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Abstract:



Pseudopterosins are a group of marine diterpene glycosides which possess an array of biological activities including anti-inflammatory effects. However, despite the striking in vivo anti-inflammatory potential, the underlying in vitro molecular mode of action remains elusive. To date, few studies have examined pseudopterosin effects on cancer cells. However, to our knowledge, no studies have explored their ability to block cytokine release in breast cancer cells and the respective bidirectional communication with associated immune cells. The present work demonstrates that pseudopterosins have the ability to block the key inflammatory signaling pathway nuclear factor κB (NF-κB) by inhibiting the phosphorylation of p65 and IκB (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor) in leukemia and in breast cancer cells, respectively. Blockade of NF-κB leads to subsequent reduction of the production of the pro-inflammatory cytokines interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα) and monocyte chemotactic protein 1 (MCP-1). Furthermore, pseudopterosin treatment reduces cytokine expression induced by conditioned media in both cell lines investigated. Interestingly, the presence of pseudopterosins induces a nuclear translocation of the glucocorticoid receptor. When knocking down the glucocorticoid receptor, the natural product loses the ability to block cytokine expression. Thus, we hypothesize that pseudopterosins inhibit NF-κB through activation of the glucocorticoid receptor in triple negative breast cancer.
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1. Introduction


Cancer represents one of the diseases with the highest unmet medical need, causing the second highest incidence of death after cardiovascular diseases in industrialized countries. Among the different types of malignant tumors, breast cancer is the leading cause of cancer mortalities in women worldwide [1]. Classification of breast cancer subtypes is based on the expression of progesterone receptor (PR), estrogen receptor (ER) and/or human epidermal growth factor receptor (HER2). Accordingly, the breast cancer subtype expressing none of these three receptors, the so-called triple-negative breast cancer (TNBC), represents the most aggressive form with currently no targeted therapy available and a significantly reduced overall survival rate [2,3]. Thus, development of innovative and more effective therapies is urgently needed.



Marine organisms represent a vast source of biologically active compounds with a highly unexploited potential for innovative drug development [4]. For instance, the soft coral Antillogorgia elisabethae (formerly Pseudopterogorgia elisabethae) has been reported to produce at least 31 different secondary metabolites, most of which have not been pharmacologically unexplored [5]. Amongst others, the pseudopterosin family displays a broad spectrum of biological activities, including anti-inflammatory [6,7,8], analgesic [6,9,10], wound-healing [7,8] and neuromodulatory [11] activity. Moreover, pseudopterosins have shown anti-inflammatory efficacy in phase II clinical trials [12,13] and represent the first commercially licensed marine natural product for use in cosmetic skin care [7,11]. Intriguingly, in vivo assays revealed a higher efficacy of pseudopterosins against topically induced inflammation than the marketed drug indomethacin [6]. Despite the striking in vivo pharmacological effect [6,10,14] and the application in cosmetic products [7,11] the underlying in vitro mechanism of action of the anti-inflammatory potential of pseudopterosins remains elusive. The potential of pseudopterosin A (PsA) has been described as spreading across different intracellular mechanisms ranging from inhibition of phospholipase A2 [10], altering calcium release [15], and inducing cytotoxicity in cancer cells [16]. To our knowledge, no studies have explored the potential of pseudopterosins as a novel immune modulatory agent in breast cancer.



A key factor in regulating inflammatory responses is the transcription factor nuclear factor κB (NF-κB) that acts by controlling expression of cytokines and chemokines. Activation can be triggered by various factors including pro-inflammatory cytokines, growth factors, hormones, oxidative stress, viral infections or DNA-damaging agents [17,18,19,20]. Pathogen-associated-molecular-patterns (PAMPs) such as lipopolysaccharides (LPS) and tumor necrosis factor alpha (TNFα) are ligands of different receptors, both triggering activation of the NF-κB-controlled immune response [21,22,23]. The NF-κB family consists of five functionally conserved members in mammalian cells, including RELA (nuclear factor NF-kappa-B subunit p65), RELB (nuclear factor NF-kappa-B subunit p60), c-REL, NF-κB1 (p105 and p50) and NF-κB2 (p100 and p52) [24]. The specific activation of NF-κB in the innate and adaptive immune defense is opposed by constitutive NF-κB expression in various tumor types. Constitutive activation of NF-κB could be confirmed in cancer in general, and in breast cancer in particular, supporting overall tumor progression, drug resistance, invasiveness, epithelial-to-mesenchymal-transition (EMT) and the promotion of hormone-independent growth [17,25,26,27,28]. Elevated NF-kB activity has been observed in both primary human breast cancer tissues and breast cancer cell lines. Furthermore, a recent study assigned a key role of NF-kB in disrupting important microenvironmental cues necessary for tissue organization [29]. The tumor microenvironment (TME) encompasses a complex interplay between tumor cells and tumor associated immune cells. Tumor associated macrophages (TAM) play a crucial role in cancer progression [30]. Tumor associated macrophages produce high amounts of cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8), monocyte chemotactic protein 1 (MCP-1) and tumor necrosis factor alpha (TNFα) to alter the tumor progression in different ways. IL-6 promotes tumor proliferation, IL-8 leads to neovascularization, growth, angiogenesis and metastasis, and TNFα affects necrosis, invasion and metastasis [26,27]. Moreover, MCP-1 overexpression correlates with histological grade and low level differentiation in breast tumors [31].



