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Abstract: Phycocyanin, a type of functional food colorant, is shown to have a potent anti-cancer
property. Non-small cell lung cancer (NSCLC) is one of the most aggressive form of cancers with few
effective therapeutic options. Previous studies have demonstrated that phycocyanin exerts a growth
inhibitory effect on NSCLC A549 cells. However, its biological function and underlying regulatory
mechanism on other cells still remain unknown. Here, we investigated the in vitro function of
phycocyanin on three typical NSCLC cell lines, NCI-H1299, NCI-H460, and LTEP-A2, for the first
time. The results showed that phycocyanin could significantly induce apoptosis, cell cycle arrest,
as well as suppress cell migration, proliferation, and the colony formation ability of NSCLC cells
through regulating multiple key genes. Strikingly, phycocyanin was discovered to affect the cell
phenotype through regulating the NF-κB signaling of NSCLC cells. Our findings demonstrated the
anti-neoplastic function of phycocyanin and provided valuable information for the regulation of
phycocyanin in NSCLC cells.
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1. Introduction

Extensive research has suggested that many natural products derived from food and food
supplements have various health-promoting effects [1]. Recently, marine natural products with
pharmacological activity have been shown to have multiple potent biological functions, with less
or no toxic side effects [2]. Thus, they have become one of the most important resources of novel
lead compounds for critical diseases, which have seen important development and utilization in
recent years [3]. Phycocyanin, a marine natural blue photosynthetic pigment protein purified from
Spirulina, is one of the accepted natural functional foods around the world [4]. Phycocyanin has
excellent anti-tumor activity. Studies have shown that phycocyanin plays anti-proliferation and
pro-apoptotic effects on different cancer cell lines in vitro, while it has no side effects on normal tissue
cells [5,6]. In addition, it also shows good therapeutic values such as antioxidant, anti-inflammatory,
immunomodulation, blood vessel-relaxing, and blood liquid-lowering activities, etc. [7–11]. Thus,
further investigating on the function and mechanism of phycocyanin has important guiding
significance and research value.
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Several studies have demonstrated that phycocyanin has bioactivity in kinds of cancers, including
breast cancer [6,12], histiocytic tumor [13], ovarian cancer [14], colon cancer [15], prostate cancer [16],
melanoma, and lung cancer [17]. Among them, lung cancer is one of the most common health threats
in the world, especially given its high mortality rates [18,19]. Human lung cancer is generally classified
into two major categories, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
NSCLC is responsible for more than 85% of all lung carcinoma cases, with the characteristics of higher
mortality, lower cure rate, and stronger metastasis [20]. Therefore, exploring the anti-cancer function
and underlying mechanism of phycocyanin on NSCLC is critical.

The inhibiting effect of phycocyanin on NSCLC has been reported in several studies. Li et al.
revealed that phycocyanin could inhibit the growth of NSCLC A549 cells in vivo and in vitro,
which also has a synergistic anti-tumor effect with all-trans retinoic acid [21,22]. Bingula et al. reported
that phycocyanin and betaine have a synergistic inhibiting effect on the viability of A549 cells [23].
Baudelet et al. discovered that glaucophyte Cyanophora paradoxa extracts could significantly inhibit the
growth of three cancer cell lines, including A549 cells [17]. However, the abovementioned studies all
investigated the function of phycocyanin in one single NSCLC cell line. Moreover, the anti-lung cancer
mechanism of phycocyanin remains unclear. Herein, we investigated the growth inhibitory effects
and underlying mechanism of phycocyanin in three human NSCLC cell lines, NCI-H1299, LTEP-A2,
and NCI-H460. The results laid a solid theoretical foundation for the treatment of NSCLC and the
development and utilization of phycocyanin.

2. Results

2.1. Phycocyanin Induces Morphological Changes in NSCLC Cells

To address the relationship between phycocyanin and its effect on non-small cell lung cancer,
the morphology of NSCLC cells, H1299, H460, and LTEP-A2, was first studied upon treatment
with various doses of phycocyanin. As shown in Figure 1, the normal morphology of H1299 cells
was fusiform or triangular. After treatment with 4.8 µM phycocyanin for 72 h, cells appeared in
anomalous forms, some of which became needle-shaped. Similarly, the morphology of H460 and
LTEP-A2 cells were also abnormally changed by phycocyanin. Furthermore, the number of cells was
obviously reduced after phycocyanin treatment. These results suggested that phycocyanin might have
a pro-apoptotic effect on NSCLC cells.
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Figure 1. Phycocyanin induces morphological changes in non-small cell lung cancer (NSCLC) cells.
H1299, H460, and LTEp-A2 cells were treated with different doses (0 and 4.8 µM) of phycocyanin for
72 h, and photographed under a light microscope (100×). Scale bars represent 100 µm.
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2.2. Phycocyanin Induces Apoptosis in NSCLC Cells

As phycocyanin induces morphological changes in NSCLC cells, we next studied the extent
of apoptosis in H1299, H460, and LTEP-A2 cells by Annexin V-FITC and 7AAD staining. Figure 2
shows that phycocyanin-treated NSCLC cells demonstrated an induction of apoptosis in comparison
to untreated cells. The late apoptotic percentages of H1299 (4.53 ± 0.27%), H460 (2.68 ± 0.37%),
and LTEP-A2 cells (4.88 ± 0.55%) increased after incubation with 2.4 µM phycocyanin, as compared
to the control groups. In addition, the apoptosis degree of NSCLC cells presented a dose-dependent
effect with phycocyanin. A high concentration of phycocyanin (4.8 µM) significantly increased
the late apoptotic percentages of H1299 (11.30 ± 0.16%), H460 (3.72 ± 0.98%), and LTEP-A2 cells
(14.50 ± 0.68%).
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anti-apoptotic genes in H1299 and LTEP-A2 cell lines. These results were further supported by 
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Figure 2. Phycocyanin induces apoptosis in NSCLC cells. H1299, H460, and LTEP-A2 cells were
incubated with different concentrations of phycocyanin (0, 2.4, and 4.8 µM) for 48 h and subjected to
apoptosis tests. The proportion of early apoptotic and late apoptotic cells were analyzed. Bars represent
mean ± SD. *, p < 0.05; **, p < 0.01.

