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Natural products have been shown to serve as promising starting points for novel anti-
cancer drugs. In this study, the anti-cancer activities of the purple compound violacein,
initially isolated from Chromobacterium violaceum, were investigated. To highlight the
crucial role of the tumor microenvironment on the effectiveness of cancer therapies, this
study includes effects on macrophages as prototypic cells of the microenvironment in
addition to the investigation of tumor-centric activities. Using 2D and 3D cell culture
models, automated live-cell microscopy, and biochemical analyses, violacein was
demonstrated to inhibit tumor cell proliferation and migration. The violacein-triggered
tumor cell death was further associated with caspase 3-like activation and ATP release.
Stimuli released from dead cells resulted in inflammatory activation of macrophages, as
shown by NF-kB reporter cell assays, macrophage morphology, and gene expression
analysis. Moreover, macrophages deficient in the inflammasome component Nlrp3 were
found to be significantly less sensitive towards treatment with violacein and doxorubicin.
Taken together, this study provides new insights into the biological activity of violacein
against cancer. In addition, the in vitro data suggest immunogenic features of induced cell
death, making violacein an interesting candidate for further studies investigating the
compound as an inducer of immunogenic cell death.

Keywords: natural compounds, immunogenicity, chemoresistance, reactive oxygen species, IL6, TNF, IL1b, iNOS
1 INTRODUCTION

In the past, natural products have played a key role in the discovery of new cancer drugs (1). The
natural compound violacein was initially isolated from Chromobacterium violaceum before
metabolic engineering offered the possibility for more productive isolation, e.g., using Escherichia
coli as a platform (2, 3). The anti-cancer activity of the purple compound was first described in the
early 2000s. Besides that, various actions have been supposed, among them antibacterial, antiviral,
and antifungal activities (3, 4). Being equipped with this broad spectrum of potential applications,
violacein has attracted interest in understanding its mechanism of action.
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In the context of its anti-cancer activity, diverse actions of
violacein against different hallmarks of cancer have been reported.
This includes but is not limited to the induction of cell death,
inhibition of proliferation and migration, and the suppression of
cancer stemness (5–8). The application of violacein in in vivo
mouse models of acute and chronic inflammation demonstrated
anti-inflammatory effects, involving a decreased production of
inflammatory cytokines (9). In contrast, the in vitro treatment of
murine and human macrophages resulted in their inflammatory
activation via TLR8 signaling (10).

Macrophages display a broad polarization spectrum fulfilling
diverse functions depending on the needs of their specific
environment (11). The polarization stages referred to as M1 and
M2 polarizations mark the extreme ends of this spectrum, with the
transition between them being seamless. However, inflammatory
M1 macrophages predominantly play a role in host defense, while
M2macrophages are associated with the resolution of inflammation
and tissue repair. Macrophage phenotypes are characterized by a
variety of surface and intracellular receptors, multiple signal
transduction pathways, and adaptable arrays of gene expression
(12, 13). As one example, expression of the inducible nitric oxide
synthase (iNOS) has been described as a hallmark of M1
macrophages, producing NO as an inactivating and destroying
infectious agent (14).

In the tumor microenvironment (TME), tumor-associated
macrophages (TAMs) show a high presence and are key players
linking cancer progression and inflammation. While inflammatory
M1 macrophages suppress tumor growth, anti-inflammatory M2
macrophages rather promote disease progression by facilitating
tumor proliferation, migration, and angiogenesis (15). In line with
their tumor-promoting functions, a correlation between an
increased presence of M2-like TAMs and poor prognosis has
been found in various tumor entities (16), making them an
attractive target in the TME.

Since cells of the TME, such as macrophages, have been shown
to influence the effectiveness of cancer therapeutics significantly,
successful therapeutic strategies against cancer involve more than
just killing malignant cells (17, 18). Besides direct actions of the drug
targeting immune cells in the TME, cancer cell death can be
immunogenic or nonimmunogenic.

For instance, cells that undergo apoptosis are engulfed by
phagocytes in an immunologically “silent” manner, leading to
active suppression of the immune response (19). Moreover, the
phagocytosis of the cellular corpses fosters macrophages into anM2
phenotype, thereby further promoting tumor growth (20). In
contrast, there is the concept of immunogenic cell death (ICD),
which triggers an immune response against antigens of dead cells
(21). While in vivo vaccination experiments still represent the gold
standard in detecting potential ICD inducers, distinct properties of
ICD have been revealed. One of them is the pre-apoptotic exposure
of calreticulin (CRT) at the surface of the dying cells, labeling them
for phagocytosis, as well as the release of ATP and the nuclear high
mobility group box 1 (HMGB1) protein. While HMGB1 activates
toll-like receptor 4 (TLR4) and subsequently myeloid cells, ATP
binds purinergic P2RX7 receptors, stimulating the nucleotide-
binding oligomerization domain-like receptor family, pyrin
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domain–containing 3 (NLRP3) inflammasome to produce
interleukin-1b (IL1b), stimulating T lymphocytes against tumor-
specific antigens (22, 23).
2 MATERIALS AND METHODS

2.1 Materials
Coenzyme A (Sigma #C3019), D-luciferin (Cayman #Cay25836),
luciferase (Sigma #SRE0045), HRP (Peroxidase from horseradish,
Type II, Sigma #P8250-5KU), HVA (Homovanillic acid, Sigma
#H1252). Other chemicals were obtained from Sigma-Aldrich
unless stated otherwise.

2.2 Cell Culture
Huh7 and A549 were cultured in RPMI-1640, while HCT116,
PANC-1, SW620, MCF7, SK-MEL-5, HeLa, CC-SW-1, and
HepG2 cells were cultured in DMEM. Media was supplemented
with 10% FCS, 100 U/ml penicillin/streptomycin, and 2 mM
glutamine. Media and supplements were purchased from Sigma-
Aldrich (#R0883, #D6546, #F7524, #P433, #G7513). All cell lines
were maintained at 37°C and in 5% CO2.