The glucocorticoid receptor alpha (GR) has been investigated in different clinical studies as a putative pharmacological target for the treatment of breast cancer [32,33,34]. Interestingly, there is evidence that NF-κB and GR can physically interact and heterodimerize in breast cancer [35]. By binding other transcription factors such as NF-κB or AP-1, GR can either transactivate or suppress its target genes [1]. Agonism of glucocorticoids (GC) can block migration, invasion and angiogenesis via down-regulation of IL-6 and IL-8 and has been reported to induce drug sensitivity. Furthermore, GC activation induces apoptosis in lymphoid cancer and MCF-7 breast cancer cells [36,37,38]. However, due to high variability in its expression frequency, divergent cellular functions of GR have been described [2]. Herein, we describe inhibitory capabilities of a mixture of pseudopterosins on the NF-κB signaling pathway and its target genes, the cytokines, in monocytic leukemia and in triple negative breast cancer cells (TNBC) presumably by agonizing the glucocorticoid receptor α. Moreover, our study ascribes the efficient cytokine blockade in the context of bidirectional tumor-immune-cell communication to pseudopterosin treatment.




2. Results


2.1. Pseudopterosin Reduces Cytokine Release by Inhibition of NF-κB Signaling


Pseudopterosins have been described as anti-inflammatory agents with an unknown in vitro mechanism of action. To explore intracellular signaling pathways following pseudopterosin treatment, we investigated the influence of an extract mixture containing four different pseudopterosin derivatives (PsA-D) on the key inflammatory signaling pathway NF-κB. For this purpose, we generated a stable cell line based on the triple negative breast cancer cell line MDA-MB-231 (subsequently named NF-κB-MDA-MB-231) (see Section 4.2, Stable Cell Line Generation). MDA-MB-231 cells display a high level of toll-like-receptor 4 (TLR4) [39] which can activate NF-κB signaling via its ligand LPS [40]. Interestingly, increasing amounts of pseudopterosin inhibited LPS-induced NF-κB activation in NF-κB-MDA-MB-231 breast cancer cells in a concentration-dependent manner (Figure 1A) with an IC50 value of 24.4 µM. Additional studies revealed that pseudopterosin also reduced NF-κB activation initiated by other stimuli including TNFα (Figure S1). Moreover, addition of 30 µM of pseudopterosin in monocytic THP-1 cells led to a 1.65-fold inhibition of NF-κB-dependent luciferase activity (Figure 1B).


Figure 1. Nuclear factor κB (NF-κB) inhibition in lipopolysaccharide (LPS)-stimulated stable NF-κB-MDA-MB-231 and THP-1 monocytic leukemia cells. (A) Dose–response curve of pseudopterosin (PsA-D) on LPS stimulated NF-κB-MDA-MB-231 cells expressing a luciferase reporter gene which is under the control of a NF-κB CMV (cytomegalovirus) promotor. Luminescence intensity correlates proportionally with NF-κB activation. The solid circle represents NF-κB induction in the presence of 1 µg/mL LPS (positive control). PsA-D treatment was performed for 20 min in a bisecting titration followed by 1 µg/mL LPS for 1 h. IC50 value of 24.4 µM of pseudopterosin was calculated from three independent experiments; (B) Inhibition of NF-κB upon pseudopterosin treatment in THP-1 monocytic leukemia cells (ELISA). Cells were incubated with PsA-D for 20 min followed by LPS treatment. Pseudopterosin decreased NF-κB activation significantly. RLU = relative luminescence units; RFU = relative fluorescence units. Two stars represent a significance of p < 0.05. Error bars were calculated using standard error of the mean (+SEM); n = 3.
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As multiple pro-inflammatory cytokines such as IL-1, IL-6 and TNFα represent target genes of NF-κB [41,42,43], we investigated the effect of PsA-D on pro-inflammatory cytokine release.