To gain a deeper insight into the mechanism of apoptosis induced by phycocyanin, we tested
the expressions of apoptotic markers using quantitative real-time PCR (qRT-PCR) and Western
blot. As shown in Figure 3, phycocyanin could significantly increase the transcriptional levels of
pro-apoptotic genes Bim, Bak, Bax, and Bad, in addition to reducing the levels of Bcl-xL and Bcl-2,
two anti-apoptotic genes in H1299 and LTEP-A2 cell lines. These results were further supported
by Western blot analysis. It was interesting to find that in H460 cells, although the protein level of
Bcl-xL was downregulated, its transcriptional level increased after phycocyanin treatment. In addition,
the protein level of Bcl-2 showed no obvious alteration while its transcriptional level significantly
decreased. These results indicated that a post-transcriptional mechanism might involve the regulation
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of these genes in H460 cells. Taken together, the above results suggested that phycocyanin could
induce apoptosis in NSCLC cells.Mar. Drugs 2018, 16, x FOR PEER REVIEW  4 of 15 
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Figure 3. Quantitative real-time PCR (qRT-PCR) and Western blot analysis of apoptotic markers in
NSCLC cells after phycocyanin treatment. H1299, H460, and LTEP-A2 cells were incubated with 4.8 µM
phycocyanin. qRT-PCR and Western blot were performed at 24 h and 48 h after treatment, respectively.
Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.3. Phycocyanin Displays Anti-Migratory Effect against NSCLC Cells

A wound-healing assay was employed to determine the effect of phycocyanin on cell migration.
As shown in Figure 4A, phycocyanin significantly suppressed the migration of H1299, H460,
and LTEP-A2 cells in dose- and time-dependent manners (left panel); the migration rates were
calculated and are presented in the right panel. After phycocyanin treatment (4.8 µM) for 48 h,
the wound closure of H1299 cells clearly decreased from 77.60 ± 0.24% to 37.35 ± 6.24%. Similar results
were found in H460 and LTEP-A2 cells. It is worth mentioning that in this study, we cultured cells with
medium containing 3% instead of 10% fetal bovine serum (FBS), which eliminated the contribution
of proliferation to the phycocyanin-induced inhibition of cell migration. Matrix metalloproteinase-2
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(MMP2) and matrix metalloproteinase-9 (MMP9) are gelatinases of the matrix metalloproteinase
family, which play a crucial role in cancer cell growth and migration due to their ability to degrade
extracellular matrix proteins [24]. In present study, we found that phycocyanin treatment significantly
reduced the expression of MMP2 and MMP9 in NSCLC cells (Figure 4B), which was in accordance
with the wound-healing analysis. Taken together, these results suggested that phycocyanin displayed
inhibitory activity on NSCLC cell migration.Mar. Drugs 2018, 16, x FOR PEER REVIEW  5 of 15 
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Figure 4. Phycocyanin displays anti-migratory effect against NSCLC cells. (A) The wound-healing
assay showed representative effects of phycocyanin (0, 2.4, and 4.8 µM) on H1299, H460, and LTEP-A2
cell migration at 24 and 48 h. Quantification of wound closure was shown by histogram. Scale bars
represent 100 µm. (B) Western blot analysis of MMP2 and MMP9 expression in NSCLC cells after 4.8 µM
phycocyanin treatment for 48 h. MMP2, matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9.
Bars represent mean ± SD. **, p < 0.01.

2.4. Phycocyanin Inhibits Proliferation and Colony Formation Ability of NSCLC Cells

The inhibitory effects of phycocyanin on the viability and proliferation of NSCLC cells were
determined. As shown in Figure 5A, compared with control cells, incubation with phycocyanin
(1.2, 2.4, and 4.8 µM) dose-dependently inhibited the viability of the three NSCLC cell lines.
In addition, MTT assay (Figure 5B) showed that phycocyanin (4.8 µM) could significantly suppress
the proliferation of NSCLC cells from the second (H460 and LTEP-A2 cells) or the third day (H1299
cells). These results suggested that phycocyanin exerted anti-proliferation effects on tested cells.
To further establish the inhibitory role of phycocyanin on the transforming properties of NSCLC cells,
we performed a clonogenic assay. Figure 5C shows that the three types of NSCLC cells could all form
well-defined and distinct colonies, only the colonies of H1299 cells were bigger than the other two
cell lines. Results showed that phycocyanin-treated cells displayed significant reduction in colony
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formation when compared to controls, which was indicative of potent inhibition of cell growth and
reproductive integrity.Mar. Drugs 2018, 16, x FOR PEER REVIEW  6 of 15 
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Figure 5. Phycocyanin inhibits the proliferation and colony formation ability of NSCLC cells. (A) Cell
viability analysis of H1299, H460, and LTEP-A2 after different concentrations (0, 1.2, 2.4, and 4.8 µM) of
phycocyanin treatment for 72 h. (B) MTT analysis of cell proliferation of H1299, H460, and LTEP-A2
after 4.8 µM phycocyanin treatment. (C) Colony formation assay of H1299, H460, and LTEP-A2
cells after treatment of different concentrations (0, 2.4, and 4.8 µM) of phycocyanin for 10–14 days.
The quantitative representation of the reduction in number of colonies was shown by histogram.
Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.5. Phycocyanin Induces Cell Cycle Arrest in NSCLC Cells

To elucidate the mechanism of growth inhibition on NSCLC cells, the effects of phycocyanin
on cell cycle progression were determined in H1299, H460, and LTEP-A2 cells. Figure 6A showed
that phycocyanin caused significant changes in the cell cycle distribution of H1299 and H460 cells.
After incubation with 4.8 µM phycocyanin, the proportion of S phase cells reached 40.10 ± 1.06% and
30.60 ± 1.55% in H1299 and H460, respectively, as compared to the control groups (27.20 ± 0.80%
and 21.10 ± 0.26% in H1299 and H460 cells, respectively), suggesting that phycocyanin caused S
phase arrest in these two cell lines. Interestingly, unlike H1299 and H460 cells, phycocyanin (4.8 µM)
induced a significant G1 phase increase (51.79 ± 0.80%) in LTEP-A2 cells compared to the control
(49.39 ± 0.38%). Although phycocyanin could suppress the proliferation of NSCLC cells, the present
results indicated that the inhibitory mechanism in LTEP-A2 might differ from that in H1299 and H460
cells. To further confirm the above results, we tested the levels of cell cycle regulatory genes involved
in S/G2 and G1/S transition. As shown in Figure 6B, after phycocyanin treatment, Cyclin A and CDK2,
two key positive regulators in S/G2 checkpoint [25], were significantly downregulated, whereas p21,
an important cell cycle suppressor gene [26], was upregulated in H1299 and H460 cells. However,
in LTEP-A2 cells, phycocyanin inhibited the transcriptional level of Cyclin E, a G1/S checkpoint
regulator [27]. The qRT-PCR results strongly indicated that phycocyanin could trigger G1 phase arrest
of LTEP-A2 cells and S phase arrest of H1299 and H460 NSCLC cells.
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treatment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control for
normalization. Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.6. Phycocyanin Reduces NF-κB Signaling Activity in NSCLC Cells

