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Abstract

Pancreatic cancer, the fourth leading cause of cancer death in the United States, has a negative
prognosis because metastasis occurs before symptoms manifest. Although combination therapies
are showing improvements in treatment, the survival rate for pancreatic cancer five years post
diagnosis is only 8%, stressing the need for new treatments. The receptor for advanced glycation
end products (RAGE) has recently emerged as a chemotherapeutic target in KRAS driven
pancreatic cancers both for treatment and in chemoprevention. RAGE appears to be an important
regulator of inflammatory, stress and survival pathways that lead to carcinogenesis, resistance to
chemotherapy, enhanced proliferation and the high metastatic potential of pancreatic cancer.
RAGE expression has been demonstrated in pancreatic cancer tumors but not in adjacent epithelial
tissues. Its presence is associated with increased proliferation and metastasis. In an effort to
identify novel inhibitors of RAGE among our collection of marine-derived secondary metabolites,
a cell-based screening assay utilizing flow cytometry was developed. This effort led to the
identification of scalarin as the active compound in a marine sponge identified as Euryspongia cf.
rosea. Scalarin is a sesterterpene natural product isolated previously from a different marine
sponge. Scalarin reduces the levels of RAGE and inhibits autophagy in the PANC-1 and MIA
PaCa-2 pancreatic cancer cell lines. Its ICsq for cytotoxicity ranges between 20-30 UM in the
AsPC-1, PANC-1, MIA PaCa-2 and BxPC-3 pancreatic cancer cell lines. Inhibition of autophagy
limits tumor growth and tumorigenesis in pancreatic cancer, making scalarin an interesting
compound that may merit further study.
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Introduction

The American Cancer Society estimates that about 55,440 new cases of pancreatic cancer
will be diagnosed in the US in 2018. Of those patients, only 8% will survive 5 years post
diagnosis. Pancreatic cancer is the fourth most lethal cancer due to its rapid proliferation,
high rate of metastasis and its delayed detection, as most patients remain asymptomatic until
the cancer has metastasized [1]. Current treatments remain only moderately effective as
evidenced by the low long-term survival rate.

The receptor for advanced glycation end products (RAGE) is a member of the
immunoglobulin family of receptors. RAGE is a type | transmembrane protein that has three
extracellular immunoglobulin-like domains [2]. While mMRNA suggests the possibility that
many different RAGE isoforms exist, only two functional alternatively spliced isoforms are
currently known: the full-length transmembrane form which can initiate signal transduction;
and a soluble form that can act as a decoy receptor [2]. The full length form can also be
proteolytically cleaved to generate a soluble form with similar decoy function to the
alternatively spliced soluble RAGE [2]. RAGE expression can be increased by an
accumulation of its ligands and inflammatory mediators. RAGE has the ability to bind a
myriad of ligands, including glycation end products (AGE), S100/calgranulin proteins and
the high mobility group box 1 (HMGBL1), leading to a variety of functions including stress
responses, metabolic processes, and neuronal growth. Because many of the ligands for
RAGE accumulate in tissues as the body ages or in instances of disease and inflammation,
RAGE is considered a pattern recognition receptor.

Soluble RAGE is also thought to be a biomarker for chronic inflammation. RAGE activation
can lead to activation of the nuclear factor kappa B (NFxB), a transcription factor involved
in the regulation of apoptosis, proliferation and inflammation; MAP kinases that regulate
stress response; STAT3 another regulator of inflammation and cellular proliferation; and
adhesion molecules (Reviewed in [2,3,4]).