Analyzing a subset of six different cytokines simultaneously, in THP-1 cells incubated with 1 µg/mL LPS led to a significant secretion of IL-6, TNFα and MCP-1 compared with unstimulated control (23-fold induction of IL-6, 33-fold induction of TNFα and 24-fold increase of MCP-1; Table 1), but not IL-1β, IL-12 or IL-4 (data not shown). Compared to THP-1 cells, MDA-MB-231 breast cancer cells displayed a higher basic level of IL-6 and MCP-1. Upon LPS stimulation, we confirmed a 3-fold increase of IL-6, a 15-fold induction of TNFα and a 5-fold increase of MCP- 1 in MDA-MB-231 cells (Table 1). In contrast, no induction of IL-1β or IL-4 could be observed in the triple negative breast cancer cells (data not shown). In both cell lines investigated, PsA-D incubation was able to induce a significant blockade of cytokine secretion: In THP-1 monocytic leukemia cells pseudopterosin reduced TNFα release by at least 47%, blocked IL-6 release by 50% and MCP-1 release by 73%. In MDA-MB-231 breast cancer cells incubated with PsA-D led to a reduction of MCP-1 by 85%, a decrease of TNFα release by 75%, and a decrease of IL-6 by 38%.



Table 1. Inhibition of cytokine release in THP-1 monocytic leukemia and MDA-MB-231 triple negative breast cancer. THP-1 cells were treated with 10 ng PMA (phorbol 12-myristate 13-acetate) for 24 h to induce differentiation. Cytokine amounts were analyzed in supernatants after a 24-h incubation time. Total amounts of cytokines (pg/mL) were calculated according to a standard concentration curve. No treatment serves as a control. % inhibition reflects the percentage of cytokines reduced by PsA-D treatment. Standard deviation was calculated for amounts of cytokines (±SD); n = 3. TNF: tumor necrosis factor alpha; IL: interleukin; MCP: monocyte chemotactic protein 1.







	
MDA-MB-231

	
Control (pg/mL)

	
+LPS 1 µg/mL

	
+PsA-D 30 µM

	
p-Value

	
% Inhibition






	
IL-6

	
1626.3 ± 144

	
4666.7 ± 307

	
2874.8 ± 610

	
<0.0002

	
38.3




	
TNFα

	
1.9 ± 0.6

	
29.1 ± 5.5

	
7.17 ± 3.4

	
<0.0005

	
75.3




	
MCP-1

	
325.3 ± 260

	
1625.6 ± 540.6

	
241.3 ± 100.9

	
0.0082

	
85.2




	
THP-1

	
Control (pg/mL)

	
+LPS 1 µg/mL

	
+PsA-D 30 µM

	
p-Value

	
% Inhibition




	
IL-6

	
2.8 ± 1

	
66.7 ± 9.8

	
33 ± 1.98

	
0.0089

	
50.0




	
TNFα

	
13.4 ± 4.5

	
439.4 ± 28

	
232.0 ± 100

	
0.1138

	
47.2




	
MCP-1

	
182.9 ± 65.3

	
4436.7 ± 2098

	
1208.9 ± 762.3

	
0.0552

	
72.8










As the NF-κB signaling pathway can be activated with different stimuli including LPS, TNFα or pathogen-associated molecular patterns (PAMPs) [18,44,45], we utilized TNFα, the ligand of the TNFα receptor 1 (TNFR1) [23,46], to induce NF-κB signaling independent of TLR4. As expected, stimulation with TNFα increased the expression levels of the investigated cytokines in MDA-MB-231 breast cancer cells significantly compared to unstimulated control (IL-6 4-fold, IL-8 6-fold, MCP-1 5-fold) (Figure 2A). It is noteworthy that pseudopterosin blocked the expression of all cytokines investigated, however, statistical significance was only noted for IL-6 and MCP-1 (IL-6 2.7-fold induction, MCP-1 3.7-fold induction).


Figure 2. Inhibition of cytokine expression (A) and secretion (B) after TNFα stimulation and inhibition of endogenous cytokine secretion (C) in MDA-MB-231 triple-negative breast cancer (TNBC). (A) MDA-MB-231 cells were treated with 30 µM of PsA-D for 20 min followed by 6 ng/mL of TNFα for 5 h; (B) Various concentrations of PsA-D were incubated for 20 min followed by TNFα treatment for 24 h; (C) MDA-MB-231 cells were treated with 30 µM of PsA-D and cytokine secretion was measured 24 h thereafter. Error bars were calculated using +SEM; n = 3. p-Values are calculated against TNFα. Three stars represent a significance of p < 0.001, two stars p < 0.01, one star p < 0.05 and “ns.” means not significant.
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Secretion of cytokines is stimulated after TNFα treatment (IL-6 4540 ± 329 pg/mL, IL-8 4047 ± 196 pg/mL, MCP-1 4048 ± 18 pg/mL) (Figure 2B). Cytokine amounts declined in the triple negative breast cancer cells in a concentration-dependent manner upon pseudopterosin treatment (at a PsA-D concentration of 30 µM: 18-fold decrease of IL-6, 12-fold reduction of IL-8 and a 26-fold decrease of MCP-1). Significant inhibition at a concentration of 10 µM of PsA-D could be achieved for MCP-1 (6-fold decrease of MCP-1 release compared to untreated control).