To investigate the underlying regulatory mechanism of phycocyanin in NSCLC cells,
we determined the protein expressions of NF-κB signaling in H1299, H460, and LTEP-A2 cells after
4.8 µM phycocyanin treatment. IKKα and IKKβ served as the catalytic subunits of IκBα, an inhibitory
protein of p65. Phosphorylation of IKKα/β could phosphorylate the IκBα protein at Ser32, resulting in
the ubiquitin-mediated proteasome-dependent degradation of IκBα, followed by p65 phosphorylation
and NF-κB activation [28]. As shown in Figure 7, although the total amounts of IKKα/β, IκBα, and p65
remained stable, their phosphorylation levels (phospho-IKKα/β-Ser176/180, phospho-IκBα-Ser32,
and phospho-p65-Ser536) were significantly decreased after phycocyanin treatment, suggesting
that the activity of NF-κB signaling was inhibited by phycocyanin. These results demonstrated
that phycocyanin could significantly suppress the activity of NF-κB signaling in NSCLC cells.
In addition, phycocyanin could also attenuate the phosphorylation levels of AKT in H1299, H460,
and LTEP-A2 cells.

To further explore whether NF-κB was related to phenotypic factors of NSCLC cells, we performed
a pyrrolidine dithiocarbamate (PDTC, NK-κB inhibitor) addition experiment. As shown in Figure 8,
although the total p65 protein amounts remained stable, the phosphorylation levels of p65 were
decreased after 10 µM PDTC treatment, indicating that PDTC inhibited the NF-κB pathway activity
of H1299, H460, and LTEP-A2 cells. Strikingly, the protein levels of CDK2, MMP2, and Bcl-xL were
downregulated, and the amount of Bad was upregulated after PDTC addition. These results strongly
suggested that NF-κB had a regulatory effect on the phenotypic factors of NSCLC cells. Taken together,
our study demonstrated that phycocyanin could inhibit the migration and proliferation, as well as
promote the apoptosis of H1299, H460, and LTEP-A2 cells through regulating the NF-κB pathway.
Although the precise mechanism still needs further investigation, the present research illuminated the
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function of phycocyanin in NSCLC cells and provided solid evidence that warrants further exploration
of the anti-cancer mechanism of phycocyanin.Mar. Drugs 2018, 16, x FOR PEER REVIEW  8 of 15 
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3. Discussion

Over the past few decades, the application of natural products for chemoprevention and therapy
has gained great importance [29–31]. More and more studies have demonstrated that pharmacological
active marine-derived compounds have potent biological activity with little or no side effects [32–34].
Phycocyanin, a type of phycobiliprotein derived from Spirulina, is one of the compounds that have
considerable anti-cancer effects on solid malignancies [35,36]. Non-small cell lung cancer, an extremely
aggressive form of cancer with few effective therapeutic options, has attracted that attention of
many investigators. Previous studies have suggested that phycocyanin exerts an inhibitory effect
on A549 cells, a type of NSCLC cell line [21–23]. In this study, we demonstrated that phycocyanin
inhibits the growth of H1299, H460, and LTEP-A2 NSCLC cell lines. These results are consistent with
previous studies showing that phycocyanin can suppress the proliferation of a variety of tumor cell
lines [12,13,37]. To the best of our knowledge, this is the first study to demonstrate the anti-cancer effect
of phycocyanin on these NSCLC cell lines, which also highlights the possible mechanism underlying
phycocyanin’s cytotoxic and anti-metastatic effects. Our study clearly demonstrated that phycocyanin
regulated the NF-κB signaling pathway and also altered the expression of proteins involved in cell
cycle and cell survival, by which it mediated growth inhibition and apoptosis.

Cell cycle regulation plays an important role in cell proliferation, differentiation, and apoptosis.
It has been reported that cell cycle regulation dysfunction is closely related to the development of
tumors [38]. Peyressatre et al. found that the deregulated activity of cyclin-dependent kinases (CDKs)
contributes to altered cellular proliferation in a wide variety of human cancers [39]. What is interesting
is that in the present study, phycocyanin was discovered to induce S phase arrest in H1299 and
H460 cell lines, while it caused G1 phase arrest in LTEP-A2 cells (Figure 6), which indicated different
regulation mechanisms of phycocyanin in different NSCLC cell lines. In fact, phycocyanin could act
as an anti-cancer compound through different mechanisms in different types of tumors. It has been
reported that phycocyanin induces G1 cell cycle arrest in colon cancer HT-29 cells [7], breast cancer
MDA-MB-231 cells [6], and chronic myelocytic leukemia K562 cells [40]. Meanwhile, it could also block
G2/M cell cycle progression in pancreatic cancer PANC-1 cells [41], ovarian cancer SKOV-3 cells [14],
and liver cancer HepG2 cells [42]. Thangam et al. reported that phycocyanin could induce G1 phase
arrest in lung adenocarcinoma A549 cells [7], which is in agreement with the result of LTEP-A2 cells
in our study. It is worth noting that H1299 and LTEP-A2 both belong to lung adenocarcinoma cell
lines, but the cell cycles are restrained in different phases. Interestingly, Yao et al. discovered that
pseudolaric acid B, a diterpene acid isolated from the root of Pseudolarix kaempferi, could inhibit the
growth and cause G2/M arrest of A549 cells, but has no effect on H1299 cells because H1299 is a type
of p53 null cell line [43]. Therefore, we speculate that p53 might be involved in phycocyanin-induced
cell cycle arrest in H1299 (p53 null) and LTEP-A2 (p53 wild type) cells. However, the underlying
mechanism still needs further investigation. Taken together, our study provided useful information on
the regulation approach of phycocyanin in NSCLC cells.

Cells arrested in mitosis upon the activation of mitotic catastrophe have different fates, including
death during mitosis or the entrance into the subsequent cell cycle followed by cell death [44], indicating
that cell cycle regulation is closely related to apoptosis. In the present study, phycocyanin was found
to induce apoptosis in NSCLC cells. The apoptotic percentage of H460 cells reached 3.72 ± 0.98% with
phycocyanin treatment, which was significantly different than that in control cells, but markedly lower
than that in H1299 (11.3 ± 0.16%) and LTEP-A2 cells (14.5 ± 0.68%). It is worth noting that Shin et al.
discovered that (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI, an inhibitor
of dual specific phosphatase 1/6 and mitogen-activated protein kinase) significantly inhibits the
viability of H1299 cells as compared to H460 cells [45], suggesting that different mechanisms might
exist in lung adenocarcinoma (H1299 and LTEP-A2 cells) and undifferentiated large cell lung carcinoma
(H460 cells) cell lines. Particularly, the transcription and protein levels of two apoptotic markers (Bcl-2
and Bcl-xL) were not consistently expressed in H460 cells (Figure 3), which further supports the
above hypothesis. Interestingly, although the degree of apoptosis in H460 cells is low, it shows the
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highest expression level of p21 (Figure 6B). It is known that the growth inhibition and the expression
of regulation factors might show discrepancy in some cases. Tsui et al. investigated the anti-cancer
functions of flavonoids in H460 and A549 cells, and discovered that although H460 cells are more
susceptible to flavonoids than A549, p53 level was constitutive and not significantly altered [46]. In the
present study, despite the fact that the apoptotic proportion of H460 was low at 48 h after phycocyanin
treatment, the proliferation rate dramatically decreased after the third day (Figure 5B). In this case,
we speculate that the increased p21 might cause a delay in cell growth and activity inhibition, in spite
of the low apoptotic ratio at 48 h.