2.2.1 Reporter Cells
RAW-Blue™ cells (In vivoGen) were grown in DMEM medium
supplemented with 10% heat-inactivated FCS (30 min at 56°C),
100 U/ml penicillin/streptomycin, 2 mM glutamine, 100 mg/ml
Normocin, and 200 mg/ml Zeocin for selection.

THP1-XBlue™ cells (In vivoGen) were grown in RPMI-1640
supplemented with 10% heat-inactivated FCS (30 min at 56°C),
100 U/ml penicillin/streptomycin, 2 mM glutamine, 100 mg/ml
Normocin, and 200 mg/ml Zeocin for selection. For macrophage
differentiation, 50,000 cells per well were cultured in 96 well
plates in the presence of 30 ng/ml phorbol 12-myristate 13-
acetate (PMA, Calbiochem #524400) for 48 hours.

HEK-Blue™ hTLR4 cells and HEK-Blue™ Null2 cells (In
vivoGen) were grown in DMEM supplemented with 10% heat-
inactivated FCS (30 min at 56°C), 100 U/ml penicillin/
streptomycin, 2 mM glutamine, 100 mg/ml Normocin, and 1x
HEK-Blue™ Selection.

2.2.2 3D Cell Culture
96 well plates were coated with 50 ml sterile 1.5% agarose. 3,000
HCT116 cells were seeded on agarose-coated plates and
centrifuged for 5 min at 250g. Spheroids were grown for 6 days
before they were treated with violacein or DMSO solvent control.

2.2.3 Doxorubicin-Resistant Huh7
Doxorubicin-resistant Huh7 cells were generated as described
previously (24) and cultured in RPMI-1640 containing 2 mM
doxorubicin (Alfa Aesar #J- 64000). Cells were seeded in RPMI-
1640 without doxorubicin the day before violacein treatment.

2.2.4 Human Serum Differentiated Huh7
Huh7 cells were differentiated in 2% human serum (PAN-Biotech
#P40-2701) for three weeks, as described previously (25, 26).
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2.2.5 Isolation, Cultivation, and Polarization of
Human Monocyte-Derived Macrophages (HMDMs)
Buffy coats from healthy donors were collected from the Blood
Donation Center, Saarbruecken, Germany, authorized by the
local ethics committee (State Medical Board of Registration,
Saarland, Germany; permission no. 173/18). Lymphocyte
Separation Medium 1077 (PromoCell #C-44010) was used to
isolate peripheral blood mononuclear cells (PBMC) in Leucosep
tubes (Greiner #227290) using density gradient centrifugation.
Positive selection was performed using CD14 magnetic beads
(Miltenyi #130-050-201) to sort PBMCs for CD14 positive cells.
Upon sorting, monocytes at a density of 0.5×106 cells/ml were
seeded and differentiated in RPMI-1640 supplemented with 20
ng/ml human recombinant macrophage colony-stimulating
factor (M-CSF, Miltenyi #130-096-492) for 6 days.

Polarization of HMDMs was performed in vitro: To obtain
M1 polarization, media was supplemented with 20 ng/ml
recombinant IFNg (Miltenyi #130-096-484) and 100 ng/ml LPS
(Ultrapure LPS from Escherichia coli K12 #tlrl-peklps), while
either 20 ng/ml IL4 (Miltenyi #130-093-921) or IL10 (Miltenyi
#130-093-948) was used to obtain M2 polarization.
Differentiation media without any further supplementation was
used to attain M0 macrophages. In all experiments comparing
macrophage subsets, cells from the same donor were used.

2.2.6 Isolation and Cultivation of Bone Marrow-
Derived Macrophages (BMMs)
BMMs were obtained from wildtype or Nlrp3 knockout C57B/6
mice and cultivated as described previously (27). Cells were
seeded per well into 96 well plates (75,000 per well) for MTT
assays and into 12 well plates (500,000 per well) for RT-qPCR.
The use of murine BMMs was approved by the local animal
welfare committee (Landesamt für Verbraucherschutz,
Saarbrücken, Germany; AZ.: GB 3-2.4.2.2.-/2016 and AZ:
2.4.2.2.-06/2020) and was in accordance with the European
Legislation on Protection of Animals (Guideline 2010/63/EU)
and the NIH Guidelines for the Care and Use of Laboratory
Animals (AZ: 39/3.5.2.1).

Polarization of BMMs was performed in vitro: To obtain M1
polarization, media was supplemented with 20 ng/ml
recombinant IFNg (Biomol #87389.100) and 100 ng/ml LPS
(Ultrapure LPS from Escherichia coli K12 #tlrl-peklps), while
either 20 ng/ml IL4 (Miltenyi #130-094-061) or IL10 (Miltenyi
#130-094-067) was used to obtain M2 polarization. Polarization
was performed in the absence or presence of violacein.
Differentiation media without any further supplementation was
used to attain M0 macrophages. In all experiments comparing
macrophage subsets, cells from the same donor were used.