It is noteworthy that irrespective of exogenous cytokine stimulation via LPS or TNFα, pseudopterosins are able to significantly reduce endogenous release of at least two cytokines in the MDA-MB-231 triple negative breast cancer cells (IL-6 1.2-fold, IL-8 1.4-fold, MCP-1 1.4-fold) (Figure 2C). Moreover, additional investigation demonstrates that the reported inhibitory effect of PsA-D on cytokine release can be assigned to other triple negative cell lines (Table S1).




2.2. Pseudopterosin Blocks Bidirectional Communication


To explore whether pseudopterosins have the ability to inhibit the bidirectional communication between immune cells and tumor cells, we designed an experimental set-up imitating inter-cell communication within the tumor microenvironment (Figure 3A). As shown, stimulation by LPS leads to the production of secondary metabolites including cytokines and the subsequent secretion into the surrounding “conditioned medium” (CM). Medium containing cytokines released by MDA-MB-231 cells represents the so called “MDA-MB-231 conditioned medium” (M-CM; Figure 3B), whereas medium encompassing cytokines secreted by THP-1 cells referred to as “THP-1 conditioned medium” (THP-CM; Figure 3C). Both conditioned media were used in independent experiments to stimulate the respective opposite cell line. Treatment with unstimulated conditioned medium did not influence cytokine expression in any of the investigated cell lines. However, incubation of THP-1 leukemia cells with stimulated M-CM induced a significant cytokine expression in THP-1 cells (8-fold increase of IL-6, 18-fold induction of TNFα and nearly 13-fold in MCP-1 expression). Furthermore, the triple negative breast cancer cell line MDA-MB-231 induced expression of IL-6, TNFα and MCP-1 in the presence of stimulated THP-CM (IL-6 induction 177-fold, TNFα induction nearly 10-fold and MCP-1 induction nearly 19-fold).


Figure 3. Blockage of bidirectional communication between THP-1 monocytic leukemia and MDA-MB-231 TNBC. (A) Process scheme of producing tumor conditioned medium. THP-1 or MDA-MB-231 cells were cultured in 25 cm2 flasks and treated with 1 µg/mL LPS for 24 h. Medium was collected and centrifuged. After sterile filtration, tumor conditioned medium was added to seeded cells in 6-well plates. (B) MDA-MB-231 conditioned medium (M-CM) or (C) THP-1 conditioned medium (THP-CM) was added to the adversary cells. RNA was isolated for further analysis in real-time PCR. Error bars were calculated using +SEM. p-Values of three stars represent a significance of p < 0.001, two stars p < 0.01, one star p < 0.05 and “ns.” means not significant.
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Notably, pseudopterosin treatment was able to block cytokine expression induced by conditioned media in both leukemia cells and in triple negative breast cancer cells. In THP-1 cells stimulated with M-CM, a 2-fold reduction of IL-6 expression and a 3-fold reduction of MCP-1 expression was noted following pseudopterosin treatment. Also, MDA-MB-231 cells stimulated with THP-CM displayed a 4-fold increase in IL-6 and a 2.5-fold increase in MCP-1 expression. In conclusion, our data demonstrate that PsA-D is able to significantly decrease expression of the cytokines IL-6 and MCP-1 after stimulation with pre-conditioned medium in monocytes and breast cancer cells, respectively.



To exclusively ascribe the demonstrated cytokine expression patterns to the pre-treatment with the respective conditioned medium, we subjected MDA-MB-231 cells to a knock-down of the TLR4 receptor (siRNA-TLR4 (siTLR4) transfected cells) (Figure 4A). As a control, we transfected non-coding silencing RNA (nc siRNA). A 50% TLR4 knock down was achieved. Compared to a nc siRNA control, siTLR4 transfection did not influence TNFα expression level upon pseudopterosin treatment. Monitoring the p65 phosphorylation with TNFα and LPS in parallel experiments we confirmed a 2-fold reduction of phosphorylation after pseudopterosin treatment independent of the stimulus (Figure 4B). In conclusion, PsA-D induced cytokine blockade and p65 phosphorylation in triple negative breast cancer cells does not dependent on TLR4.