NF-κB signaling, one of the classical pathways in cells, has been reported to regulate proliferation
and apoptosis in various kinds of cancers [47]. Recent studies have demonstrated that the NF-κB
pathway is involved in phycocyanin-induced growth inhibition in liver and pancreatic carcinoma
cells [41,48]. However, few researchers reported the relationship between NF-κB and phycocyanin in
lung cancer; only Bingula et al. discovered that the combined treatment of phycocyanin and betaine
could reduce the stimulation of NF-κB expression in A549 cells [23]. In the present study, phycocyanin
was first discovered to reduce the activity of NF-κB signaling in H1299, H460, and LTEP-A2 cells
(Figure 7), which suggests that phycocyanin could suppress proliferation and induce apoptosis through
the inactivation of the NF-κB pathway in NSCLC cell lines.

Cancer metastasis is a complex and multistep event, wherein cancer cells leave the site of the
primary tumor and disseminate to distant sites in the body [49]. It is the most destructive stage
of cancer progression and the leading cause of cancer-related deaths [50]. More recently, extensive
attention has been drawn toward phycocyanin for its potent migration inhibition effect on cancer cells.
It has been reported that phycocyanin could suppress the migration of breast cancer and melanoma
cells through MAPK signaling [6,51]. Our study showed that phycocyanin exerted a remarkable
migration inhibition effect on different NSCLC cells through regulating MMP2 and MMP9 for the
first time (Figure 4). Strikingly, NF-κB is reported to play a key role in tumor migration [52] and has a
synergistic expression pattern with MMP2 [53], which suggests that MMP2/NF-κB could be involved
in phycocyanin-induced migration inhibition regulation in NSCLC cells.

4. Materials and Methods

4.1. Materials and Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Invitrogen (Carlsbad,
CA, USA). Phycocyanin (derived from Spirulina platensis) standard substance was purchased from
Envirologix (Portland, ME, USA). Fetal bovine serum was purchased from Hyclone (Logan, UT, USA).
The cell culture consumables were purchased from Corning (Tewksbury, MA, USA). Cell apoptosis
analysis kit, RIPA lysis buffer, and protease and phosphatase inhibitors were purchased from Roche
(Mannheim, Germany). Propidium iodide, RNase, and skim milk were purchased from Becton
Dickinson (Franklin Lakes, NJ, USA). Polyvinylidene difluoride (PVDF) membrane and enhanced
chemiluminescence (ECL) kit were purchased from Millipore (Schwalbach, Germany). Antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA). PrimeScript RT Master Mix was
purchased from Takara (Dalian, China).

4.2. Cell Line and Culture Conditions

Human NSCLC cell lines NCI-H1299, NCI-H460, and LTEP-A2 were purchased from American
Type Cell Collection (ATCC, Manassas, VA, USA). All cell lines were cultured in DMEM media
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 0.1 mg/mL of streptomycin,
and 100 units/mL of penicillin at 37 ◦C in a humidified atmosphere with 5% CO2. Cells were
sub-cultured every 3–5 days. Cells between 3–15 passages were used in all experiments.
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4.3. Cell Viability Assay

The cell viability was performed by MTT assay. Briefly, cells were seeded at a density of 5000 cells
in 100 µL of complete medium per well into 96-well plates. After 12 h of incubation for cell attachment,
phycocyanin was added to each well with a final concentration of 0, 1.2, 2.4, or 4.8 µM. Control cells
were treated with equal volumes of phosphate buffer solution (PBS). After incubation for 24 h,
the culture medium was supplemented with 1 mg/mL MTT for 4 h at 37 ◦C. The medium was
removed and the cells were solubilized with DMSO. The absorbance was then measured at 450 nm and
630 nm. The results were expressed as a survival rate of the absorbance reading of the control cells.

4.4. Cell Proliferation Assay

Cell proliferation was determined by MTT assay. Briefly, cells were seeded at 5000 cells in 100 µL
of complete medium per well in quadruplicate in 96-well plates. After 12 h of incubation for cell
attachment, phycocyanin was added to each well with a final concentration of 4.8 µM. Each day, 10 µL
MTT/well was added to test cells and incubated for 4 h at 37 ◦C. Then SDS-HCl solution (10% SDS,
0.01 M HCl) was added into each well and incubated for 14 h at 37 ◦C. The absorbance of formazan
was measured at a wavelength of 570 nm using a microplate reader. The assay lasted for 5 or 6 days
after treatment. Three independent experiments were performed.

4.5. Colony Formation Assay

Cells in the exponential growth phase were harvested and seeded at about 300 cells per well
in six-well plates. After 12 h incubation, cells were treated for another 24 h with 0, 2.4, or 4.8 µM
phycocyanin, and then continuously incubated in fresh medium at 37 ◦C in 5% humidified CO2.
After incubation for 10–14 days, cells were washed with PBS twice, fixed with methanol for 15 min,
and stained with 0.5% crystal violet for 15 min at room temperature. The number of colonies was
counted for analysis.

4.6. Cell Apoptosis Assay

After being treated with phycocyanin (0, 2.4, and 4.8 µM) for 48 h, cells were harvested and
washed twice with cold PBS and then resuspended gently in 500 µL binding buffer. Thereafter, cells
were stained in 5 µL Annexin V-FITC/7-aminoactinomycin D (7-AAD) according to the manufacturer’s
protocol. Stained cells were analyzed by FACSCalibur (Becton Dickinson).

4.7. Cell Cycle Assay

After treatment with phycocyanin for 48 h, cells were harvested and fixed in 1 mL 70% cold
ethanol in test tubes and incubated at 4 ◦C for at least 48 h. Cells were centrifuged at 1500 rpm for
5 min and the cell pellets were resuspended in 500 µL of PI/RNase staining buffer, incubated on ice
for 30 min, and washed twice with cold PBS. Cell cycle distribution was measured using FACSCalibur
(Becton Dickinson).

