies have reported elevation in Notch signaling in melanoma cell lines and
melanoma patient tissue samples as compared to common melanocytic lesions [12]. In
addition, activation of Notch signaling was also shown to promote the survival of
melanocyte precursor cells, melanoblasts (Mbs) and melanoma stem cells (MSC) [13].
Therefore, Notch signaling appears to be a promising potential therapeutic target for the
treatment of melanoma.
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New agents that target the Notch signaling pathway, effectively killing the CSC population,
could, as a single therapy or in combination with current anti-tumor drugs, be more effective
in controlling tumor growth, halting tumor progression, and improving patient outcomes.
Honokiol (HNK), a biphenolic compound derived from Magnolia officianalis, is used in
traditional Chinese and Japanese medicine for the treatment of various ailments including
ulcers, allergies, and bacterial infections. It is also used as a muscle relaxant and possesses
antithrombotic activity [14,15]. Additionally, recent studies have shown that it has anti-
tumor activity with low toxicity to normal tissue [16]. In this article, we have determined the
effects of HNK on melanoma cells and melanoma stem cell growth, as mediated through the
Notch signaling pathway.

MATERIALS AND METHODS

Cells and Reagents

B16/F-10 and SKMEL-28 melanoma cell lines were procured from American Type Culture
Collection (ATCC, Manassas, VA). B16/F-10 (a highly metastatic) and SKMEL-28 cells (a
malignant melanoma with homozygous BRAFY600E mutation) were grown in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with FBS (Sigma—Aldrich., St. Louis,
MO) and antibiotic-antimycaotic solution (Mediatech Inc., Manassas, VA) at 37°C in a
humidified atmosphere containing 5% CO,. Cells used in this study were within 18 passages
after receipt or renewal. Growth medium was changed after every three days and cells were
split in 1:6 ratios when they reached 70-80% of confluence. For HNK (Sigma Aldrich)
treatment, stock solution of HNK was prepared in DMSO, stored at —20°C in aliquots, and
diluted with fresh medium immediately before use. Other general chemicals were purchased
from Sigma-Aldrich.

Cell Proliferation Assay in Two-Dimensional Culture

Hexosaminidase assay was used to study the effects of HNK on proliferation of melanoma
cells [17]. In brief, cells were plated in 96 well plates, grown over night and treated next day
with increasing concentrations of HNK (0-60 uM) for up to 72 h. Cell proliferation was
calculated as percent proliferation rate = [(A/B)x 100], where A and B are the absorbance of
treated and control cells, respectively. The best fit was used for further processing of data.

Cell Viability Assay

Cell viability of melanoma cells after HNK treatment was studied by Ghost Red 780 Dye
staining, detected by flow cytometry. Ghost Dyes bind irreversibly to amine groups and are
resistant to subsequent washing, fixation and permeabilization. Dead cells with
compromised membranes allow Ghost Dye to permeate and bind amine groups of
intracellular proteins resulting in fluorescence much brighter than live cells which are
impermeant to Ghost Dye. In brief, cells were plated and grown over night in six well
culture plates. Cells were treated with increasing concentrations of HNK (0-50 uM) for
different time intervals. After HNK treatment, cells were washed twice with 2 ml of sodium
azide and protein/serum free PBS. Cells were centrifuged at 400 g for 5 min at room
temperature and re-suspended in sodium azide and protein/serum free PBS. Appropriate
amount of Ghost dye was added to 1 ml of cell suspension and vortexed immediately. Cells
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were incubated for 30 min a 4 °C. Cells were washed twice with 1 ml of stain buffer (1X
PBS with 2% FBS and 0.9% sodium azide). Finally cells were subjected to flow cytometry
in FACSVerse (BD Biosciences., San Jose, CA), capturing 10,000 events for each sample.
Results were analyzed with BD FACSuite software (BD Biosciences.). Ghost dye was also
used to determine the viability of cells isolated from primary spheroids.

Clonogenicity Assay

To study the long-term effects of HNK on melanoma cells, colony formation assay was done
[18]. In this assay, cells grown in six well plates were treated with different concentrations
of HNK (0-50 uM) for different time intervals. Subsequently, medium was removed, and
cells were replenished with fresh medium lacking the compound and allowed to grow for 7—
8 d to form colonies. The colonies were formalin fixed and stained with 0.4% (w/v) crystal
violet dye. Plates were washed and dried for further counting. Colonies were counted using
CellCounterv0.2.1 by Nghia Ho available online. The colonies were counted and compared
with their respective controls.