Figure 4. PsA-D induced NF-κB inhibition is toll-like-receptor-4 (TLR4)-independent. (A) MDA-MB-231 cells were seeded in 6-well plates and incubated for 24 h. Transfection with 2 µM siRNA was done with Lipofectamine3000 following the manufacturer’s protocol. After 24 h, cells were first treated with 30 µM PsA-D before and following treatment with THP-CM for 5 h. After another 24 h of incubation, cells were harvested and lysed for RNA isolation in preparation for realtime PCR. Knock-down efficiency of TLR4 was about 50%. PsA-D blocked TNFα expression independent of TLR4 expression; (B) MDA-MB-231 cells were stimulated either with 1 µg/mL LPS or with 6 ng/mL TNFα following 20 min treatment of PsA-D. P65 phosphorylation was measured after 24 h of treatment. Error bars were calculated using +SEM. p-Values of four stars show a significance of p < 0.0001, three stars p < 0.001, two stars p < 0.01 and “ns.” means not significant.
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2.3. Pseudopterosin Inhibits NF-κB through Activation of the Glucocorticoid Receptor


Our data show for the first time that the underlying in vitro mechanism of the well described anti-inflammatory response of pseudopterosin might be ascribed to inhibition of the NF-κB pathway. To further explore putative molecular pharmacological targets of pseudopterosins, we started to investigate the influence of the natural product on glucocorticoid signaling. NF-κB and glucocorticoid receptor α (GR) display opposed functions in regulating immune and inflammatory responses. Moreover, both transcription factors have been described as transcriptional antagonists [36]. Thus, we investigated the interaction of pseudopterosin with GR. To evaluate transactivation of GR in the presence of PsA-D on the whole cell level, we used immunofluorescent staining of GR in MDA-MB-231 cells incubating the cells with dexamethasone, serving as a positive control, or PsA-D (Figure 5A). Untreated cells displayed an even GR distribution within the cytosol, whereas the nucleus did not show any GR localization. As expected, upon dexamethasone treatment the GR staining revealed a complete translocation of the receptor to the nucleus in breast cancer cells. Interestingly, the presence of pseudopterosin induced a comparable nuclear translocation of the GR. Quantification of the respective fluorescence intensities using the software ImageJ confirmed a significant GR translocation to the nucleus after dexamethasone treatment (4.5-fold reduction of cytoplasmic total corrected cell fluorescence (TCCF) compared to control) and pseudopterosin treatment (2.5-fold reduction of cytoplasmic total corrected cell fluorescence (TCCF) compared to control, Figure 5B). Accordingly, PsA-D inhibited phosphorylation of p65 and IκBα significantly compared to LPS stimulation (Figure 5C) or compared to stimulation with TNFα (Figure S2) (2-fold inhibition, respectively).


Figure 5. Pseudopterosin-induced activation of glucocorticoid receptor alpha (GR) translocation into the nucleus is accompanied by inhibition of phosphorylation of p65. (A) PsA-D was added at a concentration of 30 µM and dexamethasone at 1 µM in MDA-MB-231 cells. Cell nuclei were stained with 3 µM 4′,6-Diamidin-2-phenylindol (DAPI; blue channel). GR is shown in green. The right column shows merged channels; (B) Quantification of immunofluorescence staining shows cytoplasmic total corrected cell fluorescence (TCCF). TCCF was calculated as described in methods section. Cytoplasmic TCCF was calculated after following formula: TCCF GFP–TCCF DAPI. Cytoplasmic staining reduced significantly after dexamethasone (Dex) or PsA-D treatment; (C) Phosphorylation of p65 and IκBα induced by LPS was investigated in the absence or presence of PsA-D with an incubation time of 20 min on MDA-MB-231 breast cancer cells. p-Values of three stars show a significance of p < 0.001, two stars of p < 0.01 and one star of p < 0.05; +SEM; n = 30. MFI = median fluorescence intensity.
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Moreover, to confirm GR as a putative pharmacological target of pseudopterosin we performed a glucocorticoid receptor α knock-down in MDA-MB-231 cells. In this context, we transfected cells with siRNA of GR (siGR, Figure 6) with non-coding siRNA (nc siRNA) serving as a negative control. A 60% knock-down of GR was achieved. Treatment with negative control nc siRNA revealed that unaltered GR expression resulted in cytokine expression level after LPS stimulation comparable to previous results (Table 1). Furthermore, as demonstrated earlier, pseudopterosin inhibited IL-6 (3-fold) and MCP-1 (nearly 4-fold) significantly in the presence of GR. However, when knocking down GR, pseudopterosin lost the ability to block IL-6 or MCP-1 expression, respectively. To finally confirm glucocorticoid receptor α as a potential pharmaceutical target for pseudopterosin, we used a reporter gene assay expressing a luciferase under the control of a human GR promotor (Figure 6B). In line with our previous findings, pseudopterosin induced a significant increase in expression of human GR. In conclusion, the described inhibitory effect of pseudopterosin on cytokine expression and release in triple negative breast cancer is putatively ascribed to agonism of glucocorticoid receptor α.


