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Abstract

BACKGROUND—Elevated NF-κB activity has been previously demonstrated in prostate cancer

cell lines as hormone-independent or metastatic characteristics develop. We look at the effects of

piperlongumine (PL), a biologically active alkaloid/amide present in piper longum plant, on the

NF-κB pathway in androgen-independent prostate cancer cells.

METHODS—NF-κB activity was evaluated using Luciferase reporter assays and Western blot

analysis of p50 and p65 nuclear translocation. IL-6, IL-8, and MMP-9 levels were assessed using

ELISA. Cellular adhesion and invasiveness properties of prostate cancer cells treated with PL

were also assessed.

RESULTS—NF-κB DNA-binding activity was directly down-regulated with increasing

concentrations of PL, along with decreased nuclear translocation of p50 and p65 subunits.

Expression of IL-6, IL-8, MMP-9, and ICAM-1 was attenuated, and a decrease of cell-to-matrix

adhesion and invasiveness properties of prostate cancer cells were observed.

CONCLUSIONS—PL-mediated inhibition of NF-κB activity decreases aggressive growth

characteristics of prostate cancer cells in vitro.
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INTRODUCTION

Prostate cancer is a heterogeneous disease, with 239,000 new cases projected to be

diagnosed, resulting in nearly 30,000 deaths, in the United States in 2013 [1].

Approximately 95% of patients present with localized or regional disease at diagnosis, with

5-year survival approaching 100%. For those with metastatic disease, however, 5-year

relative survival is poor, estimated at only 28%. A recent wave in development of novel

agents for management of castration-resistant prostate cancer resulted in FDA approval of
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multiple new options for advanced disease [2]. These agents are expensive, with significant

impact on healthcare access and cost. The arena of chemoprevention remains to be explored.

A large NIH sponsored trial evaluating effects of Selenium and Vitamin E failed to

demonstrate a positive impact on prostate cancer risk [3]. 5-α Reductase inhibitors

demonstrated promising results, however, a concern for increase in higher-grade cancers

was raised in this setting [4-7]. A need exists for a naturally occurring compound with a

favorable toxicity profile and efficacy to address prostate cancer needs.

Piperlongumine (PL) is an alkaloid amide found naturally in Piper Longum plant isolates

and was previously reported to have insecticidal and antibacterial properties [8,9]. Prior

studies suggested cancer-cell-selective anti-tumorigenic effects in vitro and in murine

xenograft models [10,11]. Toxicity profile of PL appears to be favorable [10]. PL use in

modulation of prostate cancer via depletion of the androgen receptor has been reported [12].

Effects of PL have been implicated in ROS-dependent apoptotic pathways, mediated by

hydrogen peroxide and nitric oxide induction [10]. Cell cycle arrest in G2/M phase,

activation of caspase-3, and decrease in Bcl-2, inhibitor of intrinsic apoptotic pathway, were

also observed in PL-treated PC-3 prostate cancer cells [13]. Effects of PL on Nuclear Factor-

kappa B (NF-κB) have been previously evaluated only with respect to atherosclerotic plaque

formation and on vascular smooth muscle cell proliferation [14]. Effects of PL on NF-κB in

prostate cancer have not been explored.

NF-κB is a nuclear transcriptional factor and was previously shown to participate in

progression of prostatic malignancies via regulation of gene expression involved in

angiogenesis, proliferation, apoptosis, invasion, and metastasis [15-19]. The Rel/NF-κB

family of eukaryotic transcription factors is comprised of several structurally related proteins

that form both homo- and hetero-dimers. The most common Rel/NF-κB dimer in mammals

contains p50-RelA (p65). The activity of NF-κB is regulated by interaction with inhibitory

IκBα, which blocks the ability of NF-κB to enter the nucleus and bind to DNA. Upon

activation, IκBα is phosphorylated and marked for ubiquitination and degradation by the

proteosome-dependent pathway. This process allows for translocation of active NF-κB

complexes into the nucleus [20,21]. Constitutive activation of NF-κB was associated with

prostate cancer progression toward androgen-independent phenotype [22].