2.3 qPCR
RNA was isolated using the High Pure RNA Isolation Kit (Roche
#11828665001), and reverse transcribed using the High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific
#4368813) in the presence of an RNase inhibitor (Invitrogen
#10777-019) according to the manufacturer’s instructions. cDNA
was analyzed by qPCR using a 5xHotFirePol EvaGreen qPCR Mix
Frontiers in Oncology | www.frontiersin.org 3
(Solis BioDyne #08-24-00020) and the following primers:
hu_TNF_for: 5´CTCCACCCATGTGCTCCTCA3´, hu_TNF_rev:
5´CTCTGCCAGGGGCTCTTGAT3´, hu_IL1B_for: 5´GG
CTGCTCTGGGATTCTCTT3 ´ , h u _ I L 1 B _ r e v : 5 ´
AGTCATCCTCATTGCCACTGTAA3´, hu_IL6_for: 5´AC
ATCCTCGACGGCATCTCA3´ , hu_ IL6_rev : 5 ´TC
ACCAGGCAAGTCTCCTCATT3´ , hu_ IL10_for : 5´
CAACAGAAGCTTCCATTCCA 3´, hu_IL10_rev: 5´AG
CAGTTAGGAAGCCCCAAG3´ , mu_ I l 1 b_ f o r : 5 ´
CCAAAAGATGAAGGGCTGCTT3´, mu_Il1b_rev:5´ GGA
AGGTCCACGGGAAAGAC 3 ´ , m u _ I l 6 _ f o r : 5 ´
AAGAAATGATGGATGCTACCAAACTG3´, mu_Il6_rev: 5´G
TACTCCAGAAGACCAGAGGAAATT3´, mu_Tgfb_for: 5´
ACCCTGCCCCTATATTTGGA3´, mu_Tgfb_rev: 5´C
GGGTTGTGTTGGTTGTAGAG3´, mu_Tnf_for: 5´C
CATTCCTGAGTTCTGCAAAGG3´, mu_Tnf_rev: 5´
AGGTAGGAAGGCCTGAGATCTTATC3´. The PCR was
performed in a CFX96 touch™ Real-Time PCR detection system
(BioRad). Data was normalized to the housekeeping gene RNA18S.

2.4 Violacein
Violacein was produced using recombinant E. coli as described
before (2). Then, cells were harvested and extracted twice with
ethanol. Violacein was purified from the extract (>97%)
(Bioviotica Naturstoffe, Göttingen, Germany). It was dissolved
in DMSO because of its poor solubility in water. DMSO solvent
controls were included in the experiments.

2.5 Endotoxin Detection
Prior to cell treatment, violacein was tested for the absence of
endotoxins using the Endozyme® II assay kit (Biomérieux
#890030) according to the manufacturer’s instructions.

2.6 MTT Assay
Cells were seeded into 96 well plates in appropriate cell densities
to attain confluency the next day. Cells were treated as indicated
before media was removed, and 0.5 mg/ml MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide,
Sigma–Aldrich) dissolved in the respective culture media was
added. Cells were lysed in DMSO, and absorbance was measured
at 560 nm using a microplate reader (GloMax™).

2.7 APH Assay
Spheroids were treated as indicated, and cell viability was assessed
by acid phosphatase (APH) assay. For this, supernatants were
replaced by 100 ml assay buffer (0.1 M sodium acetate (pH 5.2),
0.1% (v/v) Triton X-100, supplemented freshly with 4 mg/ml p-
nitrophenyl phosphate (final pH 4.8, Thermo Fisher Scientific
#34045). Spheroids were incubated at 37°C for 90 mins before 10
µl NaOH were added. Absorption was measured at 405 nm on a
microplate reader (GloMax™).

2.8 Caspase 3/7 Activity
Cells were collected (adherent cells were trypsinized and
detached cells in the supernatant were spun down), before they
were washed with ice-cold PBS, and 70 µl lysis buffer were added
May 2022 | Volume 12 | Article 872223
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(25 mM HEPES, 5 mM MgCl2, 1 mM EDTA, 0.1% [v/v] Triton
X-100). Lysates were centrifuged (14,000g, 10 min, 4°C) and 10
µl of the supernatant were transferred to white 96 well plates. 90
µl substrate solution were added (55 µM of fluorogenic substrate
Ac-DEVD-AFC (Enzo, #ALX-260-032-M005), 50 mM HEPES,
0.1% [w/v] CHAPS, 1% [w/v] sucrose, 10 mM DTT, pH 7.5).
Free AFC (7-amino-4-trifluoro-methyl coumarin) was measured
at 37°C in a microplate reader (GloMax™, excitation: 405 nm;
emission: 495-505 nm). Data was normalized to protein
concentrations as determined by a BCA assay.

2.9 ATP Release
50 µl supernatants were transferred to a white 96 well plate.
Assay buffer was injected (50 µl; 20 mM Tricine, 1.1 mMMgCO3

Mg(OH)2, 2.7 mM MgSO4, 100 µM EDTA, 33.3 mM DTT,
0.213 mg/ml coenzyme A, 470 µM D-luciferin, 20 µg/ml
luciferase), and luminescence was detected in a microplate
reader (GloMax™).

2.10 ROS Production
The homovanillic acid oxidation assay was performed to detect
produced hydrogen peroxide in a defined period. The HVA assay
reaction solution (0.1 mM HVA, 4 U/ml HRP in PBS) was
prepared freshly and was protected from light. The cells were
washed with PBS before 150 µl assay solution were added. Plates
were protected from light and incubated for 1 h at 37°C.
Afterward, 100 µl supernatant were transferred into a white 96
well plate, and the reaction was stopped by adding 15 µl stop
solution (0.1 M glycine, 0.1 M NaOH, 25 mM EDTA).
Fluorescence was measured at 312 nm excitation and 420
nm emission.

2.11 Proliferation
PANC-1, Huh7, and HCT116 cells were seeded at an appropriate
cell density to reach 10% confluency the next day. Cells were
treated as indicated. Automated microscopy was performed
using the IncuCyte® S3 system. The quantification of the
proliferation was calculated by the IncuCyte® basic analyzer
software based on cell confluency.

2.12 Migration
PANC-1, Huh7, and HCT116 cells were seeded into Image Lock
96-well plates at an appropriate cell density to reach 90%
confluency the next day. The scratches were made using the
WoundMaker™ tool (IncuCyte® Migration Kit). Media without
FCS was used to wash the cells and for further cultivation. Cells
were treated as indicated. Automated microscopy was performed
using the IncuCyte® S3 system. The quantification of the
migration was calculated by the IncuCyte® software.

