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Abstract

Background—Prostate cancer presents the highest incidence rates among all cancer in men.
Hapalindole H (Hap H), isolated from Fischerella muscicola (UTEX strain number LB1829) as
part of our natural product anticancer drug discovery program, was found to be significantly active
against prostate cancer cells

Materials and Methods—In this study, Hap H was tested for nuclear factor kappa-B (NF-xB)
inhibition and selective cytotoxic activity against different cancer cell lines. Apoptotic effect was
assessed on PC-3 prostate cancer cells by fluorescence-activated cell sorting analysis. The
underlying mechanism that induced apoptosis was studied and the effect of Hap H on
mitochondria was evaluated and characterized using western blot and flow cytometric analysis.

Results—Hap H was identified as a potent NF-xB inhibitor (0.76 pM) with selective cytotoxicity
against the PC-3 prostate cancer cell line (0.02 pM). Apoptotic effect was studied on PC-3 cells.
The results showed that treatment of PC-3 cells with Hap H reduced the formation of NAD(P)H,
suggesting that the function of the outer mitochondrial membrane was negatively affected. Thus,
the mitochondrial transmembrane potential was assessed in Hap H treated cells. The results
showed that the outer mitochondrial membrane was disrupted as an increased amount of JC-1
monomers were detected in treated cells (78.3%) when compared to untreated cells (10.1%), also
suggesting that a large number of treated cells went into an apoptotic state.

Conclusion—Hap H was found to have potent NF-xB p65-inhibitory activity and induced
apoptosis through the intrinsic mitochondrial pathway in hormone-independent PC-3 prostate
cancer cells.

Correspondence to: Dr. Esperanza Carcache de Blanco, 500 W. 12th Ave. Room 442, Columbus, OH 43210-1291, USA. Tel.: +1
6142477815, Fax: +1 6142921335, carcache-de-blan.1@osu.edu.
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Prostate cancer is a leading cause of cancer-related death for men and new therapeutic
agents with fewer side-effects are needed to treat aggressive and metastatic prostate cancer
types (1). Previous studies suggested that transcription factor nuclear factor-xB (NF-xB)
plays a central role in regulating the expression of important regulatory factors and proteins
involved in the metastasis of androgen-independent human prostate cancer cells PC-3 (2,3).
The regulatory element and transcription factor NF-xB contributes to disease pathogenesis,
and it has also been shown to prevent cancer cells from entering apoptosis (4). Tumor
necrosis factor-a. (TNF-a) plays a pivotal role in the activation of NF-xB in malignant
diseases and in the metastasis of human hormone-insensitive cancer cells (5). In these cells,
the TNF-a mediated activation of the NF-xB cell signaling pathway is responsible for tumor
progression, cell growth, and metastasis (5,6). In addition, it has been suggested that NF-xB
may induce expression of antioxidant genes, and exert protective effects against the
damaging activity of reactive oxygen species (ROS) formed in the pathogenesis of cancer
(7). Blockade of NF-xB has been found to suppress invasion and metastasis of prostate
cancer cells (8). Furthermore, TNF-a induces NF-xB activity and promotes resistance to
certain anti-tumorigenic agents (9). Thus, studying the effect of secondary metabolites from
natural sources, such as cyanobacteria, on the NF-xB activating pathway in tumor cells,
provides a unique approach for identifying new anticancer agents that selectively target
cancer cells. A previous review reported that natural products display both high diversity in
chemical scaffolds and biological activity against various types of cancer. It has been
estimated that 60% of small molecules, including semi-synthetic derivatives in clinical use
to treat cancer, derive from natural sources (10).

The aim of this study was to investigate the antiproliferative effects of hapalindole H (Hap
H) (Figure 1) and its effects on mediators of the NF-xB pathway in hormone-independent
PC-3 prostate cancer cells. The expression of the key mediators in the NF-xB pathway
involved in the activation of subunit p65 were analyzed, as well as its effects in the activation
of target proteins involved in cell adhesion and metastasis of prostate cancer cells.