Several pathways may activate NF-κB. One cascade is activated by binding TNF-α to

TNFR1 or TNFR2 receptor [23,24], which after trimerization recruits TRAF2, RIP, and NIK

[25]. NIK then phosphorylates and activates IκB kinase (IKK) [26,27], which subsequently

targets IκBα for ubiquitination and degradation by the proteosome. Another cascade is also

activated via TNFR1 receptor, resulting in activation of phosphatidylinositol 3-kinase

(PI3K) and its downstream target, Akt kinase, which mediate TNF-α-promoted NF-κB

activation by phosphorylation of threonine 23 in IKKα [28].

Activation of NF-κB target genes has been shown to participate in the initiation and

progression of many cancers, including prostate cancer. Importantly, NF-κB-mediated up-

regulation of interleukin (IL)-6, IL-8, matrix metalloproteinase (MMP)-9 and intracellular

adhesion molecule-1 (ICAM-1), which are major pro-metastatic molecules, has been

associated with negative prognostic features in various cancer types [29-31]. NF-κB
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activation promotes expression of the above genes, making NF-κB an attractive target for

anti-tumorigenic agents [32-35]. Suppression of NF-κB in human prostate cancer cells has

been shown to reduce their tumorigenic and metastatic potential in nude mice by down-

regulating IL-8 and MMP-9 [33]. In vivo, decrease in these cytokines correlates with fewer

lymph node metastases and has been suggested to hold prognostic value [33,36].

Multiple stimuli may activate NF-κB, including TNF-α, and patients with elevated TNF-α

are known to have higher mortality rates [37]. The present report evaluates effects of PL on

NF-κB activity and pro-metastatic profile of prostate cancer cells.

MATERIALS AND METHODS

Cells and Materials

PC-3, DU-145, and LNCaP human prostate cancer cell lines were obtained from ATCC

(Rockville, MD) and maintained in RPMI 1640 medium (Bio-Whittaker, Walkersville, MD)

supplemented with 10% fetal calf serum (FCS; Hyclone, Logan, UT), gentamicin (50 mg/L),

sodium pyruvate (1 mM), and non-essential amino acids (0.1 mM). Experiments were

performed under conditions indicated in figure legends.

Antibodies and Reagents

Antibodies to RelA (NF-κB p65), NF-κB p50, DNA Topoisomearse I (Topo I), and IκBα

were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies to β-actin,

ph-Akt, ph-GSK3β, ph-p70S6K, and ph-4EBP1 were obtained from Cell Signaling

Technology (Beverly, MA). Calcein-AM and TNF-α were obtained from Sigma (St. Louis,

MO). Fibronectin and Akt inhibitor IV were obtained from Calbiochem (San Diego, CA).

Analysis of Cancer Cells Proliferation

Prostate cancer cells were incubated with various PL concentrations for 48 hr. Cell

proliferation was analyzed by CellTitier Blue assay (Promega, Madison, WI). Effective

doses (ED) were calculated using XLift©, Microsoft Excel® add-in.

Western Blot Analysis

Whole cell lysates were prepared as described previously [38]. Samples were subjected to

SDS–PAGE, followed by standard immunoblot analysis. The membranes were then

developed with Super-Signal West Pico Chemiluminescent substrate (Thermo Scientific,

Rockford, IL).

Measurement of NF-κB Activity Using Luciferase Reporter Assay

Cells were transfected with NF-κB-luc (Stratagene, La Jolla, CA) and pRL-TK (Promega)

plasmids. Twenty-four hours after transfection, cells were treated with various

concentrations of PL for 6 hr in fresh medium. Four hours after stimulation of NF-κB

pathway by TNF-α, samples were assayed for firefly and renilla luciferase activities using

Dual-Glo Luciferase assay System (Promega) and normalized as instructed by the

manufacturer.
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Measurement of IL-6, IL-8, and MMP-9 Proteins

Cells were pre-incubated with 10 μM of PL for 6 hr, followed by incubation with 40 ng/mL

of TNF-α for additional 16 hr. IL-6, IL-8, and MMP-9 levels in cell culture supernatants

were determined using ELISA kits (R&D Systems, Minneapolis, MN).