RAGE has emerged as an extremely important molecule in pancreatic cancer etiology.
Elevated levels of its ligands HMGB1 [2] and S100P [5] are found in pancreatic cancer, and
their expression is associated with survival and strong metastatic potential [6,2]. Promotion
of metastasis by S100P occurs through its interaction with RAGE [7,8]. Expression of
RAGE itself is elevated in pancreatic cancers [9] and pancreatic cancer cell lines [10,11] but
not in adjacent epithelial tissues. The expression of RAGE has been associated with
enhanced tumor formation and resistance to chemotherapy. Silencing of RAGE through
SiRNA in a pancreatic cancer cell line led to reduced growth of tumors when these cells
were injected into mice; in vitro, silencing RAGE led to apoptosis while over-expression
promoted survival [12]. High levels of soluble RAGE (which antagonizes membrane-bound
RAGE) in the sera of smokers were associated with a decreased risk of developing
pancreatic cancer [13]. Lower levels of soluble RAGE are found among pancreatic cancer
patients than the general population [14]. Silencing of RAGE through siRNA in a pancreatic
cancer cell line led to decreased autophagy [12], suggesting a link between RAGE signaling
and autophagy in pancreatic cancer. RAGE has been considered to be a switch between
apoptosis and autophagy following oxidative injury [15,16]. Autophagy is a conserved
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pathway to eliminate proteins through lysosomal degradation and is thought to be a caspase-
independent manner of programmed cell death [17]. While its role in cancer depends on the
tissue of origin, elevated levels of basal autophagy are found in many pancreatic cancer cell
lines and primary tumors, and inhibition of autophagy limits tumor growth and
tumorigenesis [18]. Similarly, expression of the autophagy marker LC3-I1 was shown in
pancreatic cancers and correlated with low survival rates [19], and silencing of RAGE
through siRNA decreases LC3-11 levels in pancreatic cancer cells [12]. Taken together, all
these studies suggest that RAGE is an important regulator of inflammatory, stress and
survival pathways that contribute to resistance to chemotherapy, enhanced proliferation and
high metastatic potential of pancreatic cancer.

The oceans are a rich source of bioactive natural products [20]. The uniqueness, chemical
diversity and structural complexity of marine natural products represent an unexploited
source of lead structures for use as biological probes or in drug discovery and development.
In an effort to discover small molecule inhibitors of RAGE expression in pancreatic cancer
cells, the Harbor Branch Oceanographic Institute library of enriched fractions obtained from
marine organisms (the HBOI Peak Library) was screened using a fluorescent cell based
assay to detect compounds that reduced levels of expression of RAGE in PANC-1 pancreatic
carcinoma cells.

Materials and Methods

Reagents

Cell Culture

Enriched fractions (peak) or pure compounds were obtained from the Harbor Branch
Oceanographic Institute Peak or Pure Compound Libraries. The scalarin stock solution was
at a concentration of 1 mg/mL in methanol. Methanol and isopropanol used in the
experiments were purchased from Fisher Scientific, Fair Lawn, NJ. The 3-[4,5-Dimethyl-2-
thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT) used for cell viability assays was
purchased from Sigma Chemical Co., St. Louis, MO.

The human pancreatic cancer cell lines PANC-1 (CRL-1469), AsPC-1 (CRL-1682), BxPC-3
(CRL-1687) and MIA PaCa-2 (CRL-1420) cell lines were obtained from ATCC, grown,
aliquoted and maintained in liquid nitrogen. Aliguots of AsPC-1, PANC-1, and BxPC-3
were thawed and grown in RPMI-1640 supplemented with 10% Fetal Bovine Serum, 0.11
mg/mL sodium pyruvate, 4.5 g/L D-glucose, 18 mM HEPES Buffer, 100 U/mL penicillin G
sodium, 100 pg/mL streptomycin sulfate, 0.25 pg/mL amphotericin B, 2 mM L-glutamine
and 50 pg/mL gentamicin (Complete RPMI). The MIA PaCa-2 cell line was grown in
RPMI-1640 supplemented with 10% Fetal Bovine Serum, 2.5% horse sera, 100 U/mL
penicillin G sodium, 100 pg/mL streptomycin sulfate, 0.25 ug/mL amphotericin B, and 50
pg/mL gentamicin. Cells were maintained in a humidified incubator at 37°C and 5% CO,.
Cells were kept in culture for 10 weeks (20 passages) when a new aliquot was thawed.
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Isolation and Purification of scalarin