2.13 TLR Reporter Cell Assay
HEK-Blue™ hTLR4, HEK-Blue™ Null2, THP1-XBlue™, and
RAW-Blue™ cells stably express a secreted embryonic alkaline
phosphatase (SEAP) gene inducible by NF-kB and AP-1
transcription factors and are used to determine NF-kB/AP-1
activity. Tumor cells were seeded in 6 well plates in appropriate
Frontiers in Oncology | www.frontiersin.org 4
numbers to reach 90% confluency the next day. On the next day,
tumor cells were treated with 50 mM violacein, oxaliplatin, or
solvent control. After 4 h, the medium containing the respective
treatment was removed, and wells were replaced with fresh
media. 20 h later, supernatants were collected and centrifuged
to remove dead cells. These dead tumor cell-conditioned media
(dTCM) were then added to the reporter cells seeded a day prior
(as per the manufacturer’s protocol). After 24 h, SEAP activity in
the reporter cell supernatants was determined using the
QUANTI-Blue™ solution according to the supplier ’s
instructions. Lipopolysaccharide (LPS-EK Ultrapure, In
vivoGen) at a concentration of 100 ng/ml for RAW-Blue™

and 10 ng/ml in HEK-Blue™ hTLR4, HEK-Blue™ Null2, and
THP1-XBlue™ were used as a positive control in all reporter cell
assays. SEAP levels were determined at 600 nm with a microplate
reader (GloMax™) and normalized to cell confluency as
determined by IncuCyte® analysis.

2.14 Macrophage Morphology Analysis
In vitro differentiated and polarized macrophages were treated
with the dTCM also used for reporter cell analysis. The
IncuCyte® S3 system was used to image the cells at the
beginning and the end of treatment. Cells were analyzed for
their morphology using the IncuCyte® cell-by-cell analysis
software and grouped on the basis of their eccentricity into
either round or elongated shapes.

2.15 NO Production
RAW264.7 cells were cultured in 96-well plates and treated with
violacein for 1 h before adding 1 µg/ml LPS. After 20 h, nitrite as
a metabolite of NO was measured by Griess reaction as described
previously (28).

2.16 Statistical Analysis
Data analysis was done by Microsoft Excel, and statistical analysis
was performed using OriginPro® 2019. Based on group number,
statistical differences were calculated using Student’s t-test for two
groups and one-way ANOVA with Tukey’s or Bonferroni’s post
hoc analysis for more than two groups. IC50 values were calculated
using nonlinear regression analysis. Experiments were performed
in at least three independent experiments, and data are represented
as means ± SEM if not indicated otherwise. * p < 0.05; ** p < 0.01;
*** p < 0.001.
3 RESULTS

3.1 Activity of Violacein Against Different
Hallmarks of Cancer
The activity of violacein against cancer cells was first assessed
using an MTT assay after 48 h treatment. In a set of cell lines
derived from various tumor entities, violacein exerted toxic
effects in the low micromolar range, with IC50 values ranging
from 0.393 µM in SK-MEL-5 cells to 9.864 µM in HepG2 cells
(Supplementary Table 1). These cytotoxic effects could also be
observed when HCT116 cells were grown in a 3D tumor
May 2022 | Volume 12 | Article 872223
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spheroid model. In this model, violacein treatment not only
inhibited the growth of the spheroid but also resulted in a
detachment of the outer cells from the core (Figure 1A). To
test whether violacein affects normal cells to the same extent, we
used a model of long-term cultivation of Huh7 in human serum.
The transition of the cell line towards a more normal,
hepatocyte-like phenotype has been demonstrated previously
(25, 26). In this model, the activity of violacein was abolished
(Figure 1B). Moreover, violacein was able to kill doxorubicin-
resistant Huh7 cells (Figure 1C).

For a clearer picture of provoked cell death, the activation of
caspase 3/7 (Figures 1D–F) as central players in programmed
cell death and the release of ATP (Figures 1G–I) were examined.
In Huh7 cells, 8 h treatment with violacein resulted in an
activation of caspase 3/7 comparable to the controls
staurosporine (STU) and doxorubicin (Doxo) (Figure 1E),
which was not the case in HCT116 (Figure 1D). In MCF7
cells, which do not express caspase 3, none of the treatments
activated caspase 7 (Figure 1F). In HCT116 cells, a release of
ATP could only be observed at a later timepoint (Figure 1G),
while Huh7 cells already released ATP after 8 h treatment
Frontiers in Oncology | www.frontiersin.org 5
(Figure 1H). In MCF7 cells, no ATP was detectable in the
supernatant upon 16 h treatment (Figure 1I).

Since violacein has been demonstrated to increase the
production of reactive oxygen species (ROS) in previous
studies (5, 6), and excessive ROS levels can cause cell death,
their production was measured in an homovanillic acid (HVA)
assay. However, concentrations up to 2.5 µM did not provoke a
significant ROS production (Supplementary Figure 1).

Given the cytotoxic activity of violacein against different
cancer cell lines, its effects on cancer cell proliferation and
migration were investigated in order to examine whether
violacein also affects other hallmarks of cancer. The
observation of cell proliferation in an automated microscopy
approach revealed a dose-dependent inhibition of proliferation
in HCT116, Huh7, and PANC-1 cells in concentrations below
the IC50 for the respective cell line (Figure 2). As expected, at
higher concentrations cell confluency went down confirming
cytotoxic actions.