Measurement of ICAM-1 Expression Via Immunocytometry

Cells were pre-incubated with indicated concentrations of PL for 6 hr, followed by

incubation with 40 ng/ml of TNF-α for additional 16 hr. Levels of ICAM-1 surface

expression were determined by staining cells with FITC-conjugated anti-ICAM-1 antibodies

(R&D Systems, Minneapolis, MN) as recommended by the supplier, and analyzed by flow

cytometry utilizing FACScan (Becton Dickinson, Franklin Lakes, NJ). Normal mouse IgG-

FITC (Santa Cruz Biotechnology, Inc.) was utilized as a negative control.

Analysis of Cancer Cells Invasiveness

Invasiveness was determined using BD Falcon HTS FluoroBlok system (BD Biosciences,

Bedford, MA) in triplicate for each condition. PC-3 cells (2.5 × 103) were seeded in the

upper compartment of the FluoroBlok chamber in the absence of serum, with or without the

indicated concentrations of PL. Serum-containing medium in the lower compartment served

as a chemo-attractant. Cells were incubated at 37°C for 16 hr and then stained with 2 μM of

Calcein-AM. An intervening membrane was present to block fluorescence from labeled cells

present in the top chamber of the insert system. Fluorescence from labeled cells present in

the lower chamber of the insert system was detected using a microplate fluorimeter with

excitation and emission wavelengths of 485 and 530 nm, respectively. Images were captured

using fluorescence microscope equipped with a digital camera.

Adhesion Assay

Cells were stained with Calcein AM (2 μM), preincubated with indicated concentrations of

PL for 16 hr and plated in triplicates onto 96-well plates (2.5 × 103 cells/well) pre-coated

with fibronectin (50 mg/ml). Cells were allowed to attach at 37°C for 15 min. Wells were

washed with PBS twice and fluorescence was detected using a microplate reader with

excitation and emission wavelengths of 485 and 530 nm, respectively.

RESULTS

Cell Proliferation Is Attenuated by PL

PC-3 and DU-145 prostate cancer cell lines were exposed to varying concentrations of PL

and ED were calculated. Figure 1 demonstrates dose dependence between PL concentration

and cell proliferation. ED20, ED50, ED70, and ED90 concentrations were determined to be

2.6, 4.9, 7.2, and 13.5 μM for PC-3 cells, and 2.0, 3.4, 5.1, and 8.7 μM for DU-145 cells,

respectively. Similar effectiveness was previously demonstrated on LNCaP androgen-

dependent prostate cancer cell line [12].
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PL Inhibits Transcriptional Activity of NF-κB in Prostate Cancer Cells

Basal and TNF-α-induced levels of NF-κB activity were determined by luciferase reporter

assay as described in the Materials and Methods section. Three different human prostate

cancer cell lines, PC-3, DU-145, and LNCaP, were analyzed to confirm that PL effect on

NF-κB activity is not cell line specific. Figure 2 demonstrates that PL decreased basal NF-

κB transcription in a dose-dependent fashion in both castrate-resistant (PC-3 and DU-145)

and androgen-dependent (LNCaP) prostate cancer cell lines. Additionally, PL was able to

significantly decrease TNF-α-induced stimulation, achieving levels below those seen in non-

stimulated CRPC cells. As such, PL appears to be a potent suppressor of NF-κB functional

activity. Of the tested cell lines only DU-145 expresses a functional PTEN protein [39-41],

yielding the smallest decrease of TNF-α-induced activation of NF-κB (Fig. 2). These

findings are consistent with previously published data which demonstrate that PTEN inhibits

TNF-α-induced NF-κB activity [42,43].

