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Abstract

Under the stress of ultraviolet radiation some cyanobacteria synthesize scytonemin, a protective pigment against DNA
photodamage. In addition to photoprotection, scytonemin has been shown to have an anti-proliferative effect on various types
of malignant cells. In this study the effect of scytonemin on melanoma and spleen cells was assessed both in vitro using tissue
cultures and in vivo in mice models. Melanoma and spleen cells were exposed to 0.08 to 10 uM of scytonemin, and cell
proliferation was measured using tritiated thymidine uptake. The data suggest that scytonemin acts as an inhibitor for melanoma
cells in a concentration-dependent manner while enhancing the proliferation of spleen cells, suggesting that it can potentially
augment the immune response. Furthermore, mice injected with melanoma cells and scytonemin produced fewer tumors than
mice that did not receive scytonemin, although the data were not significant. This study adds to the growing body of research

that scytonemin may be beneficial as a future anticancer agent to prevent tumor cell growth.
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Introduction

According to the Centers for Disease Control, skin cancer is
the most common type of cancer in the world, with 85,868
people in the United States diagnosed with melanomas

of the skin in 2017 (3). Consequently, the demand for a
product that is both effective in killing tumor cells and safe
for an individual to take is as great as it has ever been. Since
ultraviolet radiation (UVR) plays a major role in skin cancer,
potential treatments could explore photoprotective effects of
various compounds against solar UVR. Long- wavelength
(UVA) in the range of 320-400 nm, plays a role in long-
term skin damage contributing to aging skin due to its deep
penetration of the epidermis and dermis. UVA is known to
damage keratinocytes, which are found in the basal layer

of the epidermis where most skin cancers occur (8). Short-
wavelength UVB in the range of 280- 320 nm is the major
contributor in sunburns and contributes to skin cancer
alongside UVA by directly damaging DNA and proteins
(17). All living cells, including bacteria, can be harmed by
UVR (8). As photosynthetic bacteria regularly exposed to
UVR, cyanobacteria have developed several mechanisms to
defend themselves against its harmful effects. These include
physical migration away from UVR (1), synthesis of UV-
shock proteins (4), up-regulation of antioxidant defenses
(14), and down-regulation of UVR- sensitive proteins (7).
Of particular interest is the ability of some cyanobacteria to
synthesize scytonemin, a photoprotective sheath pigment that
protects primarily against UVA radiation (5). Scytonemin

is a lipophilic, yellow-brown, indole-alkaloid pigment (Fig.
Figure 1.

1) (10) that efficiently absorbs UVA in vivo at 370 nm (6).
It is produced by certain species of cyanobacteria where it is
induced upon exposure to UVA, and is then deposited into

the sheath surrounding the cells (5).

In addition to its photoprotective properties, scytonemin
demonstrates anti- inflammatory and anti-proliferative
qualities. Tissue hyperplasia is a hallmark feature of
hyperproliferative and inflammatory pathologies, such as
rheumatoid arthritis, psoriasis, asthma, and cancer (15).
Scytonemin has been shown to exhibit anti-inflammatory
properties that could potentially treat these diseases (11,

15, 16). For example, the topical application of scytonemin
on mouse ear edema reduced swelling compared to mice
receiving no treatment (16). Furthermore, several studies
argue that scytonemin inhibits cell proliferation through
mechanisms of cell cycle arrest (15, 16, 18, 19). Scytonemin
has also been shown to interrupt hyperproliferation of renal
cancer cells (18) and slow the proliferation of multiple
myeloma cells (19). Possibly the most thorough study on
the anti-proliferative properties of scytonemin was that it
could hinder actively proliferating cells, including malignant
Jurkat T cells, rheumatoid synovial fibroblasts implicated
in arthritis, human lung fibroblasts, and human umbilical
vein endothelial cells. This study also demonstrated that
scytonemin was not cytotoxic towards non-proliferative
human monocytes (15). These results convey the possibility
for scytonemin to halt malignant cell growth without
harming other body cells, which is a quality particularly

sought after in cancer treatment research.