A live cell microscopic approach was also used to monitor the
effects of violacein on cellular migration in a scratch-wound
assay. While violacein showed no significant action on HCT116
A B

D E F

G IH

C

FIGURE 1 | Cytotoxic effects of violacein against cancer cells. (A) HCT116 spheroids were treated with violacein or DMSO solvent control for 48 h before spheroids
were imaged and cellular viability was analyzed. Representative pictures for the DMSO control (co) and 20 µM violacein treatment are shown for the start and treatment
endpoint; scale bar = 250 mm. (B) Standard Huh7 or human serum (HS)-differentiated Huh7 cells were treated with violacein or solvent control (set to 100%), and cells
were analyzed in an MTT assay 48 h after treatment. (C) Doxorubicin resistant (R) and Huh7 wildtype (wt) cells were treated with violacein (Vio) or doxorubicin (Doxo), and
cells were analyzed by MTT assay 48 h after treatment. (D-F) Caspase 3/7 activity of (D) HCT116, (E) Huh7, and (F) MCF7 cells treated for 8 h with staurosporine (STU,
1 µM), doxorubicin (5 µM), or violacein (10 µM), respectively. (G-I) Luciferase-based measurement of ATP release to the supernatant of (G) HCT116, (H) Huh7, and (I)
MCF7 cells treated for 8 h or 16 h with staurosporine (STU, 1 µM), doxorubicin (Doxo, 5 µM), or violacein (Vio, 10 µM), respectively. D-I: Means values for solvent-control
treatment were set as 1.
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migration (Figure 3A), migration of Huh7 and PANC-1 cells
was inhibited (Figures 3B, C).
3.2 Activity of Violacein on Macrophages
To elucidate whether the supernatant of violacein-killed cells
affects macrophage activation, RAW-Blue™ and THP1-
XBlue™ reporter cells were incubated with the dead tumor
cell-conditioned media (dTCM) of HCT116, Huh7, or PANC-1
cells killed by violacein (dTCM-Vio) or oxaliplatin (dTCM-
Oxa) as a control. The toll-like receptor 4 (TLR4) agonist
lipopolysaccharide (LPS) was used as a positive control of
macrophage activation. In RAW-Blue™ cells, the addition of
dTCM resulted in a potent inflammatory activation
(Figures 4A–C). While the dTCM of HCT116 (Figure 4D)
and Huh7 (Figure 4E) cells provoked only a tendency of an
effect on THP1-XBlue™ cells, the PANC-1 dTCM-Vio also
activated NF-kB in these cells (Figure 4F). Since the release of
the TLR4 ligand HMGB1 is associated with an immunogenic
nature of compound-induced cell death, the specific activation
of TLR4 was investigated. While none of the dTCM-Vio
activated HEK-Blue™ hTLR4 cells (Figures 4G–I), their
parental cell line HEK-Blue™ Null, expressing TLR3, TLR5,
and NOD1, but no TLR4, showed a response (Figures 4J–L).

Besides TLR4 signaling, another PRR family also contributes
to ICD. NLRP3 inflammasome activation has been shown to be
another key factor in ICD. Hence, violacein toxicity was
investigated in Nlrp3 knockout bone marrow-derived
Frontiers in Oncology | www.frontiersin.org 6
macrophages (BMMs). As assessed by MTT assays, violacein
toxicity was significantly reduced in the knockout cells, as also
observed for the ICD-inducer doxorubicin (Figure 5).

To assess the direct effects of violacein on macrophage
activation, iNOS induction was analyzed by the determination
of nitric oxide (NO) production using the Griess reagent.
RAW264.7 cells were pre-treated with subtoxic concentrations
for 1 h before LPS was added for stimulation. After 21 h no
significant changes in the nitric oxide levels were observed
(Supplementary Figure 2A). Moreover, violacein induced the
expression of the inflammatory cytokines Tnf, Il6, and IL1b in
M0 and M2 macrophages, while Tgfb was reduced (Figure 6). In
inflammatory M1 macrophages, Tnf and Il6 expression were
further increased, while Il1b was decreased and Tgfb expression
showed no alterations.

To further elucidate the influence of dTCM-Vio on human
macrophage polarization, their morphology was assessed by
automated microscopy. As also seen in previous studies (29),
human monocyte-derived macrophages (HMDMs) that were
differentiated and polarized in vitro display distinct
morphologies. While M1 macrophages have a higher
proportion of round cells, M2 polarized cells are elongated
(Figures 7A, B). Differently polarized HMDMs were treated
with dTCMs. In this setup, primarily dTCM-Vio from PANC-1
cells decreased the proportion of elongated cells for M0, M1, and
M2 (IL10) macrophages (Figure 7C). This was also observed for
M0 macrophages incubated with dTCM-Vio from Huh7 cells,
while the HCT116 supernatant increased the number of
A B C

FIGURE 3 | Live-cell microscopy-based analysis of the effect of violacein on cell migration. After wounding, wound confluence of violacein or DMSO solvent control-
treated (A) HCT116, (B) Huh7, and (C) PANC-1 cells was monitored in an IncuCyte® S3 system over 72 h.
A B C

FIGURE 2 | Live-cell microscopy-based analysis of the anti-proliferative effect of violacein. Cell confluency of (A) HCT116, (B) Huh7, and (C) PANC-1 cells was
monitored in an IncuCyte® S3 system during violacein or DMSO solvent control treatment over 72 h.
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elongated M2 (IL4) cells. Moreover, dTCM-Oxa and dTCM-Vio
from Huh7 cells increased the expression of TNF and IL6 in M0
macrophages (Figures 7D, E), while only dTCM-Oxa induced
IL1B (Figure 7F).
Frontiers in Oncology | www.frontiersin.org 7
4 DISCUSSION

The major aim of this study was to characterize the anti-cancer
activities of violacein with a focus on the interplay of cancer cells
FIGURE 5 | Toxic effects of violacein against Nlrp3 knockout macrophages. BMMs from wildtype (wt) and Nlrp3 knockout (KO) mice were treated with violacein or
doxorubicin, and cells were analyzed in an MTT assay 48 h after treatment. The viability of solvent control-treated wt and KO cells were set to 100%, respectively. **
p< 0.01, *** p<0.001.
A B