PL Inhibits NF-κB Nuclear Translocation

It has been established that NF-κB plays a critical role in cancer proliferation, invasion and

progression and its up-regulation has been associated with castrate-resistant prostate cancer

profile [44]. We examined the effect of PL on TNF-α-induced nuclear accumulation of

RelA/p65 and p50 NF-κB and the degradation of the inhibitory protein IκBα. We observed

impaired degradation of IκBα in the cytoplasmic fraction of PC-3 and DU-145 cells pre-

treated for 4 hr with 10 μM of PL, which corresponded with significantly attenuated

translocation and decreased nuclear accumulation of p50 and p65 (Fig. 3A and B). Prostate

cancer cells treated with 40 ng/ml of TNF-α for 15 min were used as a positive control for

IκBα degradation. Pre-incubating the cells with 10 μM of the proteasome inhibitor MG-132

for 4 hr completely blocked IκBα degradation and nuclear translocation of p50 and p65

(Fig. 3A and B).

PC-3 and DU-145 cells were also incubated with different concentrations of PL. The

findings presented in Figure 3C and D demonstrate dose-dependent NF-κB inactivation by

PL. Nuclear translocation of p50 and p65 was significantly decreased at PL concentration of

10 μM and completely blocked at 20 μM over 4hr or at 10 μM overnight (Fig. 3C–E). As

shown previously by Raj et al. [10], PL exerts its effects via ROS production in the cells.

Co-administering 5 μM reduced glutathione (GSH) with PL completely reversed its

inhibitory effect on NF-κB activation (Fig. 3E).

In addition to attenuating NF-κB translocation, PL also appeared to attenuate ph-Akt and its

downstream targets. Recent publications confirm that TNF-α-induced NF-κB activation can

be mediated via an Akt-dependent pathway [45]. Unlike PC-3 cell line, DU-145 cells do

express a functional PTEN protein and therefore lack constitutive Akt activity [40] and

TNF-α-induced Akt activity [43]. Our data demonstrate that PL successfully inhibited TNF-

α-induced NF-κB translocation in DU-145 cells (Fig. 3B and D). Taking into consideration

these observations we hypothesize that inhibitory effect of PL on NF-κB activity is

decoupled from its effect on the Akt pathway. To better understand the role of the Akt

pathway in activation of NF-κB we investigated the ability of Akt inhibitor IV to block NF-

κB translocation in response to TNF-α stimulation in PC-3 cells. Indeed, TNF-α stimulated
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the Akt pathway in PC-3 cells, as demonstrated by elevations of ph-GSK3β, ph-p70S6K,

and ph-4EBP1 (Fig. 3E). However, while the Akt inhibitor IV (1 μM) was effective at

inhibiting ph-Akt, it failed to block TNF-α-induced NF-κB activation, suggesting that PL

may affect NF-κB pathway independently, regardless of Akt activity in the cells.

PL Decreases Expression of IL-6, IL-8, and MMP-9 in Prostate Cancer Cells

Multiple genes regulated by NF-κB, including IL-6, IL-8, and MMP-9, are involved in

tumorigenesis and have been implicated in progression of prostate cancer [46]. IL-6 is an

important multifunctional cytokine involved in tumor progression toward androgen

independent growth, whereas IL-8 and MMP-9 levels have been associated with increased

metastatic potential [47,48]. Expression of IL-6, IL-8, and MMP-9 was examined in cell

culture supernatants of PC-3 cells, pre-incubated with various concentrations of PL,

followed by stimulation by TNF-α. As shown in Figure 4, pre-incubation with PL decreased

TNF-α mediated expression of the cytokines, most pronounced in IL-6 and MMP-9, with

IL-6 levels reduced below that of non-stimulated control cells.

PL Decreases Invasiveness and Adhesion of Prostate Cancer Cells

Invasion through the extracellular matrix represents a critical step in tumor metastasis.

Studies indicate that metastatic activity of prostate cancer cells correlates with expression of

pro-angiogenic factors, many of which are under NF-κB control [48]. Therefore, we

anticipated that PL-mediated inhibition of NF-κB activity and expression of IL-6, IL-8, and

MMP-9 proteins would have a functional impact on the metastatic potential of tumor cells.