4.8. Western Blot Analysis

Proteins were extracted by RIPA lysis buffer (1% NP40, 0.1% SDS, 5 mM EDTA, 0.5% sodium
deoxycholate, 1 mM sodium orthovanadate) containing protease and phosphatase inhibitors.
Equivalent amounts of proteins were separated by 12% SDS-PAGE, and then electro-transferred
onto PVDF membranes. After blocking with 5% skim milk, the membranes were incubated with
primary antibodies at 4 ◦C overnight, followed by incubation with horseradish peroxidase-conjugated
secondary antibodies. Signals were detected by an ECL system.
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4.9. Quantitative RT-PCR

Total RNA was extracted using Trizol reagent and reverse-transcribed with PrimeScript RT Master
Mix. Real-time PCR analysis was performed in an Applied Biosystems Step One-Plus (Waltham, MA,
USA) under the following conditions: 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s, and 60 ◦C
for 40 s. The relative expression of each targeted gene was calculated and normalized using 2−∆∆Ct

method relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each assay was performed
in quadruplicate.

4.10. Wound-Healing Assay

Cells in the exponential growth phase were harvested and seeded in six-well plates. After 12 h
incubation, cells were treated for another 24 h with 0, 2.4, or 4.8 µM phycocyanin, and then
continuously incubated in fresh medium (containing 3% fetal bovine serum) at 37 ◦C in 5% humidified
CO2. The culture insert provided two cell culture reservoirs that were separated by a thick wall.
After removing the culture inserts on the second day, a “wound” was formed between the two cell
patches. Photos of the wounds were taken every 12 h. The widths of the wounds were measured
at three positions for each replicate using the Leica Application Suite (Leica Microsystems GmbH,
Wetzlar, Germany).

4.11. Statistical Analysis

The numerical data were expressed as means ± standard deviation (SD). Two-tailed Student’s
t-test was performed for comparison among the different groups. In addition, p < 0.05 (*) or p < 0.01 (**)
was considered as statistically significant.

5. Conclusions

The present study first demonstrated that phycocyanin, a natural functional food colorant,
inhibited migration, proliferation, and promoted apoptosis in three NSCLC cell lines (H1299,
H460, and LTEP-A2). Molecular studies further revealed that NF-κB was involved in this
process. Phycocyanin could affect the cell phenotype through downregulating the NF-κB pathway.
Although the precise mechanism still needs further investigation, the present findings illuminated the
function of phycocyanin in NSCLC cells and provided solid evidence to warrant the further exploration
of the anti-cancer mechanism of phycocyanin.

Author Contributions: S.H., C.W., and L.L. designed the research study and interpreted the data. Y.Y. and
S.L. performed most of the experiments. S.H. wrote the manuscript. L.Z. and C.Z. contributed to the sample
collection and performed the statistical analysis. L.Z. edited the manuscript. All authors read and approved the
final manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC), grant number
[31701575, 31571801]; Construction of Scientific Research Innovation Service Ability-Basic Scientific Research
Operating Expense-Food Feature Project, grant number [PXM2018_014213_000033]; National Key Research and
Development Program, grant number [2016YFD0400502]; Beijing Municipal Science and Technology Project,
grant number [Z171100002217019]; Beijing Excellent Talents Training Project, grant number [2016000020124G025];
and the Support Project of High-level Teachers in Beijing Municipal Universities in the Period of 13th Five-year
Plan, grant number [CIT&TCD201704042, CIT&TCD201804023].

Acknowledgments: This work was supported by the National Natural Science Foundation of China (NSFC,
Grant No. 31701575, 31571801), Construction of Scientific Research Innovation Service Ability-Basic Scientific
Research Operating Expense-Food Feature Project (PXM2018_014213_000033), National Key Research and
Development Program (Grant No. 2016YFD0400502), Beijing Municipal Science and Technology Project
(Grant No. Z171100002217019), Beijing Excellent Talents Training Project (Grant No. 2016000020124G025), and the
Support Project of High-level Teachers in Beijing Municipal Universities in the Period of 13th Five-year Plan
(Grant No. CIT&TCD201704042, CIT&TCD201804023).

Conflicts of Interest: The authors declare no conflict of interest.



Mar. Drugs 2018, 16, 178 13 of 15

References

1. Amin, A.R.; Kucuk, O.; Khuri, F.R.; Shin, D.M. Perspectives for cancer prevention with natural compounds.
J. Clin. Oncol. 2009, 27, 2712–2725. [CrossRef] [PubMed]

2. Jung, I.L. Soluble extract from Moringa oleifera leaves with a new anticancer activity. PLoS ONE 2014,
9, e95492. [CrossRef] [PubMed]

3. Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on
human health. Pharmacogn. Rev. 2010, 4, 118–126. [CrossRef] [PubMed]

4. De Jesus Raposo, M.F.; de Morais, R.M.; de Morais, A.M. Health applications of bioactive compounds from
marine microalgae. Life Sci. 2013, 93, 479–486. [CrossRef] [PubMed]

5. Liu, Q.; Huang, Y.; Zhang, R.; Cai, T.; Cai, Y. Medical Application of Spirulina platensis Derived
C-Phycocyanin. Evid. Based Complement. Altern. Med. 2016, 2016, 7803846.

6. Ravi, M.; Tentu, S.; Baskar, G.; Rohan Prasad, S.; Raghavan, S.; Jayaprakash, P.; Jeyakanthan, J.; Rayala, S.K.;
Venkatraman, G. Molecular mechanism of anti-cancer activity of phycocyanin in triple-negative breast cancer
cells. BMC Cancer 2015, 15, 768. [CrossRef] [PubMed]

7. Thangam, R.; Suresh, V.; Asenath Princy, W.; Rajkumar, M.; Senthilkumar, N.; Gunasekaran, P.; Rengasamy, R.;
Anbazhagan, C.; Kaveri, K.; Kannan, S. C-Phycocyanin from Oscillatoria tenuis exhibited an antioxidant
and in vitro antiproliferative activity through induction of apoptosis and G0/G1 cell cycle arrest. Food Chem.
2013, 140, 262–272. [CrossRef] [PubMed]

8. Zhu, C.; Ling, Q.; Cai, Z.; Wang, Y.; Zhang, Y.; Hoffmann, P.R.; Zheng, W.; Zhou, T.; Huang, Z.
Selenium-Containing Phycocyanin from Se-Enriched Spirulina platensis Reduces Inflammation in Dextran
Sulfate Sodium-Induced Colitis by Inhibiting NF-κB Activation. J. Agric. Food Chem. 2016, 64, 5060–5070.
[CrossRef] [PubMed]

9. Riss, J.; Décordé, K.; Sutra, T.; Delage, M.; Baccou, J.C.; Jouy, N.; Brune, J.P.; Oréal, H.; Cristol, J.P.;
Rouanet, J.M. Phycobiliprotein C-phycocyanin from Spirulina platensis is powerfully responsible for
reducing oxidative stress and NADPH oxidase expression induced by an atherogenic diet in hamsters.
J. Agric. Food Chem. 2007, 55, 7962–7967. [CrossRef] [PubMed]