Figure 1. Structure of scytonemin (Proteau et. al. 1993).
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Since the literature suggests that the UV- protective agent
scytonemin is implicated in cell cycle arrest, this study seeks
to determine whether scytonemin will have anti-proliferative
effects against melanoma cell growth in animals. Therefore,
the objectives of this study were to examine both the in

vitro melanoma and spleen cell proliferation in the presence
of different concentrations of scytonemin, as well as the

in vivo effect of scytonemin on tumor growth in mice. If
scytonemin inhibits melanoma cell proliferation without
equally inhibiting spleen cell proliferation, then it has
potential as a future therapy for malignant cells and should
be further explored as an anti-tumor therapy. However, if
scytonemin affects melanoma and spleen cells alike, then it
could potentially harm tissue and might not result in the
production of an effective therapy. While the findings of other
studies already indicate that scytonemin slows malignant
proliferation (15, 16, 18, 19), this study takes a slightly
different angle by comparing the effects of scytonemin on
cancerous cell proliferation (i.e., melanomas) to healthy non-
cancerous cell growth (i.e., spleen cells) from other tissues

in the same organism. Spleen cells were chosen over skin
cells, for example, as the healthy non-cancerous control cells
because they are more likely to interact with a therapeutic
agent that enters the bloodstream. Furthermore, the spleen
plays a critical role in activating immune cells in response to
bloodborne antigens. Therefore, the hypothesis of this study
is that in the presence of scytonemin, melanoma growth
will decrease in tissues and animals while spleen cell

proliferation will increase.

Methods

Melanoma and Spleen Cell Assays

B16-F1 melanoma cells were purchased from the American
Type Culture Collection (ATCCO CRL-6323) (2). Spleen
cells were extracted from male C57BL/6 mice obtained from
Charles River Labs that were 4-6 months old at the time of
extraction. For each assay, a final concentration of 5 x 104
melanoma or 1 x 106 spleen cells were placed in each well of
a 96-well plate and assayed in triplicate for each condition.
Samples treated with scytonemin received 10 pL HPLC-

purified scytonemin (a gift from Benjamin Philmus, Oregon

State University) diluted in DMSO with final concentrations
of 10 to 0.08 uM. To better determine the effect of
scytonemin on spleen cell growth, the mitogen concanavalin
A (Con A), which stimulates T lymphocyte proliferation, was
added at a concentration of 0.1 pg per well in a volume of
200 ul of RPMI-1640 media plus 10% FBS, to determine
whether scytonemin inhibited rapidly proliferating spleen
cells (12). Spleen cell plates were incubated for 48 hours, then
3H-thymidine was added followed by a second incubation
for 24 hours, all of which took place at 37 °C under 10%
CO2. A cell harvester was then used to transfer the cells onto
filters, which were washed approximately ten times using
phosphate buffered saline (PBS). Filters were then placed
into counting tubes with EcoLume™ Scintillation Cocketail
(MP Biomedicals, Solon, Ohio) to count the incorporated
H3-thymidine using a Beckman scintillation counter. All
assays were done in triplicate and controls received no
scytonemin or DMSO treatment. Previous experiments

in our lab have demonstrated that DMSO does not

have an inhibitory effect on melanoma cell proliferation
(unpublished data). Cell counts were averaged and
compared to control groups to determine the percent
proliferation relative to the control groups. All statistical
tests were done using ANOVA and TukeyHSD post-hoc
comparisons in R Studio v1.2.1335 (13).

In Vivo Assays

For in vivo scytonemin experiments against melanoma tumor
cells, 18 male C57/BL6 mice were obtained from Charles
River Labs that were approximately 14 weeks old at the time
of experimentation. Each mouse was weighed before the
initial intraperitoneal (IP) injection of scytonemin diluted in
DMSO to a final concentration of 3.5 pM g-1. Scytonemin
was then administered at 3.5 uM g-1 daily for two weeks
through IP injections into nine treated mice, and the other
nine mice received the same volume of sterile saline that

had an equal concentration of DMSO as the scytonemin-
treated animals. After two weeks a single tail vein injection of
melanoma cells was performed. Melanoma cells were diluted
to 5 x 106 melanoma cells ml-1 in sterile saline, and 0.1 ml of
this preparation was injected into the tail vein of all 18 mice.
IP injections of scytonemin were continued for an additional