Materials and Methods

Cells, media, and working reagents

Human cancer cell lines (PC-3, MCF-7 breast, and HT-29 colon cancer cells) were obtained
from the American Type Culture Collection (Rockville, MD, USA). Dulbecco’s modified
Eagle’s medium (DMEM), Roswell Park Memorial Institute medium (RPMI-1640), fetal
bovine calf serum (FBS) and antibiotic-antimycotic supplement were obtained from Gibco
(Rockville, MD, USA). Bradford protein assay kit, Supersignal Femto LumiGLO kit, human
recombinant tumor necrosis factor-a. (TNFa)) and Transcription Assay System were
obtained from Thermo Scientific (Rockford, IL, USA). Lithium dodecyl sulfate sample
loading buffer (LDS), Nu-PAGE 10% SDS-PAGE Bis-Tris gel, SeeBlue® Plus2 Pre-Stained
Standard Ladder, and Purelink RNase A were obtained from Invitrogen (Carlsbad, CA,
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USA). Primary antibodies (anti-NF-xBp65 and p50, anti-IxB kinase (anti-IKKa), anti-
IKKB, intercellular adhesion molecule-1 (ICAM-1), and anti-caspase-3) were purchased
from Cell Signaling Technologies (Beverly, MA, USA). Anti-rabbit horseradish peroxidase
(HRP)-conjugated antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). FeSO4 and tricholoroacetic acid (TCA) were obtained from Fischer
Scientific (Fair Lawn, NJ, USA). Tris-buffered saline with Tween-20 buffer (TBS-T),
vitamin C, propidium iodine (PI), 3,4-Dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-
isoquinolinone (DPQ), Trizma® base, and fluorescent probe 2’,7’-dichlorfluorescein-
diacetate (DCFH-DA) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Sulforhodamine B, RNase A and 2,3- bis(2-methoxy-4-nitro-5-sulfophenyl)-2 H-
tetrazolium-5-carboxanilide (XTT) sodium salt were obtained from MP Biomedicals, LLC
(Solon, OH, USA). Fluostar Optima plate reader was from BMG Labtech Inc, Durham, NC,
USA.

H and reference compounds

The indole alkaloid Hap H was isolated from Fischerella ambigua as previously described
(11). Reference compounds were obtained from different sources. Rocaglamide was
purchased from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). Daunorubicin was
purchased from Tocris, Bristol, UK. Staurosporine was obtained from Cayman Chemical
(Ann Arbour, MI, USA). Taxol was obtained from Tocris Bioscience, Bristol, UK. Hydrogen
peroxide was obtained from Fluka Biochemika, Steinhiem, Switzerland.

The PC-3 androgen-insensitive human prostate, MCF-7 breast, and HT-29 colon cancer cells
were cultured in DMEM and RPMI-1640 supplemented with 10% FBS and complemented
with 10% antibiotic-antimycotic from Gibco. The cells were kept at 37°C and in a
humidified atmosphere with 5% CO-. The cells were grown to 80% confluency.

NF-xB assay

SRB assay

The NF-xB assay was performed according to established protocol (12). Tested samples
were dissolved in dimethyl sulfoxide (DMSO). Nuclear extract from HelLa cells was
evaluated using the Transcription Assay System (Pierce Biotechnology, Rockford, IL, USA).
The assay was used to evaluate the binding affinity to biotinylated consensus sequence of the
NF-xB subunit p65. Luminescence was detected using Fluostar Optima plate reader (BMG
Labtech Inc,). Rocaglamide was used as a positive control.

Pre-cultured cells were suspended and seeded in 96-well microplates at a density of (5x10%
cells/well). The cells were treated for 72 h with different concentrations of Hap H ranging
from 2.75-55 uM (13). After incubation, cells were fixed using 20% TCA for 30 min. This
step was followed by staining, using SRB (0.4%) for 30 min at room temperature. The SRB
was removed with acetic acid (1%) then 200 uM Tris base solution was added to the wells
and plates were placed on a shaker for 5 min. After shaking, the absorbance was read at 515
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nm using Fluostar Optima plate reader (BMG Labtech Inc,). Paclitaxel was used as a
positive control.