A specimen of a marine sponge identified as Euryspongia cf. rosea, Family Dysideidae,
Order Dictyoceratida (See supplementary for details) was collected off Chub Cay Bahamas
using the Johnson Sea Link submersible at a depth of 597 m (HBOI Sample ID 8-
X11-84-2-010). The sample was frozen immediately after collection and stored at —20°C
until extraction. 164 g of the frozen sponge was freeze-dried and then ground and extracted
sequentially using a Dionex Accelerated Solvent Extractor in 3 steps (Step 1: heptane; Step
2: EtOH: EtOAc (5:1 v/v) and Step 3: CH30H:H,0 (5:1 v/v)) at 100 °C with 3 static cycles
per step. 1.02 g of the EtOH:EtOAc (5:1 v/v) extract was separated using an Isco
Combiflash™ Rf4. The material was adsorbed onto Celite and solvent removed for solid
sample loading. A 26 g C-18 RP Rf Gold Column (Isco Teledyne) was used for the
separation. The total run time was 32.2 column volumes (CV) over 23.8 minutes with a flow
rate of 35 ml/minute. The column was eluted with gradient elution as follows: Solvent A:
H>,0, Solvent B: CH3CN, Solvent C: CH30H; t=0 minutes A:B (8:2 v/v) hold for 1.2 CV
then elute with a linear gradient ending at 100% B at 15 CVs; hold at 100% B for 5 CV then
wash with 100% C for 3 CVs. The pressure was maintained at 200 psi over the course of the
elution. Eluates between 15 CV and 18 CV (Tubes 58-68) were combined and after solvent
removal yielded 29.2 mg of a fraction containing scalarin 1 as a major component. Further
purification by semi-preparative HPLC on a Phenomenex Luna C18 column (10 mm x 250
mm, 10 u particle size) using isocratic elution with HoO:CH3CN (85.5:14.5 v/v) at 3 ml/
minutes resulted in the purification of 5.5 mg of scalarin that was used in the biological
studies. Interpretation of the full 1D and 2D NMR data set for 1 and comparison to
published values identified the active compound as scalarin 1 [21].

RAGE Inhibition Screening Assay

PANC-1 cells were plated in a U-bottom plate and allowed to adhere overnight. Media was
removed and replaced with media containing treatment which consisted of either media
alone, 30uM curcumin, 5ug/mL HBOI test compounds/fractions or their respective vehicle
controls for 24 hours. Gates were set up against an 1gG isotype antibody using the methanol
solvent control. Curcumin and any compound that may autofluoresce had their own 1gG
isotype control. Cells were harvested by adding cell dissociation buffer (0.05% collagenase |
in trypsin/EDTA solution) containing 7-aminoactinomycin D (7AAD) to each well. 7AAD is
cell impermeable and only enters cells that are dead or in the final steps of cell death. Cells
were pelleted by centrifugation, fixed with 4% paraformaldehyde in PBS, and permeabilized
with ice cold methanol. Cells were labeled with primary antibody against RAGE (Millipore
AB5601; EMD Millipore, Billerica, MA) or isotype 1gG (005-000-003; Jackson
ImmunoResearch, West Grove, PA) followed by phycoerythrin conjugated secondary against
goat IgG (705-116-147; Jackson ImmunoResearch, West Grove, PA). Cells were analyzed
with a FACSCanto flow cytometer with a plate attachment (BD Biosciences, San Jose, CA)
acquiring 30,000 events. Data obtained was normalized to solvent controls for ease of
comparison between runs using Microsoft Excel (Redmond, WA).