Figure 6. Pseudopterosin as a low molecular weight agonist of GR. (A) MDA-MB-231 cells were seeded in 6-well plates and transfected with 2 µM siRNA with the Nucleofector® 2b device using the manufacturer’s protocol. After 24 h, cells first were treated with 30 µM PsA-D for 20 min and subsequently with 1 µg/mL LPS for 24 h. After another 24 h of incubation, cells were harvested and lysed for RNA isolation as preparation for further real-time PCR analysis; (B) Cells were seeded following manufacturer’s instructions. Reporter cells stably expressing a luciferase under the control of a human GR promotor were activated upon pseudopterosin treatment. Error bars were calculated using +SEM; (A) n = 3; (B) n = 2. p-Values of three stars show a significance of p < 0.001, two stars p < 0.01, one star p < 0.05 and “ns.” means not significant.
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3. Discussion


Though their mechanism of action remains unknown, pseudopterosins have been demonstrated as anti-inflammatory [6,7,8], analgesic [6,9,10], wound-healing [7,8], anti-microbial [47,48], and anti-cancer agents [16]. In our work we were able to illuminate a novel molecular mechanism of the broadly described anti-inflammatory activity of pseudopterosin by demonstrating a concentration-dependent inhibition of the NF-κB pathway based on inhibition of p65 and IκB phosphorylation.



NF-κB overexpression maintains cancer stem cell populations in the basal-subtype of breast cancer and plays a crucial role in overall cancer progression [29,49,50,51]. NF-κB activity is involved in epithelial-to-mesenchymal transition (EMT) [52]. Thus, previous studies have approached the inhibition of NF-κB activity in several ways: Gordon et al. suppressed NF-κB transcription in MDA-MB-231 breast cancer cells resulting in reduced osteolysis after tumor cell injection in mice combined with decreased cytokine expression [53]. Furthermore, inhibition of NF-κB activity in human breast cancer cells (MDA-MB-231 and HCC1954) reduced invasiveness and migration [52]. In conclusion, NF-κB activation blockade demonstrates effective reduction in tumor growth and progression. Our study revealed pseudopterosin to efficaciously inhibit NF-κB signaling and subsequent cytokine release in both THP-1 monocytic leukemia cells and MDA-MB-231 breast cancer cells. Furthermore, pseudopterosin has demonstrated the ability to block the inter-cell communication between immune cells and MDA-MB-231 breast cancer cells, a complex interplay presumably important within the tumor microenviromental set-up.



Nuclear receptors like the glucocorticoid receptor α (GR) translocate into the nucleus upon activation and bind the glucocorticoid response element (GRE) enabling the transcription of target genes ultimately resulting in immune suppression. Thus, GR and NF-κB are transcription factors with opposing functions in regulating inflammatory responses. In cancer therapy glucocorticoids are used as a pre-treatment combined with chemotherapy to prevent vomiting and allergic reactions [32,38,54]. However, due to high variability in its expression frequency, divergent cellular functions of GR have been described [2]. For instance, high expression levels not only lead to poor prognosis for ER− breast cancer patients, but are also associated with better outcomes in patients with ER+ breast cancer [55]. Suppression of chemotherapy induced apoptosis for example is correlated with high GR expression and poor prognosis [37,55,56]. On the other hand, glucocorticoids can suppress migration, invasion and angiogenesis via down-regulation of IL-6 and IL-8. Furthermore, GR agonism has been shown to induce drug sensitivity and apoptosis in lymphoid cancer and breast cancer [36,37,38].



Interestingly, there is evidence that expression of both transcription factors, NF-κB and GR, are correlated in the context of breast cancer. While NF-κB is up-regulated [25,57], GR over-expression could be confirmed for breast cancer, however, in contrast to NF-κB, GR levels decreased during cancer progression [58]. Furthermore, there is evidence that NF-κB and GR can even physically interact by heterodimerization [35,51]. Glucocorticoids regulate target genes by either positive or negative regulatory mechanisms. Anti-inflammatory effects are mediated via a transcription repressive function (so called transrepressive action) of GR, whereas activation of gene transcription (namely transactivation) results in an undesirable side effect of glucocorticoids including chemoresistance, impaired wound-healing, and skin and muscle atrophy [59,60,61]. A previous study revealed that NF-κB inhibition is likely based on the transrepressive function of GR [1]. Our study confirms GR as putative pharmacological target of pseudopterosins. In conclusion, we hypothesize that the induction of GR activation upon pseudopterosin treatment might be based on GR acting as transrepressive on NF-κB.



As triple-negative breast cancer represents one of the diseases with a high unmet medical need resulting in a low overall survival rate, there is a need for efficacious drug treatment regimens. Our study contributes by elucidating the molecular mode of action of the striking anti-inflammatory effect of the marine diterpene glycosides PsA-D in the context of breast cancer. Thus, we demonstrate the mostly unexplored pharmaceutical potential of pseudopterosins as a promising basis for developing novel cancer treatment strategies. Future studies may include a medicinal chemistry approach to design simplified derivatives of pseudopterosin with improved potency.