The assay was performed following a previously described procedure (14). The intracellular
levels of ROS generated by Hap H were measured using a fluorescent probe, DCFH-DA.
PC-3 cells were seeded in a 96-well plate and treated with Hap H (0.1-10 uM), followed by
5 h incubation at 37°C with 5% CO». Subsequently, cells were incubated with H,O, (1.25
mM) and FeSO, (0.2 mM) for 30 min at 37°C. Afterward, the fluorescent probe DCFH-DA
was added to determine intracellular ROS. Fluorescence was measured using a FLUOstar
Optima fluorescence plate reader (BMG Labtechnologies Inc,) at an excitation wavelength
of 485 nm and emission wavelength of 530 nm. All treatments were performed in triplicate
and are representative of at least two different experiments.

Immunoblotting

To determine the effects of Hap H on the expression of mediators of the NF-xB pathway,
cells were treated at five different concentrations (0.008, 0.016, 0.4, 2.0 and 10 uM) for 3 h
at a temperature of 37°C and in an atmosphere containing 5% CO, (15). The cells were
lysed using PhosphoSafe Lysis Buffer (Novagen). Protein concentration in the lysate was
determined by using Bradford protein assay kit and albumin standard (Thermo Scientific).
The absorbance was measured using Fluostar Optima plate reader (BMG Labtech GmbH,
Inc.). Equal amounts of protein (20 pg) were loaded together with LDS sample loading
buffer (Invitrogen) and resolved using Nu-PAGE 10% SDS-PAGE Bis-Tris gels together
with SeeBlue® Plus2 Pre-Stained Standard (Invitrogen). Proteins were separated by
electrophoresis and analyzed by western blot analysis with selected primary and secondary
antibodies. The conjugated antibodies were detected using Chemiluminescent substrates,
Supersignal Femto kit from Thermo Scientific, and relative band densities were determined.

Pl staining and flow cytometry

Apoptosis was evaluated by fluorescence-activated cell sorting (FACS) analysis. Cells were
plated and treated for 3 h using five different concentrations of Hap H, ranging from 0.0016
UM to 10 uM. After 3 h of incubation, cells were harvested and pelleted by centrifugation.
Cells were then washed with ice-cold PBS and fixed with ethanol (70%). Prior to analysis,
the cellular DNA was stained using 10 pug/ml PI solution in a reaction solution containing 1
mM EDTA and 100 pug/ml RNase A. The fluorescence emitted from the PI-DNA complex
was quantified using BD FACS Canto Il (BD Biosciences, San Jose, CA, USA) at 488 nm.
In each analysis, 30,000 events were recorded.

Measurement of mitochondrial membrane potential (JC-1)

The status of the outer mitochondrial membrane potential (¥'m) was assessed using the JC-1
mitochondrial potential assay kit from Cayman Chemical Company (Ann Arbor, MI, USA)
(16). The cytofluorimetric cationic dye 5,5°,6,6’-tetrachloro-1,1",3,3’-tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1) was used to assess the A¥'m. The selective dye
changes color from green to red as the ¥'m increases. Cells were seeded in plate before
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being treated with Hap H (0.0016 uM) for 24 h. Thereafter, the cells were harvested using
trypsin-EDTA from Gibco. Stain was added to the cells followed by incubation for 15 min at
37°C in 5% CO,. Analysis was performed using BD FACS Canto Il flow cytometer.
Fluorescence was assessed using excitation wavelength of 520-570 nm and emission
wavelength 570-610 nm, respectively.

To measure intracellular NAD(P)H using XTT assay, the protocol by Nakamura ef a/. was
modified (17). Cells were seeded in a 96-well microplate and allowed to attach. Cells were
then treated at different concentrations of Hap H and incubated at 37°C and 5% CO-.
Mitochondrial function was assessed by measuring the amount of formazan dye produced by
metabolically active cells at 1-h intervals for over a period of 11 h. A solution containing
100 pl of XTT and 1-methoxy-5-methylphenazinium methyl sulfate was added to each well
in DMEM to obtain final concentrations of 0.25 mM and 0.01 pM, respectively. The
absorbance was measured at 485 nm and NAD(P)H depletion was calculated. Staurosporine
(20 uM) was used as a positive control. Each sample was tested in triplicate in two
independent experiments.