Invest New Drugs. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guzmén et al. Page 5

Western blotting

Cells were seeded at normal density, and allowed to adhere overnight, then treated with 10,
5, 2.5, 1.25 or 0.625 pg/mL scalarin, 30 M curcurmin or methanol for 24h for RAGE
westerns. For LC3-11 westerns, cells were treated with 10 ug/mL scalarin or incubated in
media without serum for 0.5, 2, 6, 24, or 48h. Control samples were treated with either 10
UM manzamine A (a marine natural product known to inhibit autophagy [22]) or methanol
for 48h. At the end of the incubation, media and trypsinized cells were pooled and pelleted
by centrifugation. Cells were lysed in lysis buffer (10 mM Tris-Cl pH 7.5, 100 mM NacCl,
0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, Halt Protease Inhibitor Cocktail,
1 mM NazgVOy4, 1 mM NaF) for 30 minutes at 4°C, followed by centrifugation to pellet the
cell debris. The supernatant containing the protein was transferred to a new tube, quantitated
using BCA Protein Assay Kit (Pierce, Rockford, IL) and stored at —80°C. Protein (20 pg)
was run in a pre-cast denaturing 15% SDS-PAGE gel (Bio-Rad, Hercules CA), which was
then transferred to a polyvinylidene difluoride (PVVDF) membrane (Bio-Rad, Hercules CA),
and blocked with 5% non-fat milk in Tris-buffered saline containing Tween-20 (TBST)
buffer for one hour at room temperature. After repeated washing, the membrane was
incubated with primary antibody overnight at 4 °C, repeatedly washed and incubated for one
hour at room temperature with horseradish peroxidase conjugated secondary antibody.
Detection of proteins was done with chemiluminescence (Amersham Biosciences,
Piscataway, NJ), followed by imaging with the ChemiDoc MP System and densitometry
analysis using Image Lab 4.1 software (Bio-Rad, Hercules, CA). Primary antibodies used
were RAGE (SAB1401326; Sigma, St. Louis MO) and LC3-11 (3868; Cell Signaling
Technologies, Beverly, MA). Peroxidase-conjugated anti-rabbit 1gG secondary antibody was
obtained from Jackson ImmunoResearch (West Grove, PA). All antibodies were used at
manufacturer’s recommended dilutions. RAGE westerns were repeated four times; LC3-11
westerns were repeated three times.

Intracellular Staining

To determine the expression levels of selected signal transduction molecules affected by
scalarin, PANC-1 and MIA PaCa-2 cells were treated for 24 hours with 10 pg/mL scalarin or
methanol (vehicle control). At the end of treatment, cells were trypsinized, fixed with 4%
paraformaldehyde and permeabilized with ice cold methanol. Cells were labeled with
primary antibodies specific for the active (phosphorylated) form of NFxB (PE Mouse anti-
NFxB p65 (pS529); 558423; BD Pharmingen, San Diego, CA, USA), phosphorylated Erk
1/2, phosphorylated STAT3%€727, S100P, Bcl-XL (Cell Signaling Technologies, Danvers,
MA, USA), mouse 1gG or Rabbit IgG isotypes (Jackson ImmunoResearch, West Grove, PA,
USA) for 1 hour at room temperature. Cells were labeled with a secondary phycoerythrin
conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) for all
antibodies except NFxB for 30 min at room temperature. Antibodies were used at the
manufacturer’s recommended dilutions for this application. Cells were washed and
resuspended in 2% FBS in PBS and analyzed via flow cytometry in a BD FACSCanto
equipped with a plate adapter (BD Biosciences, San Jose, CA), acquiring 20,000 events.
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Cytotoxicity Assay (MTT)