D E F

G IH

J K L

C

FIGURE 4 | Macrophage activation by violacein-killed tumor cell supernatant. HCT116, Huh7, and PANC-1 cells were treated with 50 µM violacein or oxaliplatin for
4 h before the media was changed. Then, 24 h after treatment, supernatants from untreated (co) and compound-treated cells were collected, and dead cells were

removed. (A-C) RAW-Blue™, (D-F) THP1-XBlue™, (G, H) HEK-Blue™ hTLR4, and (J-L) HEK-Blue™ Null2 reporter cells were incubated with the respective dead

tumor cell-conditioned medium (dTCM, 50% v/v) or LPS (100 ng/ml for RAW-Blue™ and 10 ng/ml for THP1X-Blue™, HEK-Blue™ hTLR4, and HEK-Blue™ Null2)

for 24 h. The activation of the reporter cells was determined by colorimetric QUANTI-Blue™.
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with macrophages of their tumor microenvironment. In line with
previous findings, our data show that violacein demonstrates
substantial anti-cancer activities targeting different hallmarks
of cancer.

The low micromolar IC50 values demonstrate potent activity
against a variety of tumor entities. However, differentiated Huh7
cells are significantly less affected. This finding further supports the
low toxicity found in silico and in vivo in previous studies (9, 30).
One possible explanation is that differentiated and growth-arrested
cells are less susceptible to the mode of action of violacein. The
observed anti-proliferative effect even at subtoxic concentrations
supports this suggestion. A reduced proliferation upon violacein
treatment was demonstrated before in melanoma cells via AKT
inhibition (31), and ERK inhibition in head and neck cancer shown
Frontiers in Oncology | www.frontiersin.org 8
in vitro and in vivo (32). Our data show that subtoxic concentrations
of violacein also inhibit tumor cell migration. The inhibition of the
matrix metalloproteinases MMP2 and MMP2 activation, which
play an essential role in tumor metastasis, has been demonstrated
before (33).

The relationship of ROS with violacein-mediated actions is
contradictory. While violacein was reported to induce ROS
production in several studies (5, 32), we and others could not
find a significant increase (8, 34). However, the use of different
cell lines, treatment times, and detection methods could explain
this observation.

Interestingly, violacein was able to efficiently eliminate
hepatoma cells resistant against doxorubicin. The observed
cytotoxicity against different cancer cells was further associated
A B

D E F

C

FIGURE 7 | The supernatant of violacein-killed tumor cells affects macrophage phenotype. HMDMs were differentiated and polarized in vitro into M0, M1, M2 (IL4),
and M2 (IL10) macrophages for 24 h. (A) Differently polarized macrophages were imaged using the IncuCyte® S3 system, and cells were grouped based on their
eccentricity in an elongated or round morphology using the IncuCyte® cell-by-cell analysis software. (B) Left: Representative pictures of M1 and M2 (IL10)
macrophages are shown. Right: The violet mask labels the cells detected by the software as elongated. Scale bar = 200 µm. (C) Polarized macrophages were
treated with dTCMs (37.5% v/v) from either HCT116, Huh7, or PANC-1 treated with either oxaliplatin (Oxa), violacein (Vio), or solvent control (co). Macrophage
morphology was analyzed 48 h after treatment. n = 2 (triplicates). (D-F) M0 macrophages were treated with dTCMs (37.5% v/v) from Huh7 cells for 24 h. Gene
expression was determined via qPCR and values were normalized to RNA18S as a housekeeping gene; 2 (triplicates). * p< 0.05, ** p< 0.01, *** p<0.001.
A B DC

FIGURE 6 | Macrophage gene expression after violacein treatment. BMMs were incubated with respective polarization stimuli alone or with 5 µM violacein for 24 h.
Gene expression was determined via qPCR and values were normalized to RnA18S as a housekeeping gene and untreated (A, D) M0 or (B, C) M1 expression.
May 2022 | Volume 12 | Article 872223

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dahlem et al. Anti-Cancer Activities of Violacein
with a caspase 3/7 activation and a release of ATP in HCT116
and Huh7 cells. On the other hand, MCF7 cells, deficient in
caspase 3, released no ATP under assay conditions. Previous
studies found that violacein induces apoptosis and interferes
with autophagy, as violacein-induced cell death was associated
with apoptotic markers such as caspase 3 and PARP activation,
BCL2 and BAX modulation, increase in p53/TP53, but also with
augmented LC-II and SQSTM1/p62 levels (5, 6, 31, 32).

As anti-inflammatory actions of violacein were described in
vivo (9), Venegas et al. extensively investigated its effects on
cytokine production in vitro (10). In contrast to the in vivo data,
they found an induction of the pro-inflammatory cytokine TNF
in murine macrophages and IL6 and IL1b secretion in human
peripheral blood mononuclear cells (PBMCs). These findings are
in line with the elevated gene expression of Tnf, Il6 and Il1b we
observed in BMMs. Interestingly, Venegas et al. found different
responses towards violacein between RAW264.7 macrophages
and primary BMMs regarding cytokine expression, i.e.,
elevated cytokine expression in RAW264.7 but no effect on
BMMs. Moreover, they found that the inflammatory
macrophage activation was depended on TLR8 but not TLR7
receptor signaling.