Hap H, an indole alkaloid that contains a cyclized isoprene unit, was isolated from a cultured
strain of cyanobacteria (blue-green algae) Fischerella ambigua (18-20). Hapalindole type
alkaloids have been found to display antimicrobial and antifungal activity (21-25). However,
in this study Hap H was found to be a potent inhibitor of NF-xB (50% inhibitory
concentration, 1C5p=0.76 uM) when tested using a luciferase assay, which measured the
level of inhibition that Hap H had on the translocation of NF-xB into the nucleus (21-25).

Hap H also exhibited cytotoxic effects against different cancer cell lines: HT-29 colon
cancer: 50% effective concentration (ECsgg): =10.4 pM), MCF-7 hormone-dependent breast
cancer: EC5¢=5.96 uM, and the PC-3 hormone-independent prostate cancer cell line:
ECs50=20 nM. The growth-inhibitory effect of Hap H on PC-3 cells was compared to that of
the anticancer drug, paclitaxel (2.5 nM) (Figure 2) using the SRB assay. The inhibitory
effect on cell viability for Hap H was 55.6% compared with 51.8% for paclitaxel when
tested at the same concentration (2.5 nM). The cytotoxic effect of Hap H was also tested
against CCD-112CoN cells, a normal colon cell line (data not shown), using taxol as a
positive control. Hap H exhibited less than 50% inhibition at 100 uM (ECgg >20 uM). The
fold selectivity ratio (FSR) was then calculated by dividing the ECsg value of the normal
human colon cell line (CCD-112CoN) by the EC5g value for each cancer cell type, leading
to FSR >1000 for PC-3 cells, FSR>3.35 for MCF-7 cells, and FSR>1.92 for HT-29 cells.
The combination of both significant NF-xB-inhibitory and cytotoxic properties towards
cancer cells, as well as the high FSR for PC-3 prostate cancer cells, suggested that NF-xB
inhibition promoted apoptosis, and motivated preliminary mechanistic studies of Hap H as a
potential natural product lead for anticancer drug development.

PC-3 cells were treated with Hap H at different concentrations and compared with the
positive control, rocaglamide. Inhibitory effects on the NF-xB subunits p65 and p50 were

Anticancer Res. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Acufa et al.

Page 6

observed to occur in a dose-dependent manner (Figure 3A). Down-regulation in a
concentration-dependent fashion of both of the regulating kinases, IKKa and IKKp, was
also observed (Figure 3B). The results showed that Hap H inhibited the upstream NF-xB
pathway. Moreover, the adhesion molecule ICAM-1 was down-regulated in Hap H-treated
cells (Figure 4). ICAM-1 is involved in the adhesion of cancer cells and the results suggest
that NF-xB inhibition may contribute to preventing adhesion of PC-3 cancer cells.

Furthermore, after exposure of PC-3 cells to a high concentration of Hap H (10 uM) for 3 h,
the percentage of viable PC-3 cells in the G1-phase significantly decreased to 15.5% (Figure
5). Similar observations, discussed below, occurred at lower doses. This analysis suggested
that the effect of Hap H on NF-xB inhibition induced apoptosis. Therefore, expression of
caspase-3 (17 kDa) was evaluated (Figure 6). Caspase-3 expression decreased with
increasing Hap H concentration, while that of procaspase-3 increased.

Hap H at the concentration used in this study also disrupted the outer mitochondrial
membrane of treated cells. The percentage of JC-1 green fluorescent monomers detected in
Hap H-treated cells was 78.3% compared with 10.1% in untreated cells (Figure 7).
Meanwhile, the percentage of red JC-1 aggregates in the untreated cells was 69.3%
compared with 10.1% in treated cells. These findings show significant disruption of the
mitochondrial membrane and further analysis of the status of mitochondria was pursued
using an XTT assay (Figure 8). Changes in the level of NAD(P)H in PC-3 cells were
detected by reduction of formazan dye when using the XTT assay and different doses of Hap
H. The amount of NAD(P)H was determined at 30-min intervals over a period of 11 h. The
results suggest that the level of NAD(P)H was significantly affected, with the most
noteworthy effect observed during the first 5 h of treatment. Thus, it appears that NF-xB
may also be involved in the regulation of mitochondrial activity of PC-3 cancer cells and
might be associated with changes in the outer mitochondrial membrane.