12,000 cells were plated on a 96-well tissue culture plate. Cells were allowed to adhere for
24 hours. At the end of this incubation, 100 pl of medium was removed from each test well
and 100 pl of medium containing treatment was added. Treatment consisted of a range of
final concentrations from 0.078 to 20 pg/mL scalarin or media with methanol. The cells
were then incubated for 72 hours at 37°C and 5% CO,. After this incubation, 75 pL of 5
mg/mL MTT were added to each well, and the cells were further incubated for 3 hours at
37°C. The plates were centrifuged for 10 minutes at 800 rpm. The supernatant was removed
and 200 pL acidified isopropanol (1:500 solution of hydrochloric acid to isopropanol) were
added to each well. The plates were shaken for 15 minutes and then the absorbance of these
solutions were measured at 570 nm with a plate reader (NOVOstar, BMG Labtech Inc.,
Durham, NC). The resulting absorbances were normalized against methanol treated cells
using Microsoft Excel. Determination of the dose at which 50% inhibition is found (ICsg)
was done using a non-linear regression curve fit with GraphPad Prism 5 software (La Jolla,
CA).

Caspase Cleavage

To determine induction of apoptosis, a commercially available kit for measuring the
cleavage of caspase 3/7 (G0890; Promega, Madison, WI) was used following the
manufacturer’s protocol. Briefly, 10,000 cells were plated in a 96-well flat bottom white
plate. Cells were allowed to adhere overnight then treated with media, 10 pg/mL scalarin, 10
UM manzamine A (positive control) or vehicle control for 24 hours. Some wells received the
same treatments along with 100 ng/mL killer TRAIL (Alexis Biochemicals, San Diego,
CA). At the end of treatment an equal volume of pro-luminescent caspase 3/7 substrate was
added to the wells and incubated at room temperature with mild shaking for 30-60 minutes.
In cells with active caspase 3/7, the tetrapeptide sequence DEVD is cleaved to release
aminoluciferin, and the resulting luminescence was read with a plate reader (NOVOstar,
BMG Labtech Inc., Durham, NC). Luminescence results are presented as fold induction
compared to the vehicle control treated sample.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

To determine induction of apoptosis, a commercially available kit (G3250; Promega,
Madison, WI) was used to measure fragmented DNA by incorporating fluorescein 12-dUTP
at 3’-OH DNA ends with the Terminal Deoxynucleotidyl Transferase enzyme following the
manufacturer’s protocol. Briefly, 8,000 cells were plated on a 96-well black plate with clear
bottom. Cells were allowed to adhere overnight then treated with media, 10 pg/mL scalarin,
10 uM manzamine A (positive control) or vehicle control for 24 hours. Some wells received
the same treatments along with 100 ng/mL killer TRAIL (Alexis Biochemicals, San Diego,
CA). At the end of treatment, cells were fixed with 4% paraformaldehyde and permeabilized
with ice cold methanol. Cells were equilibrated for five minutes and then treated with 25 pl
of a reaction mix containing the nucleotide mix and the enzyme to label the fragmented
DNA for 60 minutes at 37°C. Cells were also stained with NucBlue Live Cell Stain Hoechst
33342 (Molecular Probes R37605, Eugene, OR). The reaction was stopped by the addition
of 20mM EDTA. The resulting fluorescence was visualized using the FITC and DAPI filters
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under a 10X objective in the ImageXpress Micro XLS Widefield High-Content Analysis
System (Molecular Devices, San Jose, CA).

Statistical analysis of the data sets to determine mean, standard deviation, and standard error
of the mean was performed using Microsoft Excel. Experiments were repeated a minimum
of three times. Data sets were compared using the Student’s T Test. A p value < 0.05 was
considered significant. Outliers were detected through the Grubbs’ Test.

To identify novel inhibitors of RAGE among our collection of marine-derived secondary
metabolites, we established a cell-based screening assay utilizing flow cytometry. Of the
pancreatic cancer cell lines maintained by our labs (AsPC-1, MIA PaCa-2, PANC-1 and
BXxPC-3) PANC-1 and MIA PaCa-2 are known to express high levels of RAGE [11,10]. This
led us to select the PANC-1 cell line for the screening assay. Curcumin, a natural product
that inhibits RAGE [23], was used as a positive control. For the screen, cells were treated
with marine-derived samples or controls for 24h then labeled with fluorescent RAGE
antibody and subjected to flow cytometric analysis. Cells were also labeled with a cell
impermeable nucleic acid stain to measure cytotoxicity which allowed us to eliminate
compounds that caused a decrease in RAGE by killing the cells. Samples that showed = 30%
inhibition of RAGE expression (Figure 1a) and exhibited < 20% cytotoxicity (Figure 1b) at a
concentration of 5 ug/mL were considered hits.