Cell-Cycle Analyses

Effect of HNK treatment on cell cycle progression in melanoma cell lines was determined
by Propidium lodide (PI)/RNase staining method detected by flow cytometry. Cells were
treated with increasing concentrations of HNK (0-40 uM) for up to 48 h. After HNK
treatment, cells were washed with PBS, trypsinized, washed twice with ice cold PBS, fixed
in 70% ethanol (in PBS) and stored at —20°C until further use. For staining, cells were
washed with ice cold PBS and finally stained with PI/RNase staining buffer for 30 min at
4°C. After 30 min, cells were centrifuged, washed and re-suspended in ice cold PBS.
Finally, cells were subjected to flow cytometry in BD LSR Il (BD Biosciences.), capturing
10,000 events for each sample. Results were analyzed with ModFit LT software (Verity
Software House, Topsham, ME).

Transmission Electron Microscopy (TEM)

Cells treated with HNK for 48 h were fixed in 0.1 M sodium cacodylate buffer containing
2% glutaraldehyde for 4 h at room temperature. The samples were post-fixed in 1% osmium
tetroxide for 1.5 h and washed with 0.1 M sodium cacodylate buffer, followed by
dehydration in a series of ethanol dilutions (50-100%) for 15 min each. The cells were
finally incubated with propylene oxide for 15 min. Subsequently, cells were treated with a
solution of half propylene and half EmBed 812 resin medium (Electron Microscopy
Sciences., Hatfield, PA). Finally, 80 nm sections were cut using a Leica UC-7
ultramicrotome. Sections were stained first with 4% uranyl acetate followed by Sato's Lead
stain and finally observed on a JEOL JEM-1400 TEM at 80 KV for at 12000-4000x
magnifications [19]. To capture the double wall of autopgahosomes, images were taken at
higher magnification (<20,000x).

Spheroid Formation Assay

Spheroid formation assay was performed as previously described elsewhere [20]. In brief,
cells were plated in ultralow attachment plates (Corning Inc., Corning, NY) at a density of
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5000 cells/ml in DMEM supplemented with 1% N2 supplement (Life Technologies., Grand
Island, NYY), 2% B27 supplement (Life Technologies.), 20 ng/ml human platelet growth
factor (Sigma—Aldrich) 100 ng/ml epidermal growth factor (Life Technologies.) and 1%
antibiotic-antimycotic (Mediatech Inc.) at 37°C in a humidified atmosphere of 95% air and
5% CO». Primary spheroids were photographed and counted after 67 days of HNK (0-40
UM) treatment. For secondary spheroid culture, primary spheroids were collected,
dissociated into single cell suspension, filtered through cell strainer, counted by Millipore
cell counter and re-plated in ultra-low attachment plates. Ghost dye was also used to
determine the viability of cells isolated from primary spheroids. Secondary cultures were
grown in the absence of HNK, and processed as above. Secondary spheroids were
photographed and counted.

Immunoblot Analyses

Cell lysates were prepared after HNK treatment and quantified by using Pierce BCA protein
assay kit (Thermo Scientific., Chicago, IL). Cell lysates were subjected to SDS-PAGE and
blotted onto nitro cellulose membrane (GE Healthcare Bio-Sciences Corp., Piscataway, NJ)
and proteins of interest were detected by using enhanced chemiluminescence system (GE
Healthcare Bio-Sciences Corp.). Antibodies for immunoblotting were purchased from
Abcam (Cambridge, MA) [CD166: Cat# ab109215; CD271: Cat# ab8875; Jarid1B: Cat#
ab56759], Genscript Inc. (Piscataway, NJ) [Nicastrin: Cat# A00883-40; PEN2: Cat#
A00882; Presenilin 2: Cat# A00943], Bioss Inc. (Woburn, MA) [ABCB5: Cat# bs-1604R]
Cell Signaling Technology Inc. (Danvers, MA) [Caspase-3: Cat# 9665; LC3B: Cat# 3868;
CyclinD1: Cat# 2978; Hes-1: Cat# 11988S; Nicastrin: Cat# 5665; Notchl: Cat# 4380;
Notch2: Cat# 5732; Presenilin 2: Cat# 9979; TACE: Cat# 6978], Santa Cruz Biotechnology
Inc. (Dallas, TX) [B-Actin: Cat# sc-1616; Cat# sc-5274; Nestin: Cat# sc-20978]. For
demonstrating equal loading of protein, the blots were normalized for -actin levels.