Variations in NAD(P)H level have been correlated to an increase in ROS levels and DNA
damage of cancer cells. The ROS-inducing effect of Hap H on PC-3 cells was assessed
against vitamin C as a negative control and hydrogen peroxide as a positive control. The
results showed that increasing concentrations of Hap H induced oxidative stress in PC-3
cells and increased the level of intracellular ROS (Figure 9).

Discussion

The significant NF-xB -inhibitory effect of Hap H in the luciferase assay suggests that Hap
H is a potent NF-xB inhibitor. Hap H was found be cytotoxic towards three different cancer
cell lines: HT-29 colon cancer cell, MCF-7 hormone-dependent breast cancer and the PC-3
hormone-independent prostate cancer cell line; however, the cytotoxic effect of Hap H was
significantly greater against PC-3 cells. The growth-inhibitory effect of Hap H at 2.5 nM on
PC-3 cells was comparable to that of the anticancer drug, paclitaxel at the same
concentration (Figure 2). Further analysis of the selectivity of the antiproliferative potential
of Hap H was performed using CCD-112CoN (ATCC® CRL-1541) normal colon cells. Hap
H exhibited minimal effect against normal cells with less than 50% inhibition at 100 uM
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(ECs0 >20 pM) and the FSR for the different cancer cell lines suggests that Hap H displayed
high selectivity towards PC-3 prostate cancer cells.

Previous reports have shown that PC-3 cells exhibit higher normoxic expression and a more
complete hypoxic induction of pro-inflammatory molecules compared to other prostate
cancer cells (26). We examined expression of the NF-xB subunits, p65 and p50, and
activating kinases IKKa and IKK by immunoblotting techniques (Figure 3). The results
confirmed the inhibitory effect on NF-xB subunit p65 and subunit p50 as well as the down-
regulating effect on both of the regulating kinases, IKKa and IKKp. Moreover, the
expression and the inhibitory effect were concentration-dependent, confirming the results
obtained earlier using the luciferase reporter assay. This suggested that Hap H may have an
inhibitory effect upstream in the NF-xB pathway.

Cell adhesion molecules, such as ICAM-1, are involved in cell proliferation and play a
significant role in cancer progression and metastasis of tumors (27). In this study, the
expression of ICAM-1 was analyzed by western blot analysis as ICAM-1 has also been
reported as a prominent target gene of the NF-xB signaling pathway (28). The results
indicated that ICAM-1 was down-regulated in the Hap H-treated cells. This suggested that
the downstream effect of NF-xB inhibition resulted in the down-regulation of ICAM-1 in
PC-3 cells (Figure 4). In previous studies, it was shown that cells stimulated by the
inflammatory cytokine TNF-a expressed increased amounts of ICAM-1 (29,30). PC-3
Prostate cancer cells, preferentially adhere to bone, in part as a result of the enhanced
expression of adhesion molecules that facilitate attachment to human bone marrow cells
(26,31). The results from our immunoblot analysis suggested that the NF-xB inhibitory
effects of Hap H could potentially prevent prostate cancer cells from metastasizing. Such
interference in the adhesion of cancer cells, during the metastasis stage of the disease would
halt the progression of the disease and possibly even prevent tumor cells from entering a
dormancy state in bone marrow and other distant organs.

The apoptotic effect of Hap H on PC-3 cells was evaluated by cell flow cytometry using Pl
staining. The results from FACS analysis suggest that Hap H negatively affected the cell
population in G1-phase as it decreased to 15.5% in treated cells. An increase in the
population of apoptotic sub-G; phase cells was observed, and the effect was concentration-
dependent (Figure 5). Thus, the results show that Hap H induced apoptosis of PC-3 cells.
The underlying mechanism inducing apoptosis in PC-3 cells was further investigated. The
expression of procaspase-3 (32 kDa) was found to increase with increasing concentration of
Hap H, while that of caspase-3 (17 kDa) decreased (Figure 6).