Findings presented in Figure 5 demonstrate that increasing levels of PL dramatically

reduced invasiveness of the highly invasive PC-3 cells.

Cell-to-extracellular-matrix interactions have great importance in the ability of malignant

cells to metastasize [49]. Figure 6 demonstrates a functional impact of PL on adhesion of

PC-3 cells to fibronectin-coated plates, showing dose-dependent decrease in degree of

adhesion.

PL Decreases Surface Expression of ICAM-1

Cell-to-cell interactions play a critical role in tumor’s metastatic potential and in prostate

cancer have been correlated with increased gene expression and synthesis of the ICAM-1,

which is regulated by NF-κB [48,50]. Figure 7 demonstrates that PL significantly inhibits

TNF-α-mediated ICAM-1 up-regulation in the PC-3 cell line.

DISCUSSION

NF-κB is a transcription factor that regulates multiple gene expression, affecting tumor

growth, metastasis, and angiogenesis, and is therefore a potential target for cancer treatment

and prevention [32,33]. A study by Son et al. [14] recently evaluated effects of PL on

vascular smooth muscle cell proliferation and atherosclerotic lesion development,

demonstrating a reduction in NF-κB activation. Our study undertook evaluation of PL

effects on this ROS-dependent pathway, where we demonstrate in vitro that PL attenuates

activation of NF-κB in both androgen-dependent and castrate-resistant prostate cancer cells.
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PL decreased cell proliferation, adhesion, and invasiveness over a range of concentrations

(0–10 μM). PL demonstrated potent concentration-dependent attenuation of both,

constitutive and TNF-α-inducible NF-κB activity. Specifically, PL blocked TNF-α mediated

degradation of IkBα and thus nuclear translocation of RelA/p65 and p50 subunits.

Previously reported, IL-6, IL-8, and MMP-9 are under NF-κB regulatory control, and our

current study is consistent and supportive of the above findings [46,51].

It is well known that a number of constitutively activated signaling pathways, such as NF-

κB and Akt, play critical roles in proliferation and survival of prostate cancer cells [15,52].

As was previously reported by McCall et al. [53], increased Akt signaling is observed in the

progression to castrate-resistant disease. Studies have demonstrated that mTOR, downstream

of Akt, stimulates NF-κB activity in prostate cancer cells via interaction with and

stimulation of IKK [45]. Additionally, it has been shown that the NF-κB pathway has the

ability to regulate Akt activity. Meng et al. [54] demonstrated that NF-κB inhibitors block

TNF-α-induced Akt activation. However, TNF-mediated NF-κB activation was not reduced

by the PI3K inhibitors such as Wortmannin and LY294002, although these inhibitors

completely blocked the activation of Akt [54]. Our recent findings demonstrate that PL

effectively inhibits Akt kinase activity and its downstream effectors in prostate (Fig. 3E),

kidney, and breast cancer cells (unpublished data). Combined, these findings suggest that

TNF-α-induced NF-κB translocation can proceed independent of Akt pathway, although

cross-talk between the two pathways is present. PL affects both, TNF-α-induced NF-κB and

Akt pathways. We observed that Akt inhibitor IV failed to block NF-κB translocation, while

PL was successful in doing so (Fig. 3E). We therefore conclude that PL acts on NF-κB via

an Akt-independent pathway. Other specific targets of PL are the subject of future

investigations.

In vivo mouse models confirmed favorable toxicity profile of PL and its synergy in

combination with 5-FU in sarcoma 180-transplanted mice [55,56]. Furthermore, anti-

angiogenic and pro-apoptotic effects have been confirmed in xenograft tumors and

transgenic models [22]. With effects detectable at micromolar concentrations and reports of

favorable toxicity profile, PL may play an important role in primary or secondary

chemoprevention of prostate cancer. Combined with recent reports of selectivity for

neoplastic cells, these observations may guide future investigations in identifying PL utility

in clinical practice. Additionally, demonstrating promising activity in androgen-independent

prostate cancer cell lines, implication for management of advanced, castrate-resistant disease

is underscored.