10. Zhang, H.; Chen, T.; Jiang, J.; Wong, Y.S.; Yang, F.; Zheng, W. Selenium-containing allophycocyanin
purified from selenium-enriched Spirulina platensis attenuates AAPH-induced oxidative stress in human
erythrocytes through inhibition of ROS generation. J. Agric. Food Chem. 2011, 59, 8683–8690. [CrossRef]
[PubMed]

11. Nemoto-Kawamura, C.; Hirahashi, T.; Nagai, T.; Yamada, H.; Katoh, T.; Hayashi, O. Phycocyanin enhances
secretary IgA antibody response and suppresses allergic IgE antibody response in mice immunized with
antigen-entrapped biodegradable microparticles. J. Nutr. Sci. Vitaminol. 2004, 50, 129–136. [CrossRef]
[PubMed]

12. Bharathiraja, S.; Seo, H.; Manivasagan, P.; Santha Moorthy, M.; Park, S.; Oh, J. In Vitro Photodynamic Effect
of Phycocyanin against Breast Cancer Cells. Molecules 2016, 21, 1470. [CrossRef] [PubMed]

13. Pardhasaradhi, B.V.; Ali, A.M.; Kumari, A.L.; Reddanna, P.; Khar, A. Phycocyanin-mediated apoptosis
in AK-5 tumor cells involves down-regulation of Bcl-2 and generation of ROS. Mol. Cancer Ther. 2003, 2,
1165–1170. [PubMed]

14. Ying, J.; Wang, J.; Ji, H.; Lin, C.; Pan, R.; Zhou, L.; Song, Y.; Zhang, E.; Ren, P.; Chen, J.; et al. Transcriptome
analysis of phycocyanin inhibitory effects on SKOV-3 cell proliferation. Gene 2016, 585, 58–64. [CrossRef]
[PubMed]

15. Saini, M.K.; Sanyal, S.N. Targeting angiogenic pathway for chemoprevention of experimental colon cancer
using C-phycocyanin as cyclooxygenase-2 inhibitor. Biochem. Cell Biol. 2014, 92, 206–218. [CrossRef]
[PubMed]

16. Gantar, M.; Dhandayuthapani, S.; Rathinavelu, A. Phycocyanin induces apoptosis and enhances the effect of
topotecan on prostate cell line LNCaP. J. Med. Food 2012, 15, 1091–1095. [CrossRef] [PubMed]

17. Baudelet, P.H.; Gagez, A.L.; Bérard, J.B.; Juin, C.; Bridiau, N.; Kaas, R.; Thiéry, V.; Cadoret, J.P.; Picot, L.
Antiproliferative activity of Cyanophora paradoxa pigments in melanoma, breast and lung cancer cells.
Mar. Drugs 2013, 11, 4390–4406. [CrossRef] [PubMed]

18. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin.
2011, 61, 69–90. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/JCO.2008.20.6235
http://www.ncbi.nlm.nih.gov/pubmed/19414669
http://dx.doi.org/10.1371/journal.pone.0095492
http://www.ncbi.nlm.nih.gov/pubmed/24748376
http://dx.doi.org/10.4103/0973-7847.70902
http://www.ncbi.nlm.nih.gov/pubmed/22228951
http://dx.doi.org/10.1016/j.lfs.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23994664
http://dx.doi.org/10.1186/s12885-015-1784-x
http://www.ncbi.nlm.nih.gov/pubmed/26499490
http://dx.doi.org/10.1016/j.foodchem.2013.02.060
http://www.ncbi.nlm.nih.gov/pubmed/23578642
http://dx.doi.org/10.1021/acs.jafc.6b01308
http://www.ncbi.nlm.nih.gov/pubmed/27223481
http://dx.doi.org/10.1021/jf070529g
http://www.ncbi.nlm.nih.gov/pubmed/17696484
http://dx.doi.org/10.1021/jf2019769
http://www.ncbi.nlm.nih.gov/pubmed/21761878
http://dx.doi.org/10.3177/jnsv.50.129
http://www.ncbi.nlm.nih.gov/pubmed/15242017
http://dx.doi.org/10.3390/molecules21111470
http://www.ncbi.nlm.nih.gov/pubmed/27827890
http://www.ncbi.nlm.nih.gov/pubmed/14617790
http://dx.doi.org/10.1016/j.gene.2016.03.023
http://www.ncbi.nlm.nih.gov/pubmed/26995654
http://dx.doi.org/10.1139/bcb-2014-0016
http://www.ncbi.nlm.nih.gov/pubmed/24861078
http://dx.doi.org/10.1089/jmf.2012.0123
http://www.ncbi.nlm.nih.gov/pubmed/23134462
http://dx.doi.org/10.3390/md11114390
http://www.ncbi.nlm.nih.gov/pubmed/24189278
http://dx.doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855


Mar. Drugs 2018, 16, 178 14 of 15

19. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer
J. Clin. 2015, 65, 87–108. [CrossRef] [PubMed]

20. Siegel, R.; Naishadham, D.; Jemal, A. Cancer statistics, 2013. CA Cancer J. Clin. 2013, 63, 11–30. [CrossRef]
[PubMed]

21. Li, B.; Gao, M.H.; Lv, C.Y.; Yang, P.; Yin, Q.F. Study of the synergistic effects of all-transretinoic acid and
C-phycocyanin on the growth and apoptosis of A549 cells. Eur. J. Cancer Prev. 2016, 25, 97–101. [CrossRef]
[PubMed]

22. Li, B.; Gao, M.H.; Chu, X.M.; Teng, L.; Lv, C.Y.; Yang, P.; Yin, Q.F. The synergistic antitumor effects of all-trans
retinoic acid and C-phycocyanin on the lung cancer A549 cells in vitro and in vivo. Eur. J. Pharmacol. 2015,
749, 107–114. [CrossRef] [PubMed]

23. Bingula, R.; Dupuis, C.; Pichon, C.; Berthon, J.Y.; Filaire, M.; Pigeon, L.; Filaire, E. Study of the Effects of
Betaine and/or C-Phycocyanin on the Growth of Lung Cancer A549 Cells In Vitro and In Vivo. J. Oncol.
2016, 2016, 8162952. [CrossRef] [PubMed]

24. Zhang, C.; Wang, L.; Chen, J.; Liang, J.; Xu, Y.; Li, Z.; Chen, F.; Du, D. Knockdown of Diaph1
expression inhibits migration and decreases the expression of MMP2 and MMP9 in human glioma cells.
Biomed. Pharmacother. 2017, 96, 596–602. [CrossRef] [PubMed]