The gate-keeping role of the outer membrane of the mitochondria was investigated in Hap
H-treated PC-3 cells, particularly, because mitochondrial dysfunction appears to play a key
role in preceding apoptosis in cancer cells. In particular, apoptosis is regulated by proteins
associated with the outer mitochondrial membrane such as B-cell lymphoma 2 gene (BCL2)
(32). The expression of BCL2 is also regulated by NF-xB (33). Thus, the effect of Hap H on
the mitochondrial transmembrane potential (‘¥ m) in PC-3 cells was assessed using JC-1
fluorescent dye. In PC3 cells treated for 3 h with Hap H, there was a complete loss of JC-1
aggregate fluorescence, indicating that Hap H efficiently reduced the outer membrane
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potential and induced mitochondrial depolarization. This suggested that Hap H induced cell
death in PC-3 prostate cancer cells through the mitochondria-dependent apoptotic pathway.

NAD(P)H is produced by mitochondria, and is used in cellular processes such as DNA
repair and in the cytosol for anaerobic respiration (17). In this study, the level of NAD(P)H
was most significantly affected during the first 5 h of treatment when using the XTT assay
(Figure 8). The positive control staurosporine and the negative control PARP-1 inhibitor
DPQ were used for comparison with the effect of Hap H on PC-3 cells. In staurosporine-
treated cells, a small increase in NAD(P)H was initially detected before the level decreased
below that in non-treated cells. Similarly, in Hap H-treated cells, the level of NAD(P)H
initially increased in the cytosolic pool before falling below the level in non-treated cells.
This suggests that initially NAD(P)H was released into the intracellular pool, possibly
because of the disruption of the outer mitochondrial membrane and an increased
permeability of mitochondria to NAD(P)H.

Furthermore, the XTT assay allowed for assessment of both the role of NAD(P)H and of
DNA repair in PC-3 cells. The study revealed that PARP-1 inhibition by DPQ significantly
increased the level of NAD(P)H in PC-3 cells. This suggests that PARP-1 and DNA repair
play a significant role in the maintenance of PC-3 cells. Moreover, this suggests that
androgen-independent prostate cancer cells, such as PC-3, may be sensitive to combination
therapy with both PARP-1 and NF-xB inhibitors. It is possible that the increase in ROS
induced by Hap H may lead to increased DNA damage in cancer cells. Thus, in this study
the formation of intracellular levels of ROS was evaluated. The results obtained from the
ROS assay indicated that increasing concentration of Hap H induced oxidative stress and
increased the level of intracellular ROS (Figure 9), which is consistent with the results
obtained from the XTT assay regarding the changes in level of NAD(P)H in treated cells.

In the present study, the pro-survival mechanism of cancer cells, and in particular the role of
NF-xB, was evaluated in PC-3 cells. The results suggest that the NF-xB-inhibitory effect of
Hap H was associated with apoptosis in androgen-insensitive prostate cancer cells, and
negatively affected the outer mitochondrial membrane potential. Similarly, NF-xB inhibition
down-regulates adhesion molecules such as ICAM-1 involved in the spreading of cancer
cells, suggesting that Hap H may not only induce apoptosis in tumor cells but also prevent
the metastasis of prostate cancer cells (27, 28). The results of this study suggest that indole-
alkaloid type compounds may sensitize prostate PC-3 cells to undergo caspase-3-
independent apoptosis.

Thus, the development of indole-alkaloids as new NF-xB inhibitors might increase the
efficacy of existing anticancer drugs and may also increase the susceptibility of prostate
cancer cells to cytotoxic chemotherapeutic agents. Indole-alkaloids, therefore, represent lead
structures for future drug development. One further step to be considered includes the
pursuit of /n vivo studies on this highly promising drug lead. As part of this project, attempts
were made for /n vivo studies, but lack of adequate solubility of Hap H limited the
completion of the study. We hope to pursue this further for future /n vivo studies. Due to the
great potential of this type of compound, the gene clusters responsible for biosynthesis for
the chlorinated tetracyclic isoprenylated alkaloid type compounds have already been

Anticancer Res. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Acufia et al. Page 9

identified (18). Furthermore, total synthetic methods of complex indole alkaloid structures,
such as hapalindole H and ambiguine I, have been reported in an attempt to optimize this
type of compound (34).