Immunofluorescence Staining

Cells were plated overnight on sterile glass coverslips in six well plates. After 48 h of HNK
(30-40 uM) treatment cells were fixed with 4% paraformaldehyde for 15 min, rinsed with
PBS, and incubated with 2% BSA in PBS for 30 min. The cells were then incubated
overnight with anti-a-tubulin, anti-LC3B, anti-Notch-2 and anti-cyclin D1 antibodies
respectively. After washing with PBS, the cells were incubated with fluorophore-conjugated
secondary antibody for 30 min and washed with PBS. Cell images were observed under a
fluorescent microscope.

Hes-1 Reporter Assay

Cells were plated and transfected with Hes-1A/B-Luc, a kind gift of Dr. Kimberly Foreman,
Loyola University, Chicago [21], which encode firefly luciferase gene under the control of a
single Hes1 (HES1 BS) binding site using Lipofectamine 2000 (Invitrogen, NY). Renilla
luciferase expressing pRL-TK plasmid (Clontech, Mountain View, CA) was used as internal
control. Luciferase levels in the cell lysates were determined using Dual-Luciferase Reporter
Assay System (Promega Corporation, Madison, WI) Cells were treated with HNK (0-40
uM) for 24 h after 48 h of transfection.
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Plasmids and Transfections

For NICD overexpression, B16/F-10 cells were transfected with 3XFlagNICD1 or
3XFlagNICD2 plasmids (purchased from Addgene Inc., Cambridge, MA) and subsequently
treated with HNK. For internal control, cells were transfected with p3XFLAG-CMV-7 (an
empty vector) (gifted by Dr. Chris Lau, Department of Medicine VA Medical Center, San
Francisco). After HNK treatment, cells were used for various experiments to study the
NICD overexpression effects on HNK treated cells.

Statistical Analyses

RESULTS

All values are expressed as the mean + SD. Data was analyzed using an unpaired 2-tailed t
test. A P-value of <0.05 was considered statistically significant.

Honokiol Affects Proliferation, Viability and Clonogenic Potential of Melanoma Cells

To evaluate the potential use of HNK in treatment of melanoma, we initially determined the
effects on morphology, proliferation rate and viability of B16/F-10 and SKMEL-28
melanoma cells. HNK treatment resulted in a dose-dependent (0-50 M) change in cellular
morphology with a stretched morphology at lower concentrations and rounding of cells at
higher HNK concentrations (Figure 1A). These changes were accompanied by a decrease in
cell proliferation rate with significant effects observed at 48 and 72 h (Figure 1B). We
further studied the effects of HNK on viability of melanoma cells measured by Ghost Red
780 Dye staining followed by flow cytometry (Figure 1B). HNK showed dose-dependent
decrease in viability of melanoma cells with significant cell death observed after 48 h. HNK
effects on cell proliferation appeared to be higher than on cell viability. We next sought to
identify the mechanism by which HNK affects melanoma cell growth, exploring issues such
as loss of reproductive integrity and ability to proliferate. A cell that has acquired the
potential to divide and proliferate endlessly can produce a colony of cells and is referred to
as “clonogenic”. To confirm that the effects observed following HNK treatment were not
transient, we determined the long-term effects of HNK on melanoma cell lines by
performing a clonogenicity assay. For this, cells were treated with varying concentrations of
HNK for up to 72 h and then allowed to grow and form colonies. HNK significantly
inhibited the clonogenic potential of both melanoma cell lines in a dose (Figure 1C) and
time dependent manner (data not shown). These data suggest that HNK not only inhibited
the growth of melanoma cells by decreasing cell proliferation rate but also induced the cell
death.

Honokiol Induces Cell Cycle Arrest and Autophagy in Melanoma Cells

Due to the potent inhibitory effects of HNK on melanoma cell proliferation and survival, we
next determined the mechanism of its action. First, we studied the effect of HNK on cell
cycle progression. Flow cytometry analyses demonstrated that HNK arrested both cell lines
in the GO/G1 phase of cell cycle (Figure 2). Inhibition of the cell cycle in GO/G1 was most
effective at =30 UM concentrations (Figure 2). This was coupled with a reduction of cells in
S-phase of cell cycle in both cell lines. Next, we explored the type of cell death induced by
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HNK in melanoma cells. First, we studied whether cell death occurred through the apoptotic
pathway. Key effector molecules for apoptosis are activated caspase-3, and poly (ADP)
ribosyl polymerase (PARP), which initiates events including DNA laddering and cellular
morphologic changes. However, following HNK treatment, there was no cleaved caspase-3
(Figure 3A) or PARP-y (data not shown), suggesting that HNK did not induce apoptotic cell
death. Another potential mechanism of cell death is autophagy, which can be demonstrated
by the presence of autophagosomes containing organelles, intact lamellar structure,
cytoplasmic structure, and/or residual digested materials. Electron microscopy demonstrated
the presence of these autophagic vacuoles following HNK treatment (Figure 3B). The
micrographs at higher magnification further confirmed the presence of double walled
autophagic vacuoles in both cells lines after HNK treatment (Figure 3C).