25. Oakes, V.; Wang, W.; Harrington, B.; Lee, W.J.; Beamish, H.; Chia, K.M.; Pinder, A.; Goto, H.; Inagaki, M.;
Pavey, S.; et al. Cyclin A/Cdk2 regulates Cdh1 and claspin during late S/G2 phase of the cell cycle. Cell Cycle
2014, 13, 3302–3311. [CrossRef] [PubMed]

26. Martín, A.; Odajima, J.; Hunt, S.L.; Dubus, P.; Ortega, S.; Malumbres, M.; Barbacid, M. Cdk2 is dispensable
for cell cycle inhibition and tumor suppression mediated by p27Kip1 and p21Cip1. Cancer Cell 2005, 7, 591–598.
[CrossRef] [PubMed]

27. Yue, H.; Yu, J.; Zhao, X.; Song, F.; Feng, X. Expression of P57(kip2) and cyslinE proteins in human pancreatic
cancer. Chin. Med. J. 2003, 116, 944–946. [PubMed]

28. Yamamoto, Y.; Gaynor, R.B. IkappaB kinases: Key regulators of the NF-kappaB pathway. Trends Biochem. Sci.
2004, 29, 72–79. [CrossRef] [PubMed]

29. Cuzick, J. Preventive therapy for cancer. Lancet Oncol. 2017, 18, e472–e482. [CrossRef]
30. Goyal, S.; Gupta, N.; Chatterjee, S.; Nimesh, S. Natural Plant Extracts as Potential Therapeutic Agents for the

Treatment of Cancer. Curr. Top. Med. Chem. 2017, 17, 96–106. [CrossRef] [PubMed]
31. Sung, B.; Pandey, M.K.; Aggarwal, B.B. Fisetin, an inhibitor of cyclin-dependent kinase 6, down-regulates

nuclear factor-kappaB-regulated cell proliferation, antiapoptotic and metastatic gene products through
the suppression of TAK-1 and receptor-interacting protein-regulated IkappaBalpha kinase activation.
Mol. Pharmacol. 2007, 71, 1703–1714. [PubMed]

32. Tan, S.; Yang, B.; Liu, J.; Xun, T.; Liu, Y.; Zhou, X. Penicillixanthone A, a marine-derived dual-coreceptor
antagonist as anti-HIV-1 agent. Nat. Prod. Res. 2017, 19, 1–5. [CrossRef] [PubMed]

33. Castro-Carvalho, B.; Ramos, A.A.; Prata-Sena, M.; Malhao, F.; Moreira, M.; Gargiulo, D.; Dethoup, T.;
Buttachon, S.; Kijjoa, A.; Rocha, E. Marine-derived Fungi Extracts Enhance the Cytotoxic Activity of
Doxorubicin in Nonsmall Cell Lung Cancer Cells A459. Pharmacogn. Res. 2017, 9, S92–S98.

34. Sawadogo, W.R.; Boly, R.; Cerella, C.; Teiten, M.H.; Dicato, M.; Diederich, M. A Survey of Marine Natural
Compounds and Their Derivatives with Anti-cancer Activity Reported in 2012. Molecules 2015, 20, 7097–7142.
[CrossRef] [PubMed]

35. Bechelli, J.; Coppage, M.; Rosell, K.; Liesveld, J. Cytotoxicity of algae extracts on normal and malignant cells.
Leuk. Res. Treatment 2011, 2011, 373519. [CrossRef] [PubMed]

36. Jiang, L.Q.; Wang, Y.J.; Yin, Q.F.; Liu, G.X.; Liu, H.H.; Huang, Y.J.; Li, B. Phycocyanin: A Potential Drug for
Cancer Treatment. J. Cancer 2017, 8, 3416–3429. [CrossRef] [PubMed]

37. Wang, H.; Liu, Y.; Gao, X.; Carter, C.L.; Liu, Z.R. The recombinant beta subunit of C-phycocyanin inhibits
cell proliferation and induces apoptosis. Cancer Lett. 2007, 247, 150–158. [CrossRef] [PubMed]

38. Ristic, B.; Bhutia, Y.D.; Ganapathy, V. Cell-surface G-protein-coupled receptors for tumor-associated
metabolites: A direct link to mitochondrial dysfunction in cancer. Biochim. Biophys. Acta 2017, 1868,
246–257. [CrossRef] [PubMed]

39. Peyressatre, M.; Prével, C.; Pellerano, M.; Morris, M.C. Targeting cyclin-dependent kinases in human cancers:
From small molecules to Peptide inhibitors. Cancers 2015, 7, 179–237. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
http://dx.doi.org/10.3322/caac.21166
http://www.ncbi.nlm.nih.gov/pubmed/23335087
http://dx.doi.org/10.1097/CEJ.0000000000000157
http://www.ncbi.nlm.nih.gov/pubmed/25812039
http://dx.doi.org/10.1016/j.ejphar.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25617793
http://dx.doi.org/10.1155/2016/8162952
http://www.ncbi.nlm.nih.gov/pubmed/27635139
http://dx.doi.org/10.1016/j.biopha.2017.10.031
http://www.ncbi.nlm.nih.gov/pubmed/29035824
http://dx.doi.org/10.4161/15384101.2014.949111
http://www.ncbi.nlm.nih.gov/pubmed/25485510
http://dx.doi.org/10.1016/j.ccr.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15950907
http://www.ncbi.nlm.nih.gov/pubmed/12877813
http://dx.doi.org/10.1016/j.tibs.2003.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15102433
http://dx.doi.org/10.1016/S1470-2045(17)30536-3
http://dx.doi.org/10.2174/1568026616666160530154407
http://www.ncbi.nlm.nih.gov/pubmed/27237328
http://www.ncbi.nlm.nih.gov/pubmed/17387141
http://dx.doi.org/10.1080/14786419.2017.1416376
http://www.ncbi.nlm.nih.gov/pubmed/29258357
http://dx.doi.org/10.3390/molecules20047097
http://www.ncbi.nlm.nih.gov/pubmed/25903364
http://dx.doi.org/10.4061/2011/373519
http://www.ncbi.nlm.nih.gov/pubmed/23213541
http://dx.doi.org/10.7150/jca.21058
http://www.ncbi.nlm.nih.gov/pubmed/29151925
http://dx.doi.org/10.1016/j.canlet.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16740358
http://dx.doi.org/10.1016/j.bbcan.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28512002
http://dx.doi.org/10.3390/cancers7010179
http://www.ncbi.nlm.nih.gov/pubmed/25625291