Aberrant activation of Akt/mTOR and NF-κB pathways contributes to both, initiation and

progression of prostate cancer. Development of new strategies for prevention and treatment

of prostate cancer represents a goal with enormous clinical and scientific merit. Our recent

and current works demonstrate that PL acts as a multifocal inhibitor concurrently affecting

several signaling pathways, that is, androgen receptor, Akt/mTOR and NF-κB in prostate

cancer cells. These studies provide a scientific background for clinical evaluation of PL as a

potential multitargeted anti-neoplastic agent.
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CONCLUSIONS

PL is a naturally occurring compound with potent selective effects on neoplastic cells. These

effects are demonstrated in an ROS-dependent pathway via NF-κB attenuation in vitro. PL

affects cell proliferation, adhesion, and invasiveness, and consequently prevents

development of aggressive growth characteristics of prostate cancer cells.
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Fig. 1.
The effect of Piperlongumine (PL) on proliferation of human prostate cancer cell lines (PC-3

and DU-145). Cells were treated with indicated concentrations of PL for 48 hr. Cellular

proliferation was assessed using the Cell Titer Blue assay.
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Fig. 2.
Levels of NF-κB activity were determined by Luciferase Reporter Assay as described in

Materials and Methods section. PC-3, DU-145, and LNCaP cells were pre-incubated with

indicated concentrations of PL for 6 hr prior to TNF-α (40 ng/ml) stimulation. Statistical

analysis was performed by one-way ANOVA. Statistically significant (P < 0.05) compared

with cells cultured in medium alone (*) or TNF-α-induced cells (**).
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Fig. 3.
PL attenuates degradation of IκBα and blocks nuclear translocation of p50 and p65 in

prostate cancer cells primarily via Akt-independent pathway. PL blocks NF-κB translocation

in PC-3 (A), and DU-145 cells (B). PL effects on NF-κB translocation in dose-dependent

fashion in PC-3 (C), and DU-145 (D) prostate cancer cell lines. E: PL (10 μM, overnight)

effectively blocks both Akt and NF-κB pathways. Levels of the nuclear and cytoplasmic

proteins were determined by Western blot analysis with specific antibodies. Expression of

Topo I (nuclear extract) and β-actin (cytoplasmic extract) were used to control equal protein

loading. Representative data from one of three experiments.
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Fig. 4.
PL dramatically reduces expression of cytokines (A) IL-6, (B) IL-8, and (C) MMP-9 in

PC-3 cells after TNF-α-mediated activation of NF-κB pathway. Statistical analysis was

performed by one-way ANOVA. Statistically significant (P < 0.05) compared with cells

cultured in medium alone (*) or TNF-α-induced cells (**).
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Fig. 5.
PL reduces invasiveness of PC-3 cells. A: Migration of PC-3 cells through the filters was

quantified as described in the Materials and Methods section. Statistical analysis was

performed by one-way ANOVA. Statistically significant (P < 0.05) compared with cells

cultured in medium alone (*). Representative data from one of three experiments. B:

Representative images of PC-3 cells treated under indicated conditions that invaded through

the FluoroBlok membrane.
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Fig. 6.
Effect of PL on the adhesion of PC-3 cells. Adhesion of PC-3 cells was determined as

described in the Materials and Methods section. A: Adhesion capacity is depicted as tumor

cell binding and related to100% binding of non-treated control. Statistical analysis was

performed by one-way ANOVA. Statistically significant (P <0.05) compared with cells

cultured in medium alone (*). Representative data from one of three experiments. B:

Representative images of attached PC-3 cells.
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Fig. 7.
PL significantly inhibits TNF-α mediated ICAM-1 expression in PC-3 cell line. Normal

mouse IgG-FITC was utilized as a negative control (dotted line). X-axis represents

fluorescence intensity; Y-axis represents cell number. Representative data from one of three

experiments.
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