Three fractions from the sponge Euryspongia cf. rosea showed activity in the screening
assay. The hit fractions (in diagonal line fill) and related fractions (fractions from the same
organism that showed some activity but did not meet our criteria for a hit; in light grey fill)
are shown in Figure 1a. The active compound was purified using bioassay-guided
fractionation and was identified as the marine compound scalarin [24] whose structure is
shown in Figure 2. While this is a known compound, this is the first report of its inhibition
of RAGE in pancreatic cancer cells.

To confirm the decrease in RAGE expression, the expression of RAGE in PANC-1 and MIA
PaCa-2 cells treated for 24h with scalarin (10, 5, 2.5, 1.25, and 0.625 pg/mL) or controls was
determined using western blotting. As shown in Figure 3, the ability of scalarin to reduce
levels of RAGE expression was confirmed in both the PANC-1 and MIA PaCa-2 cell lines.
Densitometry analysis showed that this decrease was significant in PANC-1 cells treated
with 10 and 5 pg/mL scalarin and in MIA PaCa-2 cells treated with 10, 5 and 2.5 pg/mL
scalarin.

Because RAGE is known to be an important modulator of different signaling pathways,
scalarin was assayed to determine if it caused a reduction in the activation of NFxB, STAT3,
and Erk-1/2 or a change in the expression of S100P or Bcl-XL. Treatment of PANC-1 and
MIA PaCa-2 cells with 10 pg/mL scalarin for 24 hours led toa significant increase in Bcl-XL
levels in PANC-1 cells, but the increase in MIA PaCa-2 cells failed to be significant (p<
0.08). Cells treated with this compound had modest but significant increases in
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phosphorylated Erk 1/2 levels in both cell lines. No significant differences in S100P,
phosphorylated STAT3%€727 or phosphorylated NFxB were seen for either cell line (Figure
4).

The fractions containing scalarin were chosen as hits because they showed little cytotoxicity
in the screening assay. Nevertheless, an effort was made to determine the concentration of
scalarin needed to see 50% cytotoxicity after 72h of treatment (ICsq) in the four pancreatic
cancer cell lines maintained in the lab. As shown in Table 1, scalarin has only moderate
cytotoxicity with its 1Csq between 20-30 uM in all cell lines and showed the greatest
cytotoxicity against PANC-1 cells. In comparison, curcumin exhibits more cytotoxicity in
these cell lines, with its 1C5y between 5-13 M.

Kang et al. showed that RAGE promoted cell survival through increased autophagy and
reduced apoptosis [11]. Therefore, it was possible that a RAGE inhibitor would lead to an
increase in sensitivity to apoptosis. To test this possibility, PANC-1 and MIA PaCa-2
pancreatic cancer cells were treated with 10 pg/mL scalarin in the presence or absence of
100ng/mL killer TRAIL. As shown in Figure 5, treatment of MIA PaCa-2 cells or PANC-1
cells with scalarin neither induced apoptosis nor sensitized cells to undergo any further
TRAIL-induced apoptosis as measured through caspase 3/7 cleavage or DNA fragmentation
(TUNEL) than cells that just received killer TRAIL.

Finally, inhibition of RAGE in pancreatic cancer cells is expected to reduce autophagy. To
determine whether scalarin had any effect on autophagy, cells were cultured in media
containing no glutamate or FBS (serum starvation media) for 0.5,2,6,24 and 48 hours,
treated with 10 pug/mL scalarin for these same time points, or treated for 48h with methanol
(solvent control) or 10uM manzamine A (positive control). Protein from these cells was
isolated and used in a western blot using LC3-11 antibody (Figure 6). Serum starvation
induces autophagy that is resolved within the period tested, causing an accumulation
followed by a reduction of LC3-11 (lower band). Cells treated with scalarin showed an
accumulation in LC3-11 that failed to resolve by 48h, which suggests that scalarin inhibits
autophagy.