To elucidate if violacein has other effects beyond actions on
tumor-centric hallmarks of cancer, we employed NF-kB reporter
cells to investigate the immunogenicity of violacein-induced cell
death. To exclude direct effects of the compound as far as
possible, the supernatant of the treated cells was replaced after
4 hours. This method of collecting tumor antigens and damage-
associated molecular patterns (DAMPs) released from dying cells
was used previously for an analysis of the immunogenicity of
specific ssRNAmolecules (35). Using this setup, our data provide
first insights into the immunogenicity of violacein-induced cell
death. The DAMPs released by the tumor cells upon violacein
treatment showed strong activation of RAW-Blue™ cells, and a
tendency was also observed in THP1-XBlue™ cells. Oxaliplatin
as a well-established ICD inducer was used as a control (36).
Since both cell lines express TLR4 and the TLR4-agonist
HMGB1 is described as a prototypic ICD marker, the specific
TRR4-dependent signaling was investigated. The explicit TLR4
activation could not be observed under the applied assay
conditions. However, because the activated HEK-Blue™ Null2
reporter cells lack TLR8, it can be assumed that the observed
effects in RAW and THP1 reporter cells are not due solely to the
already known TLR8 activation.

Besides TLR4 signaling, another PRR family also contributes
to ICD. The activation of cytosolic NLRP3, e.g., by ATP, initiates
the assembly of the inflammasome (37, 38), and mice deficient
for the inflammasome component genes Nlrp3 and Casp1 failed
to respond in an immunogenic fashion post-treatment with ICD
inducers (39). Very interestingly, in this study, BMMs isolated
from Nlrp3 knockout mice were also less sensitive towards the
ICD-inducer doxorubicin as well as towards violacein.

Moreover, in vitro differentiated and differently polarized
macrophages treated with dTCM-Vio from different cell lines
changed their morphology towards an M1-like, and therefore
Frontiers in Oncology | www.frontiersin.org 9
rather tumor-suppressing, phenotype. This shift in polarization
was further supported by an increased inflammatory
gene expression.

Altogether, our data reveal the natural compound violacein as
a potent anti-cancer compound targeting diverse tumor-centric
hallmarks of cancer. Moreover, the activities induced by
violacein-mediated cell death might improve its efficiency via
increased immunogenicity of the TME.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

Initiation and direction of the study: AK. Conception and design of
the study: CD and AK. Investigation and formal analysis: CD, SC,
JH, and HS. Supervision: CD and AK. Providing violacein: MK and
CW. Writing – original draft: CD, SC, and AK. Writing – review
and editing: JH, HS, and CW. All authors contributed tomanuscript
revision, read, and approved the submitted version.
FUNDING

This project was funded, in part, by the Deutsche
Forschungsgemeinschaft (DFG, #KI702) and the Young
Investigator Grant of Saarland University. We acknowledge
support by the DFG and Saarland University within the funding
programme Open Access Publishing.
ACKNOWLEDGMENTS

We would like to thank Selina Wrublewsky and Emmanuel
Ampofo (Institute of Clinical and Experimental Surgery,
Saarland University, 66424 Homburg, Germany) for providing
Nlrp3 knockout mice, as well as Rebecca Linnenberger for BMM
isolation from these mice.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.872223/
full#supplementary-material
May 2022 | Volume 12 | Article 872223

https://www.frontiersin.org/articles/10.3389/fonc.2022.872223/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.872223/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dahlem et al. Anti-Cancer Activities of Violacein
REFERENCES
1. Atanasov AG, Zotchev SB, Dirsch VM, Orhan IE, Banach M, Rollinger JM,

et al. Natural Products in Drug Discovery: Advances and Opportunities. Nat
Rev Drug Discovery (2021) 20:200–16. doi: 10.1038/s41573-020-00114-z

2. Rodrigues AL, Trachtmann N, Becker J, Lohanatha AF, Blotenberg J, Bolten
CJ, et al. Systems Metabolic Engineering of Escherichia Coli for Production of
the Antitumor Drugs Violacein and Deoxyviolacein.Metab Eng (2013) 20:29–
41. doi: 10.1016/j.ymben.2013.08.004

3. Durán N, Nakazato G, Durán M, Berti IR, Castro GR, Stanisic D, et al. Multi-
Target Drug With Potential Applications: Violacein in the Spotlight. World J
Microbiol Biotechnol (2021) 37:1–20. doi: 10.1007/s11274-021-03120-4

4. Durán N, Justo GZ, Ferreira CV, Melo PS, Cordi L, Martins D. Violacein:
Properties and Biological Activities. Biotechnol Appl Biochem (2007) 48:127–
33. doi: 10.1042/BA20070115

5. Kim YJ, Yuk N, Shin HJ, Jung HJ. The Natural Pigment Violacein Potentially
Suppresses the Proliferation and Stemness of Hepatocellular Carcinoma Cells
In Vitro. Int J Mol Sci (2021) 22:10731. doi: 10.3390/ijms221910731

6. Alshatwi AA, Subash-Babu P, Antonisamy P. Violacein Induces Apoptosis in
Human Breast Cancer Cells Through Up Regulation of BAX, P53 and Down
Regulation of MDM2. Exp Toxicologic Pathol (2016) 68:89–97. doi: 10.1016/
j.etp.2015.10.002

7. Mehta T, Vercruysse K, Johnson T, Ejiofor A, Myles E, Quick Q. Violacein
Induces P44/42 Mitogen-Activated Protein Kinase-Mediated Solid Tumor
Cell Death and Inhibits Tumor Cell Migration.Mol Med Rep (2015) 12:1443–
8. doi: 10.3892/mmr.2015.3525

8. Leal AM de S, de Queiroz JDF, de Medeiros SRB, Lima TK de S, Agnez-Lima
LF. Violacein Induces Cell Death by Triggering Mitochondrial Membrane
Hyperpolarization In Vitro. BMC Microbiol (2015) 15:115. doi: 10.1186/
s12866-015-0452-2

9. Verinaud L, Lopes SCP, Prado ICN, Zanucoli F, da Costa T, di Gangi R,
et al. Violacein Treatment Modulates Acute and Chronic Inflammation
Through the Suppression of Cytokine Production and Induction of
Regulatory T Cells. PloS One (2015) 10:e0125409. doi: 10.1371/journal.
pone.0125409