Conclusion

The indole-alkaloid, Hap H displayed potent p65 NF-xB-inhibitory activity. It also induced
apoptosis through the intrinsic mitochondrial pathway in the PC-3 hormone-independent
prostate cancer cell line. Thus, indole alkaloids with NF-xB inhibitory effect may have
selective antiproliferative effects on cancer cells and prevent the metastasis of prostate
cancer. They may also provide future lead structures for new antineoplastic agents.
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Figurel.
Hapalindole H isolated from cyanobacteria Fischerella ambigua.
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Figure 2.
The effect of hapalindole H (Hap H) on viability of PC3 prostate cancer cells after 72 h of

treatment. The cytotoxic effect of Hap H on PC-3 cells was compared to the effect of
paclitaxel at the same concentration (2.5 nM) and in triplicates. Values represent the means
+ SEM from experiments. Student #-fest showed p>0.05 when comparing paclitaxel vs. Hap
H, suggesting Hap H as a lead structure for further development.
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Figure 3.
Expression of nuclear factor kappa-B (NF-xB) subunits p65 and p50 (A) and mediators of

the NF-xB pathway, IxB kinase alpha (IKK-a) and IKK-, (B) in hapalindole H (Hap H)-
treated PC-3 cells. Rocaglamide was used as a positive control.
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Figure 4.
Expression of intercellular adhesion molecule 1 (ICAM-1) in hapalindole H (Hap H)-treated

PC-3 cells.
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Figureb5.
Fluorescence-activated cell sorted flow cytometric (FACS) analysis of PC-3 cells treated

with hapalindole H (Hap H) for 12 h. A: FACS histogram of control and hapalindole H (Hap
H)-treated PC-3 cells. B: Bar graph of FACS data, suggesting that the apoptotic effect was
concentration-dependent. Significant difference vs. control was observed at *p<0.05,
**p<0.01 and ***p<0.001.
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Expression of caspase-3 (A) and procaspase-3 (B) in hapalindole H (Hap H)-treated PC-3

cells.
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Figure7.
The biochemical changes of the outer mitochondrial membrane potential was assessed in

PC-3 hormone-independent prostate cancer cells after treatment with hapalindole H (Hap
H). The amounts of JC-1 monomers and aggregates were determined in treated and
untreated cells. The amount of JC-1 monomers detected in treated cells was higher (78.3%)
compared to untreated cells (10.1%). This indicated that the outer membrane potential in
Hap H-treated PC-3 cells was negatively affected and disrupted. JC-1 aggregates were
detected at a higher level in the untreated cells (69.3%) compared to treated cells (10.1%).
This confirmed that the treated cells had a disrupted outer mitochondrial membrane
potential.
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Figure8.
Real-time assessment of the level of NAD(P)H in hapalindole H (Hap H)-treated and

untreated PC-3 hormone-independent prostate cancer cells by XTT assay. Staurosporine and
poly(ADP-ribose) polymerase 1 (PARP-1) inhibitor 3,4-dihydro-5-[4-(1-
piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ) were used as positive and negative
controls, respectively. NAD(P)H is a substrate of PARP-1. Imbalance in the levels of
NAD(P)H were detected during the initial 60 min for all treatments when compared with
untreated cells. Comparison with the DPQ-treated cells suggests that reduction in NAD(P)H
was due to a reduction in mitochondrial function and confirm the data collected from the
mitochondrial membrane potential assay shown in Figure 7

Anticancer Res. Author manuscript; available in PMC 2019 June 01.

300



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Acufa et al.

Fluorescence Units

12000

11000 -~

10000 -

9000 -

8000 -

7000 -

6000 -

5000

4000 -

3000 -

H,0,

Figure9.
Evaluation of oxidative stress by analysis of reactive oxygen species generated in

hapalindole H (Hap H)-treated PC-3 cells. The negative control used was vitamin C and the
positive control was hydrogen peroxide (H,0»). Statistical significance was determined

using. Significantly different at: a: p<0.05 and b: p<0.001, one-way ANOVA; *p<0.001 by
Student’s #test.
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