4. Materials and Methods


4.1. Cell Culture and Commercially Available Reagents


TNFα was purchased from Peprotech (Rocky Hill, NJ, USA). MDA-MB-231 breast cancer cells were obtained from European Collection of Authenticated Cell Cultures (Salisbury, UK) and grown in humidified atmosphere containing no CO2 in Leibovitz’s L15 medium. Medium was supplemented with 15% FCS (fetal calf serum), 2 mM glutamine, 100 unit’s mL−1 penicillin and 100 µg mL−1 unit’s streptomycin. THP-1 acute monocytic leukemia cells were purchased from the German Collection of Microorganisms and Cell Culture (Braunschweig, Germany) and cultured in the presence of 5% CO2 in RPMI along with 10% FCS, penicillin and streptomycin. This cell line was used as a model for cells derived from the immune system. Medium and antibiotics were purchased from Gibco (Life Technologies, Carlsbad, CA, USA).




4.2. Stable Cell Line Generation


MDA-MB-231 breast cancer cells were used to create a stable cell line subsequently named NF-κB-MDA-MB-231 where the expression of a Luciferase reporter gene is under the control of a NF-κB CMV promoter. The vector was purchased from Promega (Madison, WI, USA): pNL3.2.NF-κB-RE[NlucP/NF-κB-RE/Hygro]. Cells were transfected with the nucleofector 2b device from Lonza Group AG (Basel, Switzerland) and the corresponding RCT Cell Line Kit V according to the manufacturer’s protocol. Cells were cultured in DMEM supplemented with 10% FCS, 100 units mL−1 penicillin and 100 units mL−1 streptomycin. After transfection cells were diluted serially to obtain monoclonal cells. After colony formation hygromycin (Sigma, Munich, Germany) clones were cultivated in the presence of hygromycin.




4.3. NF-κB Reportergene Assay


To determine NF-κB activation, cells were seeded with a density of 5 × 105 cells per mL in 384-well plates using the CyBio® pipetting roboter (Analytic Jens AG; Jena, Germany). After 24 h of incubation, cells were treated with different concentrations of PsA-D for 20 min. Afterwards, cells were treated with 1 µg/mL LPS or 6 ng/mL TNFα for 1 h, respectively. Luciferase activity was detected with the NanoGlo Luciferase Assay from Promega. NanoGlo Substrate and buffer were pre-mixed in 1:50 ratio and reagent was added to the wells in a 1:1 ratio and luminescence was determined immediately.




4.4. NF-κB and Human Cytokine Magnetic Bead Kit


MDA-MB-231 breast cancer cells were cultured in 10 cm dishes in 1.8 × 106 cells per mL and incubated for 24 h at 37 °C. Before compound treatment medium was changed to serum-free medium. Cells were treated with PsA-D for 15 min, followed by incubation with 1 µg/mL LPS. Afterwards, cells were lysed with the lysis buffer provided in the NF-κB magnetic bead kit from Merck Millipore (Darmstadt, Germany) to obtain phosphorylated proteins from the nucleus. Protein concentration was determined with Bradford reagent (Roth, Karlsruhe; Germany). Samples were diluted to achieve a concentration of 0.8 mg/mL of total proteins. The subsequent protocol was according to manufacturer’s instructions.



MDA-MB-231 breast cancer cells and were seeded in 96-well plates in 4 × 105 cells per mL and MDA-MB-453 in 6 × 105 cells per mL and incubated for 24 h at 37 °C. THP-1 cells were seeded in 4 × 105 cells per mL and after 1 h of incubation differentiated with 10 ng/mL PMA for 24 h. Cells were treated with PsA-D for 20 min and afterwards with 1 µg/mL LPS for 24 h. Supernatant was harvested and stored at −20 °C until measurement of cytokines. The subsequent protocol was performed according to the manufacturer’s instructions with the MAGPIX® Multiplexing System from Merck Millipore (Darmstadt, Germany).