10. Venegas FA, Köllisch G, Mark K, Diederich WE, Kaufmann A, Bauer S, et al.
The Bacterial Product Violacein Exerts an Immunostimulatory Effect via Tlr8.
Sci Rep (2019) 9:13661. doi: 10.1038/s41598-019-50038-x

11. Locati M, Curtale G, Mantovani A. Diversity, Mechanisms, and Significance of
Macrophage Plasticity. Annu Rev Pathol (2020) 24:123–47. doi: 10.1146/
annurev-pathmechdis

12. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
Plasticity and Polarization in Tissue Repair and Remodelling. J Pathol
(2013) 229:176–85. doi: 10.1002/path.4133

13. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, et al. Resource
Transcriptome-Based Network Analysis Reveals a SpectrumModel of Human
Macrophage Activation. Immunity (2014) 40:274–88. doi: 10.1016/
j.immuni.2014.01.006

14. Xue Q, Yan Y, Zhang R, Xiong H. Regulation of iNOS on Immune Cells and
its Role in Diseases. Int J Mol Sci (2018) 19:3805. doi: 10.3390/ijms19123805

15. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-Associated
Macrophages as Treatment Targets in Oncology. Nat Rev Clin Oncol (2017)
14:399–416. doi: 10.1038/nrclinonc.2016.217

16. Pathria P, Louis TL, Varner JA. Targeting Tumor-Associated Macrophages in
Cancer. Trends Immunol (2019) 40:310–27. doi: 10.1016/j.it.2019.02.003

17. Bezu L, Gomes-da-Silva LC, Dewitte H, Breckpot K, Fucikova J, Spisek R, et al.
Combinatorial Strategies for the Induction of Immunogenic Cell Death. Front
Immunol (2015) 6:187. doi: 10.3389/fimmu.2015.00187

18. Zhou J, Wang G, Chen Y, Wang H, Hua Y, Cai Z. Immunogenic Cell Death in
Cancer Therapy: Present and Emerging Inducers. J Cell Mol Med (2019)
23:4854–65. doi: 10.1111/jcmm.14356

19. Garg AD, Agostinis P. Cell Death and Immunity in Cancer: From Danger
Signals to Mimicry of Pathogen Defense Responses. Immunol Rev (2017)
280:126–48. doi: 10.1111/imr.12574

20. Weigert A, Mora J, Sekar D, Syed S, Brüne B. “Killing Is Not Enough: How
Apoptosis Hijacks Tumor-Associated Macrophages to Promote Cancer
Progression.,” in: Apoptosis in Cancer Pathogenesis and Anti-Cancer
Frontiers in Oncology | www.frontiersin.org 10
Therapy (2016). Springer International Publishing. Available at: http://link.
springer.com/10.1007/978-3-319-39406-0_9 (Accessed July 14, 2017).

21. Kroemer G, Galassi C, Zitvogel L, Galluzzi L. Immunogenic Cell Stress and
Death. Nat Immunol (2022)23:487-500. doi: 10.1038/s41590-022-01132-2

22. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic Cell Death in
Cancer Therapy. Annu Rev Immunol (2013) 31:51–72. doi: 10.1146/annurev-
immunol-032712-100008

23. Menger L, Vacchelli E, Adjemian S, Martins I, Ma Y, Shen S, et al. Cardiac
Glycosides Exert Anticancer Effects by Inducing Immunogenic Cell Death. Sci
Trans Med (2012) 4(4):143ra99. doi: 10.1126/scitranslmed.3003807

24. Schultheiss CS, Laggai S, Czepukojc B, Hussein UK, List M, Barghash A, et al.
The Long Non-Coding RNA H19 Suppresses Carcinogenesis and
Chemoresistance in Hepatocellular Carcinoma. Cell Stress (2017) 1:37–54.
doi: 10.15698/cst2017.10.105

25. El-Shamy A, Eng FJ, Doyle EH, Klepper AL, Sun X, Sangiovanni A, et al. A
Cell Culture System for Distinguishing Hepatitis C Viruses With andWithout
Liver Cancer-Related Mutations in the Viral Core Gene. J Hepatol (2015)
63:1323–33. doi: 10.1016/j.jhep.2015.07.024

26. Dahlem C, Abuhaliema A, Kessler SM, Kröhler T, Zoller BGE, Chanda S, et al.
First Small-Molecule Inhibitors Targeting the RNA-Binding Protein
IGF2BP2/IMP2 for Cancer Therapy. ACS Chem Biol (2022) 17:361–75.
doi: 10.1021/acschembio.1c00833

27. Linnenberger R, Hoppstädter J, Wrublewsky S, Ampofo E, Kiemer AK. Statins
and Bempedoic Acid: Different Actions of Cholesterol Inhibitors on
Macrophage Activation. Int J Mol Sci (2021) 22(22):12480. doi: 10.3390/
ijms222212480

28. Hoppstädter J, Hachenthal N, Valbuena-Perez JV, Lampe S, Astanina K,
Kunze MM, et al. Induction of Glucocorticoid-Induced Leucine Zipper
(GILZ) Contributes to Anti-Inflammatory Effects of the Natural Product
Curcumin in Macrophages. J Biol Chem (2016) 291:22949–60. doi: 10.1074/
jbc.M116.733253

29. Dahlem C, Siow WX, Lopatniuk M, Tse WKF, Kessler SM, Kirsch SH, et al.
Thioholgamide A, A New Anti-Proliferative Anti-Tumor Agent, Modulates
Macrophage Polarization and Metabolism. Cancers (Basel) (2020) 12:E1288.
doi: 10.3390/cancers12051288

30. Verma S, Pandey A. An in-SilicoApproach to Explore the PossibleMultifunctional
Neuroprotective Efficacy of Violacein Against Ischemic Stroke. J In Silico In Vitro
Pharmacol (2017) 3:17. doi: 10.21767/2469-6692.100017
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