Mar. Drugs 2018, 16, 178 15 of 15

40. Subhashini, J.; Mahipal, S.V.; Reddy, M.C.; Mallikarjuna Reddy, M.; Rachamallu, A.; Reddanna, P. Molecular
mechanisms in C-Phycocyanin induced apoptosis in human chronic myeloid leukemia cell line-K562.
Biochem. Pharmacol. 2004, 68, 453–462. [CrossRef] [PubMed]

41. Liao, G.; Gao, B.; Gao, Y.; Yang, X.; Cheng, X.; Ou, Y. Phycocyanin Inhibits Tumorigenic Potential of Pancreatic
Cancer Cells: Role of Apoptosis and Autophagy. Sci. Rep. 2016, 6, 34564. [CrossRef] [PubMed]

42. Wang, C.Y.; Wang, X.; Wang, Y.; Zhou, T.; Bai, Y.; Li, Y.C.; Huang, B. Photosensitization of phycocyanin
extracted from Microcystis in human hepatocellular carcinoma cells: Implication of mitochondria-dependent
apoptosis. J. Photochem. Photobiol. B. 2012, 117, 70–79. [CrossRef] [PubMed]

43. Yao, G.D.; Yang, J.; Li, Q.; Zhang, Y.; Qi, M.; Fan, S.M.; Hayashi, T.; Tashiro, S.; Onodera, S.; Ikejima, T.
Activation of p53 contributes to pseudolaric acid B-induced senescence in human lung cancer cells in vitro.
Acta Pharmacol. Sin. 2016, 37, 919–929. [CrossRef] [PubMed]

44. Vitale, I.; Galluzzi, L.; Castedo, M.; Kroemer, G. Mitotic catastrophe: A mechanism for avoiding genomic
instability. Nat. Rev. Mol. Cell Biol. 2011, 12, 385–392. [CrossRef] [PubMed]

45. Shin, J.W.; Kwon, S.B.; Bak, Y.; Lee, S.K.; Yoon, D.Y. BCI induces apoptosis via generation of reactive oxygen
species and activation of intrinsic mitochondrial pathway in H1299 lung cancer cells. Sci. China Life Sci. 2018.
[CrossRef] [PubMed]

46. Tsui, K.C.; Chiang, T.H.; Wang, J.S.; Lin, L.J.; Chao, W.C.; Chen, B.H.; Lu, J.F. Flavonoids from Gynostemma
pentaphyllum Exhibit Differential Induction of Cell Cycle Arrest in H460 and A549 Cancer Cells. Molecules
2014, 19, 17663–17681. [CrossRef] [PubMed]

47. Li, F.; Zhang, J.; Arfuso, F.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G.
NF-κB in cancer therapy. Arch. Toxicol. 2015, 89, 711–731. [CrossRef] [PubMed]

48. Nishanth, R.P.; Ramakrishna, B.S.; Jyotsna, R.G.; Roy, K.R.; Reddy, G.V.; Reddy, P.K.; Reddanna, P.
C-Phycocyanin inhibits MDR1 through reactive oxygen species and cyclooxygenase-2 mediated pathways
in human hepatocellular carcinoma cell line. Eur. J. Pharmacol. 2010, 649, 74–83. [CrossRef] [PubMed]

49. Guo, M.; Ding, G.B.; Yang, P.; Zhang, L.; Wu, H.; Li, H.; Li, Z. Migration Suppression of Small Cell Lung
Cancer by Polysaccharides from Nostoc commune Vaucher. J. Agric. Food Chem. 2016, 64, 6277–6285.
[CrossRef] [PubMed]

50. Clark, A.G.; Vignjevic, D.M. Modes of cancer cell invasion and the role of the microenvironment. Curr. Opin.
Cell Biol. 2015, 36, 13–22. [CrossRef] [PubMed]

51. Wu, L.C.; Lin, Y.Y.; Yang, S.Y.; Weng, Y.T.; Tsai, Y.T. Antimelanogenic effect of c-phycocyanin through
modulation of tyrosinase expression by upregulation of ERK and downregulation of p38 MAPK signaling
pathways. J. Biomed. Sci. 2011, 18, 74. [CrossRef] [PubMed]

52. Dolcet, X.; Llobet, D.; Pallares, J.; Matias-Guiu, X. NF-κB in development and progression of human cancer.
Virchows Arch. 2005, 446, 475–482. [CrossRef] [PubMed]

53. Cheng, W.T.; Wang, N. Correlation between MMP-2 and NF-κB expression of intracranial aneurysm.
Asian Pac. J. Trop. Med. 2013, 6, 570–573. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bcp.2004.02.025
http://www.ncbi.nlm.nih.gov/pubmed/15242812
http://dx.doi.org/10.1038/srep34564
http://www.ncbi.nlm.nih.gov/pubmed/27694919
http://dx.doi.org/10.1016/j.jphotobiol.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23079540
http://dx.doi.org/10.1038/aps.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/27041461
http://dx.doi.org/10.1038/nrm3115
http://www.ncbi.nlm.nih.gov/pubmed/21527953
http://dx.doi.org/10.1007/s11427-017-9191-1
http://www.ncbi.nlm.nih.gov/pubmed/29524123
http://dx.doi.org/10.3390/molecules191117663
http://www.ncbi.nlm.nih.gov/pubmed/25365293
http://dx.doi.org/10.1007/s00204-015-1470-4
http://www.ncbi.nlm.nih.gov/pubmed/25690730
http://dx.doi.org/10.1016/j.ejphar.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20858479
http://dx.doi.org/10.1021/acs.jafc.6b01906
http://www.ncbi.nlm.nih.gov/pubmed/27465400
http://dx.doi.org/10.1016/j.ceb.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26183445
http://dx.doi.org/10.1186/1423-0127-18-74
http://www.ncbi.nlm.nih.gov/pubmed/21988805
http://dx.doi.org/10.1007/s00428-005-1264-9
http://www.ncbi.nlm.nih.gov/pubmed/15856292
http://dx.doi.org/10.1016/S1995-7645(13)60098-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phycocyanin Induces Morphological Changes in NSCLC Cells 
	Phycocyanin Induces Apoptosis in NSCLC Cells 
	Phycocyanin Displays Anti-Migratory Effect against NSCLC Cells 
	Phycocyanin Inhibits Proliferation and Colony Formation Ability of NSCLC Cells 
	Phycocyanin Induces Cell Cycle Arrest in NSCLC Cells 
	Phycocyanin Reduces NF-B Signaling Activity in NSCLC Cells 

	Discussion 
	Materials and Methods 
	Materials and Reagents 
	Cell Line and Culture Conditions 
	Cell Viability Assay 
	Cell Proliferation Assay 
	Colony Formation Assay 
	Cell Apoptosis Assay 
	Cell Cycle Assay 
	Western Blot Analysis 
	Quantitative RT-PCR 
	Wound-Healing Assay 
	Statistical Analysis 

	Conclusions 
	References