4.5. Quantitative Real-Time PCR


To determine cytokine expression levels after PsA-D treatment, the following primers were used (purchased from Eurofins, Ebersberg): IL-6 forward (GGCACTGGCAGAAAACAACC), IL-6 reverse (GCAAGTCTCCTCATTGAATCC) IL-8 forward: (ACTGAGAGTGATTGAGAGTGGAC), IL-8 reverse: (AACCCTCTGCACCCAGTTTTC), TNFα forward: (GCCTGCTGCACTTTGGAGTG), TNFα reverse: (TCGGGGTTCGAGAAGATGAT), MCP-1 forward: (CCCCAGTCACCTGCTGTTAT), MCP-1 reverse: (TGGAATCCTGAACCCACTTC), GAPDH forward: (TGCACCACCAACTGCTTAGC), GAPDH reverse: (GGCATGGACTGTGGTCATGAG), GR forward: (AAAAGAGCAGTGGAAGGACAGCAC) GR reverse: (GGTAGGGGTGAGTTGTGGTAACG). Total RNA was isolated with QIAGEN (Hilden, Germany) RNA Isolation Kit according to manufacturer’s instructions and reverse transcriptase PCR were performed with iScript RT cDNAse Kit from BioRad (Munich, Germany). Real-time PCR was conducted with Quantitect SYBR Green from QIAGEN (Hilden, Germany) based on the following protocol: pre-incubation at 95 °C for 900 s, amplification was performed over 45 cycles (95 °C for 15 s, 55 °C for 25 s and 72 °C for 10 s). No-template controls served as negative control. CT values were calculated according to the [image: there is no content] method [62]. Sample values were normalized to the house-keeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase).




4.6. Immunofluorecent Staining


MDA-MB-231 breast cancer cells were seeded in 1 × 105 cells per mL and incubated for 24 h. PsA-D or dexamethasone treatment comprised 30 min. Cells were fixed afterwards with −10 °C cold methanol. Cells were made permeable using 0.1% Triton™ X-100. Antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA): primary antibody (sc-8992 GR (H-300)) incubated 1:50 for 24 h overnight at 4 °C and secondary antibody (sc-2012 IgG-FITC (fluorescein isothiocyanate)) was incubated 1:100 for 2.5 h at room temperature. Cells were washed three times with PBS following each incubation step. For staining, cell nuclei 4′,6-Diamidin-2-phenylindol (DAPI, Sigma) was incubated for 5 min at room temperature at a concentration of 3 µM and washed three times with PBS for 5 min.



Quantification of immunofluorescence intensity was achieved with ImageJ (v1.51k). The shape of the cells was outlined and the area, mean gray fluorescence value and integrated density measured. Several background readings were also measured. The “total corrected cellular fluorescence” (=TCCF) was calculated according to following formula: integrated density—(area of selected cell x mean fluorescence of background readings) [63]. Values of GFP staining were subtracted by values of DAPI staining to obtain cytoplasmic TCCF.




4.7. Conditioned Medium (CM) from Tumor Cells


MDA-MB-231 or THP-1 cells were cultured until 70–90% confluency. 1 × 106 cells were counted and transferred into a 25 cm2 flask. Cells were either stimulated with 1 µg/mL LPS or without LPS as a negative control. Supernatant was collected after 24 h, centrifuged and sterile filtered. Conditioned medium was stored at −80 °C. MDA-MB-231 or THP-1 cells were seeded at 1 × 106 cells per mL in 6-well plates and incubated for 24 h. PsA-D was added at a concentration of 30 µM for 20 min followed by 25 volume percentage of tumor-conditioned medium for 5 h. Cells were then harvested and RNA isolated for further analysis in real-time PCR.




4.8. Knock-Down Studies


TLR4 siRNA s14194 and Silencer® Select Negative Control No. 2 siRNA was purchased from Life Technologies (Darmstadt, Germany). Glucocorticoid receptor (GR) siRNA was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). SiRNA transfection (2 µM of siRNA) was performed using Lipofectamine3000 from Invitrogen (Carlsbad, CA, USA) according to manufacturer’s protocol.




4.9. GR Reportergene Assay


Reportergene assay based on non-human stable cells containing constitutive high-level expression of full-length human GR (NR3C1) were purchased from Indigo Biosciences (State College, PA, USA). Assay was performed according to manufacturer’s instructions. PsA-D was added to cells according to the agonist assay described in the protocol and incubated for 24 h at 37 °C.




4.10. Preparation of PsA-D Mixture


A. elisabethae was collected from South Bimini Island, The Bahamas, was dried and extracted in EtOAc/MeOH (1:1) for 48 h. The crude extract was subjected to silica gel chromatography eluting with hexanes and EtOAc to afford a mixture of PsA-D. The ratio was determined to be 85:5:5:5 (PsA:B:C:D) by LC-MS analysis.




4.11. Statistical Analysis


Obtained data represent at least three independent experiments. Error bars show +SEM of the means of triplicate values. Statistical analysis was calculated using one-way-ANOVA followed by Dunnett's multiple comparisons test. When groups were compared with a control and/or comparison of mean values of only two groups, an unpaired student’s t-Test was applied. p < 0.05 was chosen to define statistically significant difference. Figures and data analysis were generated with Graphpad Prism v. 6.07 (Graphpad Software, San Diego, CA, USA).
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