week and the mice were monitored for any health changes
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for two additional weeks while the tumors grew. After two
weeks of no injections eight mice in each group survived

and were weighed once more and sacrified. When injected
into the tail vein of syngeneic mice, melanoma cells migrate
to the lungs and produce dark colonies. Upon sacrifice the
lungs were teased apart and the melanoma tumor cell colonies
were counted on and within the lung tissue and the counts
were compared against the control mice that did not receive
scytonemin using an ANOVA with TukeyHSD post-hoc
analysis. All animal experiments were performed according to

TACUC Protocol #1111000244.

Results

Melanoma and Spleen Cell Assays

The melanoma cell assays showed that in the presence of

10 pM scytonemin, the percent inhibition compared to the
control was highest at 87.60% + 1.86 while in the presence
of 2 pM scytonemin, the inhibition decreased to 52.03% +
1.76 (Fig. 2). The percent inhibition compared to the control
was significant only at 10 pM and 2 pM scytonemin (p <
0.0001). The percent inhibition generally increased as the
concentration of scytonemin increased, indicating a positive

relationship among these variables.

For the spleen cell assays, in all treatments except the 10

M scytonemin dilution without Con A (65.28% =+ 5.34),
the percentage proliferation relative to the control was over
100% (Fig. 3). For the spleen cells receiving the mitogen
Con A, the percentage proliferation relative to the control
was 211.14% + 53.24 for the most dilute concentration of
scytonemin, 0.08 pM, peaking at 387.00% + 79.34 with 2
M scytonemin. The percent stimulation compared to the
control was significant only at 2 pM scytonemin, with p =
0.0012 regardless of whether Con A was used. The results of
the assays with and without Con A display the same general
trends, suggesting that the presence of the mitogen was not a
confounding variable. Scytonemin did not demonstrate any
inhibition of these spleen tissue cultures while the 2 pM and
10 pM levels showed significant inhibition of melanoma cell

growth.
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In Vivo Assays

After treatment, there was no significant difference in the
weights of untreated mice (28.44 + 0.49 g) and those treated
with scytonemin (29.63 + 0.48 g). There were also no
significant differences in the number of melanoma tumors
in untreated mice (205.5 + 51.29) versus those treated with
scytonemin (142.50 + 30.65).

Discussion

Mechanistically, scytonemin inhibits the hyperproliferation
of cells by targeting multiple enzymes implicated primarily
in cell cycle regulation. For instance, one study examined
the effect on several kinases, including PLK1, CDK1/cyclin
B, checkpoint kinase 1, protein kinase A, protein kinase C,
Myt kinase, and Tie2 kinase (16). Of these enzymes, it

was determined that scytonemin acted as an inhibitor for
PLK1, CDKI1/cyclin B, checkpoint kinase 1, protein kinase
C, and Myt1 kinase, but did not inhibit protein kinase A

or Tie2 kinase (16). These results suggest that scytonemin
binds nonspecifically to a variety of enzymes to prevent
phosphorylation steps critical to cell cycle progression. Other
experiments explored the relationship between scytonemin
and PLK1, finding that scytonemin acts as a mixed inhibitor
for PLK1 and functions in a concentration-dependent,
time-independent manner to induce cell cycle arrest (15, 16,
18). By looking at molecular signals in the cell, the specific
mechanism of action of scytonemin appears to be G2 to M

phase cell cycle arrest (15, 19).

In light of these prior findings, the results of this study
support the anti-proliferative potential of scytonemin as

an inhibitor of important cell cycle enzymes implicated in
cancer growth. Scytonemin at 2 pM and 10 pM significantly
inhibited melanoma cell proliferation by greater than

50% compared to controls in a somewhat concentration-
dependent manner. This is consistent with other studies that
explore the effect of scytonemin on malignant cells (15, 18,

19).

In addition, the results of the spleen cell assay demonstrates

that 2 pM scytonemin significantly stimulated proliferation



Figure 2.