Another hallmark of autophagy is the activation of LC3B, an ubiquitin-like protein. Western
blot and immunofluorescence analyses demonstrated a significant dose-dependent increase
in cleaved LC3B in melanoma cells following HNK treatment (Figure 3A and D). The
immunofluorescence analyses demonstrated increased cytoplasmic accumulation of cleaved
LC3B (Figure 3D). These results suggest that HNK induces autophagic cell death in
melanoma.

Honokiol Affects Melanoma Stem Cells

A small number of cells within a tumor, termed CSCs are undifferentiated and have an
increased capacity for self-renewal [22]. Effect on CSCs can be determined by growth of
melanospheres, which are non-adherent 3D spheroid bodies. Previous study from our group
has demonstrated that HNK can affect CSCs in colon cancers [20]. Hence, we next
determined whether HNK affects the growth of melanospheres. As shown in Figure 4A,
HNK significantly inhibited the growth of primary melanospheres in a dose dependent
manner. Cells isolated from primary spheroids were counted using Millipore automated cell
counter and then plated to develop secondary melanospheres, but in the absence of any
additional HNK. Cell viability after primary spheroid cultures was also assessed using Ghost
Red 780 Dye staining by Flow cytometer (Supplementary Figure S1). The data shows that
HNK suppressed the growth of secondary melanospheres (Figure 4B). Further confirmation
of HNK effects on CSCs in melanoma cells was obtained by western blot analyses for
markers of stem cells in melanoma CD271, CD166, Jarid1B, and ABCB5. Expression of
melanoma stem cells markers was markedly reduced in cells by HNK treatment in dose
dependent manner (Figure 4C). Together, these data suggest that HNK is a potent inhibitor
of the melanoma stem cells in both cell lines.

Honokiol Inhibits Notch Signaling in Melanoma Cells

Aberrant activation of embryonic signaling pathways in cancer has been well documented.
One critical pathway is the Notch signaling pathway, wherein specific ligands bind to one of
four cell surface Notch receptors (Notch-1-Notch-4) and activate a series of proteolytic
cleavage of the receptor resulting in release of an intracellular domain (NICD) that
translocate to the nucleus and induces transcription of target genes. Western blot analyses
demonstrated that HNK treatment resulted in reduced levels of cleaved Notch particularly
Notch-2 receptor in the melanoma cells (Figure 5A). This was further confirmed by
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immunofluorescence staining of Notch-2 protein in melanoma cells. HNK (30 uM)
significantly decreased Notch-2 staining in cells (Figure 5B). We also confirmed that the
pathway is inhibited by western blot analyses for downstream target genes, Hes-1 and cyclin
D1. HNK treatment resulted in significant reduction in both proteins in the two cell lines
(Figure 5C). These results were further confirmed by NICD/Hes-1 promoter reporter assay
(Figure 5D). HNK inhibited the Hes-1 reporter activity in a dose dependent manner in both
cell lines (Figure 5D).

Inhibiting Notch Activation is Essential for Honokiol-Mediated Suppression of Melanoma

Cells

Two critical steps are essential for releasing NICD, the first being the cleavage of the
extracellular domain by TACE enzyme resulting in a conformational change to the Notch
receptor. This opens up the receptor to intracellular cleavage immediately inside the plasma
membrane by the y-secretase complex [8,9]. Given the suppression of Notch activation, we
next determined the effect of HNK on the expression of these enzymes. Western blot
analyses demonstrated that HNK treatment (0-30 uM) at 48 h significantly decreased the
levels of both TACE (Figure 6A) and y-secretase complex proteins (presenilin-1,
presenilin-2, nicastrin, and PEN2) (Figure 6B). Specifically, HNK downregulated the
expression of nicastrin and PEN2 in SKMEL-28 cells, while it affected presenilin-2 and
PEN2 in B16/F-10 cells (Figure 6B). We further used DAPT (y-secretase inhibitor) in both
cells lines to support above data. DAPT alone decreased the levels of cleaved Notch2
receptor in both the cell lines. This change was more in B16/F-10 cells as compared to
SKMEL-28 cells (Figure 6C). Interestingly, HNK in combination with DAPT was more
potent in inhibiting the cleavage of Notch2 receptor. These data suggest that HNK—mediated
down regulation of the Notch signaling cascade occurs, in part, through the inhibition of the
TACE and vy-secretase complex.