Discussion

By screening our collection of marine-derived secondary metabolites we have identified
novel inhibitors of RAGE with the potential to be chemotherapeutic for pancreatic cancer.
Fractions from the sponge Euryspongia cf. rosea showed activity in the cell based screening
assay, leading to the identification of scalarin [24]. Structurally related compounds have
shown anti-microbial activity against Staphylococcus aureus [25] and cytotoxic activity
against leukemia [25], breast, colon, prostate [26] and cervical [27] cancer cell lines.
Inhibition of RAGE in pancreatic cancer cells is a new activity for scalarin.

Scalarin, at concentrations of 11.3 and 22.5 uM, significantly reduced the level of RAGE in
the PANC-1 pancreatic cancer cell line; while the level in the MIA PaCa-2 cell line was
significantly reduced at 5.6, 11.3 and 22.5 uM. While this compound has only moderate
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activity it is comparable to curcumin, as treatment with 30 uM curcumin was required to
reduce RAGE expression 30-50% in these cell lines.

Even though scalarin and curcumin show similar inhibitory activity against RAGE,
curcumin was more cytotoxic in these cell lines. Scalarin showed little cytotoxicity in the
screening assay and its ICsq for cytotoxicity ranges between 20-30 uM in the AsPC-1,
PANC-1, MIA PaCa-2 and BxPC-3 pancreatic cancer cell lines, a desirable property if
scalarin is used as an adjuvant to other chemotherapies. Our tests showed that scalarin does
not induce apoptosis. Manzamine A, a marine natural compound known to inhibit autophagy
[22] has low cytotoxicity, but is able to sensitize AsPC-1 cells to undergo TRAIL-induced
apoptosis [28]. Scalarin, however, does not share this characteristic.

RAGE is an important regulator of inflammatory, stress and survival pathways that lead to
carcinogenesis, resistance to chemotherapy, enhanced proliferation and the high metastatic
potential of pancreatic cancer. Our focused effort to determine the effects of scalarin in
different signaling pathways associated with inflammation (phosphorylated NFxB and
phosphorylated STAT3), stress (phosphorylated Erk 1/2), inhibition of apoptosis (Bcl-XL)
and its own ligand (S100P), which are known to be regulated by RAGE, were not impacted
by scalarin. It is possible that scalarin could show effects at other time points or at other
steps in these signaling cascades.

RAGE is an important regulator of autophagy in pancreatic cancer. Indeed, inhibition of
RAGE through scalarin appears to lead to inhibition of autophagy in PANC-1 and MIA
PaCa-2 as observed by following LC3-1I by western blotting. Inhibition of RAGE [12] and
autophagy [29] has resulted in the decrease of tumor size in mice models, suggesting that
scalarin may merit further studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Screening Data
a) A screening assay was set up to measure effects on the levels of RAGE in the PANC-1

pancreatic carcinoma cell line after treatment with marine samples. Levels were normalized
to their respective solvent controls for ease of comparison. Samples showing = 30%
inhibition of RAGE expression and < 20% cytotoxicity were considered hits. Fractions from
Euryspongia cf. rosea sponge showed reduction of RAGE expression. b) Cytotoxicity was
measured concomitantly by using the membrane impermeable DNA stain 7-amino
actinomycin D (7AAD). Cells were exposed to this after treatment and prior to
permeabilization. All of the fractions presented less than 20 % cytotoxicity. Screening
results were confirmed by repetition.
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Figure 2. Structure of Scalarin
The active compound in the fractions was identified to be scalarin, a known compound for

which inhibition of RAGE is a novel activity.
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Figure 3. Confirmation of RAGE Inhibition by Western Blotting
The expression of RAGE in PANC-1 and MIA PaCa-2 cells treated with 10, 5, 2.5, 1.25, and