Percent Inhibtion Compared to Control

Figure 2. Percent inhibition of melanoma cells compared to the untreated control for various concentrations of

scytonemin. Error bars represent the standard error of nine replicates. Significant inhibition compared to the control
is marked with an asterisk, for both the 2 uM and 10 uM samples, p < 0.0001.

compared to the controls, which was an unexpected outcome.
Since scytonemin typically inhibits actively proliferating cell
types (15), there was some concern that it would inhibit
spleen and melanoma cell growth alike. However, this was
not the case, and was especially true for spleen cells receiving
Con A. In these cells scytonemin appears to have enhanced
proliferation, ranging from 164.79% to 387.00% relative

to the control group. However, unlike the melanoma cell

assays, the spleen cells were not affected by scytonemin

Figure 4.

in a concentration-dependent manner through 10 pM of
scytonemin. This result could be due to high standard errors
or data resolution, which does not show the trend between
0.4 to 2 pM of scytonemin. Nonetheless, the data suggests
that scytonemin inhibits melanoma cells without hindering
spleen cell proliferation. Given that scytonemin inhibits
melanoma cell proliferation and potentially increases spleen
cell proliferation, it is a promising therapeutic agent for

melanoma treatment because it can slow cell growth while
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Figure 3.
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Figure 3. Percent proliferation of spleen cells compared to the control for various concentrations of scytonemin

in the absence (white bars) and presence (black bars) of Con A. Error bars represent the standard error of nine

replicates. Significant inhibition compared to the control is marked with an asterisk, at 2 uM scytonemin, p = 0.0012

for cells with and without Con A. Biorender.com.

simultaneously augmenting the immune system. The in

vivo experiments on mice evaluating the number of tumors
formed with and without the presence of scytonemin favored
the inhibitory effects of scytonemin. Even though there were
no significant differences in the number of melanoma tumors
in untreated mice versus those treated with scytonemin, the
averages themselves indicate that with additional studies there
may be some inhibitory effect of scytonemin on melanoma
tumor cells. These studies could benefit by a dose-dependent
analysis. The concentration of scytonemin used was based on
a study using Jurkat T cells (15) and it may have not been
ideal to use the same concentration in a study on melanoma

tumor development.

To better compare the inhibitory effects of scytonemin with
the previous body of knowledge, the inhibitory concentration
at 50% inhibition (IC50) was determined. This value
represents the concentration of scytonemin at which cell
proliferation is stunted by 50% relative to the control. In a

regression analysis of scytonemin concentration versus percent
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inhibition of melanoma proliferation, a positive correlation
(R2 = 0.89) was identified (Fig. 4). Using this regression plot,
the IC50 for scytonemin on melanoma cells was determined
to be approximately 1.66 + 0.34 pM. In a similar study
measuring the effects of scytonemin on the cancerous Jurkat
T cell line, the IC50 was determined to be 2.5 + 0.6 pM (15).
These relatively close values could help inform future research
studies exploring the benefits of scytonemin as an anti-

proliferative therapeutic.

The results of this study support that scytonemin inhibits
melanoma cell proliferation and enhances the immune
response via spleen cell proliferation. As a result, future
research should examine the role of scytonemin on in vivo
tumor growth beyond our studies to determine whether
scytonemin functionally inhibits malignant growth in body
systems without cytotoxicity to healthy cells. Further, in vivo
systems can be used to examine the response of the immune
system to scytonemin, to potentially affirm enhanced spleen

cell proliferation and examine other cytokines and immune



cells. Research could also focus on experimental cancer therapies using scytonemin to prevent tumors from growing and

metastasizing. Since a growing body of literature suggests that scytonemin acts as an inhibitor for PLK1 (15, 16, 18, 19), the

role of PLK1 in melanoma and spleen cell proliferation should be further studied. In addition, since dimethoxyscytonemin

binds to PLK1 with high affinity (9), it would be interesting to study how this scytonemin derivative affects proliferation in

melanoma and spleen cell assays compared to purified scytonemin. Overall this study, along with prior research, provides

evidence that the therapeutic potential of scytonemin should be further explored.
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