To further support our findings, we ectopically overexpressed NICD1 and NICD2 proteins
in B16/F-10 cells following HNK treatment. Western blot analyses showed an increase in
basal levels of Hes-1 and cyclin D1 in NICD1 and NICD2 ectopic overexpression in B16/
F-10 cells (Figure 6D). In addition, ectopic expression of NICD2 suppressed HNK-mediated
inhibition of cyclin D1 expression (Figure 6D). More importantly, overexpression of both
NICDs suppressed HNK-mediated inhibition of melanosphere formation (Figure 6E).
Together, these data suggest that HNK suppresses Notch signaling by affecting the two
cleavage events by affecting the expression of TACE and y-secretase complex proteins
resulting in reduced levels of NICD and thereby affecting stem cell viability.

DISCUSSION

The current systemic therapeutic modalities for melanoma have limited effectiveness
resulting in poor response and patient survival rates in more advanced disease. Hence, there
is a dire need for novel agents that can be utilized for therapeutic interventions. There are
many reasons for the lack of effective treatments, including the malfunctioning of vital
signaling pathways and the presence of heterogeneous cell populations in tumors [23,24].
Recent studies have also focused on the presence of quiescent CSCs, and unique signaling
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pathways such as the Notch pathway within these cells are activated [24,25]. Here, we have
demonstrated that HNK significantly inhibited rapidly proliferating melanoma cells and the
relatively rare CSCs, in part through suppressing the Notch signaling pathway.

Given our results, we believe HNK is a putative candidate for both chemoprevention and
therapeutic interventions for melanoma. Previous studies have demonstrated that HNK has a
good bioavailability profile in preclinical models with good absorption, and rapid excretion
[16]. Here, we have demonstrated that HNK inhibits melanoma cell proliferation and
induced autophagic cell death within 24 h of treatment, with maximal effects observed at 48
and 72 h. Additionally, inhibition of clonogenic potential of melanoma cells reflect long
term effects of HNK on melanoma cells growth. Our data is in accordance with recent
studies published by our group and others that showed the higher efficacy of HNK against
several types of cancers without any reported toxicity in normal cells or tissues [18,26-29].

Previous studies have shown that HNK induces apoptosis along with GO/G1 phase cell cycle
arrest in cancer cells [30-33]. However, in the current study, we do not observe apoptosis
induction after HNK treatment. Rather, in melanoma cells HNK induces autophagy along
with GO/G1 phase cell cycle arrest. However, this may not be unique to melanoma. Similar
induction of autophagic cell death was recently demonstrated in glioblastoma cells, although
there was also apoptosis [34]. The only difference between melanoma cells and glioblastoma
is that while melanoma cells only show autophagy, glioblastoma cells had both autophagy
and apoptosis [34]. No reason was given on the presentation of both apoptosis and
autophagy in glioblastoma, but this would be an interesting area to further investigate. In
other cancer types, however, HNK has only been shown to induce apoptosis, including
mesothelioma, pancreatic and colon cancer [20,31,35]. The possibility exists that certain
cancers such as glioblastoma and mesothelioma have a greater susceptibility to apoptotic
cell death, while melanoma being highly aggressive may require a less direct mechanism of
cell death and more stealthy mechanisms such as autophagy, which is a result of breakdown
of cellular components that ensure cellular survival during stress. It would be interesting to
determine whether HNK can also induce melanoma to also undergo apoptosis in unique
circumstances, although this might require the suppression of autophagy.

Existence of highly dynamic phenotypic heterogeneity in melanomas leads to regeneration
of CSCs from non-CSC population [23,36]. Therefore, targeting of both CSCs and the bulk
population should be considered during treatment and development of new anticancer
therapy against melanoma. Our results strongly suggest that the HNK is a potent inhibitor of
CSCs based on melanoshpere forming assay and western blotting analyses of melanoma
stem cell markers. HNK was very effective in inhibiting the growth of melanospheres
suggesting that HNK target the CSCs. These results were further strengthened by inhibiting
the expression of melanoma stem cell markers especially CD271, CD166, Jarid1B, and
ABCBS in melanoma cells. Our results are also in accordance to recent studies that
suggested that natural compounds such as curcumin and sulforaphane target cancer stem
cells [37-40].