0.625 pg/mL (22.5, 11.3, 5.6, 2.8 and 1.4 uM) scalarin or controls for 24h was ascertained
using western blotting. The ability of scalarin to reduce levels of RAGE expression was
confirmed in the PANC-1 and MIA PaCa-2 cell lines. Densitometry analysis showed that
this decrease was significant in PANC-1 cells treated with 10 and 5 pg/mL scalarin and in
MIA PaCa-2 cells treated with 10, 5 and 2.5 pg/mL scalarin. Western blot for 1
representative experiment is shown. Graph shows the average densitometry * standard
deviation for 4 experiments.
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Figure 4. Effects of Scalarin on Signal Transduction Molecules
RAGE activation can lead to activation of NFxB, MAP kinases and STAT3, thus we

expected to see reduction in levels of these molecules after its inhibition. Similarly, the
levels of S100P and the anti-apoptotic molecule Bcl-XL can be affected by RAGE
expression. No significant differences in S100P, phosphorylated STAT3%€/727 or
phosphorylated NFxB were seen for either cell line. A very modest, but statistically
significant, increase in levels of phosphorylated Erk1/2 was seen in both cell lines. A slight
increase in levels of Bcl-XL was seen in both cell lines, but was only statistically significant
in the PANC-1 cells. Data shown is the average + standard deviation of 4 independent
experiments.

Invest New Drugs. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Guzmaén et al.

Page 16

Percentage

70
60

50

40

30
20

B

10

TUNEL

treatment
= treatment + 100 ng/mL TRAIL

[T

MeOH 10 pg/mL 10 uM
scalarin manzamine

PANC-1

24h treatment

MeOH 10pgimL 10uM |
scalarin manzamine

MIA PaCa-2 ‘

Caspase 3/7 Cleavage

PANC-1

treatment

5.0 u treatment + 100 ng/mL TRAIL

2.0
1.0 = = -
0.0 T T

Fold Induction
w
o

media

: '

MeOH 10 pg/mL 10 UM

scalarin manzamine A

24h

Caspase 3/7 Cleavage

MIA PaCa-2
Q treatment

= treatment + 100 ng/mL TRAIL

6.0
5.0
4.0
3.0

.
2.0
0.0 T T

media MeOH 10 pg/mL 10 uM
scalarin manzamine A

24h

Fold Induction

Figure 5. Effects of Scalarin on Apoptosis
PANC-1 and MIA PaCa-2 pancreatic cancer cells were plated, allowed to adhere overnight,

then treated for 24 hours with 10 pg/mL scalarin, methanol (solvent control) or 10uM
manzamine A (positive control), in the presence or absence of 100 ng/mL killer TRAIL. At
the end of the incubation apoptosis was measured by following caspase 3/7 cleavage or
TUNEL. Data shown is the average + standard error of the mean of at least 3 independent

experiments.
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Figure 6. Inhibition of Autophagy by Scalarin
PANC-1 and MIA PaCa-2 pancreatic cancer cells were plated, allowed to adhere overnight,

then cultured in media containing no glutamate or FBS (serum starvation media) or treated
with 10 pg/mL scalarin for 0.5, 2, 6, 24 and 48 hours or for 48h with methanol (solvent
control) or 10 uM manzamine A (positive control). Cells were lysed and subjected to
Western Blotting for LC3-11, a known marker for autophagy. Serum starvation induces
autophagy, which resolves within 48h. Inhibitors of RAGE inhibit autophagy resulting in an
accumulation of autophagic vesicles. Scalarin resulted in an unresolved accumulation of
LC3-11 in both cell lines, suggesting it inhibits autophagy. Western blot for 1 representative
experiment is shown. Graph shows the average densitometry + standard deviation for three
independent experiments.
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