A critical aspect of our study is the demonstration that HNK affects the growth of CSCs in
the melanoma cell lines. Understanding the mechanisms that underlie the self-renewal
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behavior of CSCs is of greatest importance for discovery and development of anticancer
drugs targeting CSCs. A number of reports have demonstrated up-regulated Notch receptors
activity in a variety of human cancer tissues [41-44]. Recent microarray data comparing the
gene expression pattern of normal melanocytes to human melanomas revealed up-regulation
of Notch receptors, ligands, and downstream target genes [12,45]. It has been also
demonstrated that activation of the Notch signaling pathway is important to preserve the
melanocyte stem cells and may also play a role in melanoma progression [12,45]. Our data
demonstrate that HNK inhibited Notch signaling in melanoma cell lines, and that this
pathway is essential for stemness. Moreover, we have demonstrated that the pathway is
inhibited by suppressing the two key cleavage events, especially the intracellular cleavage
by the TACE and vy-secretase enzyme since overexpression of NICD1 and NICD2 was able
to suppress HNK-mediated suppression of melanospheres. However role of individual
NICDs was not clearly predicted in our case and need further investigation. From our point
of view, both NICD1 and NICD2 depend on each other for their functions and required to
affect any vital pathways in melanoma. However, we have seen higher activity of NICD2 as
compared to NICD1 in these melanoma cell lines. Recent microarray studies have also
suggested that Notch-2 at mRNA levels is overexpressed in melanoma cells as compared to
nevi and normal melanocytes [12]. Therefore, the role of Notch signaling in tumorigenesis is
highly context dependent, and still far from completely elucidation. Various studies have
demonstrated that inhibiting y-secretase activity is a good strategy for designing anticancer
drugs. In fact, y-secretase inhibitors (GSI) are in preclinical trial. However, in our studies,
incubation with GSI alone (DAPT and DBZ) (data not shown) did not demonstrate any
effect on the cells in terms of inhibiting proliferation and inducing cell death in melanoma
cells. On the other hand, we did see decreased levels of NICD2 following DAPT treatment
in both the cell lines. Interestingly, there was a significant effect when cells were treated
with the combination of HNK with DAPT. There was a further reduction in NICD2 levels in
melanoma cells when compared to HNK or GSI alone. These data suggest that while, HNK
alone is a good strategy for inhibiting melanoma stem cells, the combination of HNK with
GSI could be a better inhibitor of the y-secretase enzyme, in addition to its ability to
suppress TACE activity.

We also observed that HNK inhibit the expression of cyclin D1 protein, which is a target of
activated Notch-dependent expression. Previous studies have also demonstrated that HNK
can inhibit cancer cell progression through the cell cycle at GO/G1 phase, depending on the
cancer cell type [31,46,47]. In the current studies, we have demonstrated that HNK induced
a GO/GI cell cycle arrest of melanoma cells confirmed by the reduction in cyclin D1 levels.
Cyclin D1, often found to be overexpressed in human melanomas, is an important positive
regulator of the G1-S cell-cycle transition through its binding and activation of cyclin-
dependent kinases 4/6 [48]. Notch signaling has also been shown to affect cyclin D1
expression and activation of CDK2 during melanoma transformation [49]. Cyclin D1 has to
interact with four cyclin dependent kinases, activation of cyclin-dependent kinases further
inactivate retinoblastoma protein, blocks its growth-inhibitory activity, and promotes release
of bound E2F, which in turn can induce the expression of the next set of genes including
cyclin E that are important for S phase progression [48]. A number of studies have focused
on the possible involvement of the Notch signals in the deregulation of components of the
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cell cycle machinery [50]. Similarly, in hepatocellular carcinoma Notchl signaling was
found to downregulate the expression of cyclins (D, E) and CDKZ2, induce p53 expression,
and thus apoptosis after a significant growth inhibition related to GO/G1 cell cycle [51].
Further studies are required to determine whether HNK also affects the expression of the
cyclin dependent kinases, and whether the suppression of cyclin D1 is a critical factor in the
GO/G1 arrest. Another interesting aspect of the studies that is yet to be explored is whether
HNK affects only the activation of Notch receptors or whether it can also affect the
expression of the proteins. In this regard, further studies, ongoing in the lab is focused on
determining whether HNK affects the transcription of the various genes in the Notch
signaling pathway such as ligands Jagged1, Jagged2, DLL1, DLL3 and DLL4, and the
Notch receptors Notch1 and Notch2 in melanoma cells. In addition, our current studies are
focused on whether translational machinery is affected by HNK treatment resulting in
reduced mRNA translation of these genes. These are potentially the focus of our future
publications in relation to HNK and suppression of melanoma stem cells.

Previous studies using a combination of gene expression and chromatin
immunoprecipitation assays revealed the existence of a large number of genes that can
directly be regulated by the Notch signaling pathway [52-53]. It would be interesting to
determine whether HNK is able to affect the expression of all or just a cohort of these genes,
and whether the expression patterns are specific for all or only a subset of melanoma cells.
This could not only give a better understanding of HNK's mechanism of action but also
might be a way of classifying the cancer into subtypes for future precision medication
strategies.

In conclusion, the current studies demonstrate that HNK is a potent inhibitor of melanoma
cells, especially the stem cells. Moreover, synthetic derivatives generated from it continue to
be excellent source for novel therapeutic agents. While additional studies are required to
demonstrate in vivo efficacy of the compound for the treatment of melanoma, the ability to
target both rapidly growing cells and the relatively rare quiescent stem cells makes the
compound an attractive novel potential agent and warrants further investigation.
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CDK2 cyclin-dependent kinase 2
CDK4 cyclin-dependent kinase 4
CDK®6 cyclin-dependent kinase 6
DAPT N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
DBz dibenzazepine
ERK extracellular signal-regulated kinases
Hes hairy and enhancer of split
HNK honokiol
LC3 light chain 3
mTOR mammalian target of rapamycin
NICD notch intracellular domain
PARP-y poly (ADP) ribosyl polymerase
PEN2 presenilin enhancer 2
PTEN phosphatase and tensin homologue deleted from chromosome 10
RBPJ recombination signal binding protein for immunoglobulin kappa J region
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Figurel.
HNK inhibit growth and clonogenic potential of melanoma cells. (A) Representative

photomicrographs of B16/F-10 and SKMEL-28 cells after 24 h of HNK treatment
(magnification 20x%). Cells were seeded in 6 well plates, allowed to grow overnight and
treated with increasing concentrations of HNK (0-50 pM) for 24 h. Significant changes in
cell morphology were observed in both the cell lines. (B) Cell proliferation assay showed
HNK induced growth inhibitory effects on melanoma cells. Cells were treated with
increasing concentrations of HNK (0-60 uM) for 24, 48, and 72 h. Experiments were
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conducted at n= 6, and repeated at least three times. The data was analyzed as percent of
control, where the control wells were treated with equivalent amounts of DMSO alone, and
the analyzed data was presented as average + SD. The differences among mean values were
deemed significant at P < 0.05. HNK decrease cell proliferation in dose and time-dependent
manner (P < 0.05). Cell proliferation assay showed HNK mediated decrease in viability of
melanoma cells. Cells were treated with increasing concentrations of HNK (0-50 uM) for
24, 48, and 72 h. The data was analyzed as percent of control, where the control wells were
treated with equivalent amounts of DMSO alone, and the analyzed data was presented as
average * SD. The differences among mean values were deemed significant at P < 0.05. (C)
HNK inhibited the clonogenic potential of melanoma cells. Cells were incubated with
increasing concentrations of HNK for 72 h. HNK significantly inhibited colony formation in
cells in a dose and time dependent manner (data not shown). Results are representative of
three independent experiments. Colonies were counted, analyzed and data was presented as
an average + SD. The differences among mean values were deemed significant at P < 0.05.
(*# P <0.05).
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Figure 2.

HNK induce GO/GL1 cell cycle arrest in melanoma cells. After 24 and 48 h of HNK (0-40
uUM) treatment, cells were stained by PI/RNase staining buffer and analyzed by flow
cytometry to quantify the cellular DNA content in cells. Data is percentage change

normalized to control and the average of three replicate assays.

HNK treatment significantly

induced GO/G1 cell cycle arrest with 24 h of HNK treatment in both the cell types (*P <

0.05).
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Figure 3.
HNK induce autophagy in melanoma cells. (A) Effect of HNK on cleavage of LC3B and

caspase-3 in melanoma cells. Cells after 48 h of HNK (0-40 uM) treatment were lysed and
used for western blot to study the cell death markers in melanoma cells. HNK induced
autophagic cell death in melanoma cells that were evident from cleavage of LC3B in cells.
However, cleavage of apoptotic marker, like caspase-3 and PAPR-y (data not shown) was
not detected after HNK treatment in any of the cell lines. (B) Transmission electron
micrographs (TEM) of melanoma cells treated with HNK. After HNK (0-40 pM) treatment
for 48 h, cells showed formation of numerous pre-autophagosomal, and autophagosomal
vacuoles in cells. All images were taken at 2000 and 4000 magnifications. (C) Transmission
electron micrographs [at higher magnification (<20,000x)] of cells after HNK treatment
showed double wall in autophagosomes. (D) Cells treated with 30 uM HNK for 48 h were
subjected to immuno-fluorescent staining using specific antibodies for a-tubulin and cleaved
LC3B proteins in cells. HNK treatment showed cytoplasmic accumulation of cleaved LC3B
in both the cell types. Yellow arrows in lower panel showing LC3 staining in both the cells
after HNK treatment (30 pM).
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Figure4.
HNK affects melanoma stem cells. (A) to perform melanosphere formation assay, cells were

grown in ultralow attachment plates and treated with increasing concentrations of HNK (0—
50 puM). After 6-7d, the spheroids were photographed and counted. (B) HNK (30 uM)
treatment significantly inhibited primary and secondary melanospheres in 3D culture (* #, P
< 0.05). Primary melanospheres were counted and performed bar diagram. For secondary
spheroids, primary melanospheres were collected after 6-7 d of HNK treatment and
dissociated into single cell suspension and replated for secondary spheroid formation
without HNK treatment. (C) HNK decreased the expression of melanoma stem cell markers
in both the cell types. Western blot analyses of B16/F-10 and SKMEL-28 cells after HNK
treatment showed decreased levels of CD271, CD166, Jarid1b, and ABCBS.
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Figureb.
HNK affects Notch signaling in melanoma cells. (A) HNK inhibited Notch signaling by

decreasing the levels of cleaved Notch-2 receptor at 48 h of HNK treatment in melanoma
cells in a dose dependent manner. (B) Cells treated with 30 uM of HNK for 48 h were
subjected to immuno-fluorescent staining using antibodies for Notch-2 and cyclin D1. HNK
treatment resulted in reduced levels of Notch-2 and cyclin D1 expression in cells. (C)
Western blot analyses further showed decreased levels of Hes-1 and cyclin D1 Notch target
proteins in cells. (D) Melanoma cells, transfected with HES-1 responsive luciferase plasmid,
showed a HNK dependent reduction of luciferase activity in melanoma cells at 48 h of HNK
treatment (* #, P < 0.05).
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Figure®6.
Mechanism involved in HNK induced changes in melanoma cells. (A) and (B) Western blot

analyses showed levels of proteins involved in S2 and S3 cleavage of Notch receptors in
cells. HNK showed reduced levels of TACE and y-secretase complex proteins (presenilin-1
and 2, nicastrin, and PEN2) involved in S2 and S3 cleavage of Notch receptors in melanoma
cells. (C) Western blot analyses showed effect of DAPT and/or HNK on cleavage of Notch2
receptor in both cell lines. DAPT showed reduced levels of NICD?2 in both the cells line
with more robust change in B16/F-10 cells. HNK alone showed more promising effect in
inhibiting Notch2 receptor cleavage. However, both DAPT and HNK in combination further
enhanced inhibition of cleavage of Notch2 receptor in melanoma cells. (D) ectopic
overexpression of NICD1 and 2 in B16/F-10 melanoma cells. NICD1 and 2 overexpression
overcomes HNK-mediated suppression of Hes-1 and cyclin D1 expression in cells. Cells
transiently expressing NICD were treated with honokiol for 48 h. Lysates were analyzed by

Mol Carcinog. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kaushik et al.

Page 22

Western blotting. Hes-1 and cyclin D1 levels were increased in the NICD-expressing cells
when compared with vector-transfected controls. (E) NICD overexpression recapitulates
HNK-inhibited melanosphere formation. Melanoma cells transfected with NICD
overexpressing plasmid were grown in melanosphere culture media in Ultra Low attachment
plates for 6-7 d in the presence and absence of HNK. Ectopic expression of NICD rescued
HNK-mediated inhibition of melanosphere formation of B16/F-10 cells (*, P < 0.05).
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