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ABSTRACT

C-phycocyanin (c-PC) is a biliprotein found in deiliblue-green algae. Its anti-cancer activity haeb evidenced
by many in vitro and in vivo studies. Here, thee@f of c-PC on cytotoxicity and cell signalingaibhgh the
apoptotic pathway were studied in a human erytheloig leukemia cell line (K562). Cell viability aftincubation
with various concentrations of c-PC was determiregd] the signal transduction of the BCR-ABL fugortein via
the downstream targeting pathway, PI3K/AKT, waseoled. Western blot analysis was performed to exartie
levels of BCR-ABL, PI3K, AKT, and their phosphasdbderivatives in K562 cells during treatment witf0 uM c-
PC. The results showed that c-PC inhibits K562 getiwth in a dose-dependent manner with the halkkimal
inhibitory concentration (1) = 128.6 uM. We found that c-PC exhibits inhibjtoeffects on protein
phosphorylation in K562 cells. Phosphorylated BCB-Aand phosphorylated PI3K were decreased at 201dht
of treatment, respectively, whereas neither the B®R nor the PI3K level was significantly chang&&T and its
phosphorylated form were decreased at 1 hr. Theselts indicated that anti-proliferative effects ®PC are
mediated by inactivation of BCR-ABL signaling ahd tlownstream pathway PI3K/AKT.
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INTRODUCTION

Chronic myelocytic leukemia (CML) is classified asmyeloproliferative neoplasm (MPN) characterizedtloe
accumulation of myeloid lineage cells in periphdriamlod and bone marrow. It is caused by proliferabf aberrant
pluripotent hematopoietic stem cells (HSC) andbitlin of programmed cell death or apoptosis. lerd®0 percent
of CML patients, there is a translocation betwebromosome 9 and 22 resulting in the fusion of thButar
oncogene, ABL, and the breakpoint cluster regio@RH1]. The product of the BCR-ABL fusion gene lefects
on important signal transduction pathways includiPiBK/AKT, Ras/Raf/Mek/ERK, and JAK/STAT[2]. The
protein kinase B/AKT signaling pathway has emergecritical signaling node within all cells andase of the
most important protein kinases at the core of humplaysiology and diseases[3]. Sequential activatbmany
downstream targets of the PI3K/AKT pathway has bieemd to involve leukemogenesis. In CML patierite
PI3K/AKT pathway is initiated by BCR-ABL kinase agition through GAB2, leading to unregulated pri#tion
and inactivation of anti-apoptotic proteins suchBx$-2 [2,4,5]. Therefore, inhibition of the sigiad pathway
associated with the BCR-ABL fusion protein in leoiie cells should restrain cell growth and proliteya, which
would be helpful as a therapeutic strategy for C6JL[

Many natural compounds have been introduced ascantier agents. Approximately two-thirds of humanaers

could be prevented by dietary changes [7]. Severaivo andin vitro studies have demonstrated that some natural
dietary compounds such as isoflavones, indole-Bhear (I3C) and curcumin have inhibitory effects boman
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cancers[8,9]. These compounds exerted their effactdtering cell signaling pathways such as RB;-PI3K/AKT,
MAPK, p53, Ras/Raf/Mek/ERK and JAK/STAT. C-Phycooya (c-PC), a biliprotein isolated from
cyanobacteriaand red algae, is a natural compduadis endowed with various biological and pharnhzgical
properties [10]. C-PC possesses significant armdemti activities [11,12] and can enhance immunityd an
inflammatory responses [13]. Previous studies Isnaavn that c-PC can induce apoptosis in cances salth as a
mouse macrophage cell line (RAW 264.7), prostalidine (LNCaP), breast cell line (MCF-7), and dmamyeloid
leukemia cell line (K562) [10, 14-16]. Subashiniadt demonstrated that c-PC-induced apoptosis i62Kéells is
mediated by cytochromerelease, PARP cleavage, and Bcl-2 down-reguldt®jn]

To further elucidate the pro-apoptotic mechanismcd?C, we determined its cytotoxic and anti-proéfese
activities on the human leukemic cell line K562 eTéffect of c-PC on expression and phosphoryladfoproteins
in the apoptotic pathway that play a key role ircc@genesis was explored.

EXPERIMENTAL SECTION

Reagents and chemicals

RPMI 1640 medium, fetal bovine serum (FBS), andWhestern blot detection kit (Supersignal West Fgmitere
purchased from Thermo Fisher Scientific Inc. (MASA). XTT (2,3-bis[2-methoxy-4-nitro-5-sulfopheny2H-
tetrazolium-5-carboxyanilide inner salt) was pusgth from Sigma Aldrich (MO, USA). DEAE SepharosestFa
Flow, Hybond, ECL nitrocellulose membrane and HfiparECL was purchased from GE Healthcare Life Scies
(NJ, USA). Anti-rabbit 1gG, HRP-linked antibody #79, P13 Kinase pl1i0 (C73F8) rabbit monoclonal antibody
#4249, phospho-PI3 Kinase p85 (Tyr458)/p55 (Tyrl@A)ibody #4228, AKT antibody #9272, phospho-AKT
(Thr308) antibody #9275, phospho-c-Abl (Tyr412) {€4) rabbit monoclonal antibody #2865, c-Abl antipo
#2862, LY294002 #9901, anfi-actin (13E5) rabbit monoclonal antibody #4970 wérem Cell Signaling
Technology (MA, USA).

C-PC extraction and purification

C-PC was purified fronspirulinaplatensisy ammonium sulfate precipitation and ion-exchacly@matographys.
platensiscells (a gift from W. Suppamaethakorn, Taweewattkarm, Bangkok, Thailand) were lysed with 100
mg/ml lysozyme in 1 M sodium phosphate buffer (pH)&and 100 mM EDTA by stirring for 15 h at 37 °Cell
debris was removed by centrifugation at 3000 x g & minutes. Crude extracts were subjected toeprot
precipitation using 35% and 50% of ammonium sul&itd °C. After stirring in ammonium sulfate for 8@in, the
precipitate was pelleted by centrifugation at 12808 for 20 min at 4 °C. The precipitate from 50%raonium
sulfate containing c-PC was re-dissolved in 0.025Mi$-HCI buffer (pH 8.0). Anion-exchange chromatmghy
was performed on a DEAE Sepharose Fast Flow coldrha. DEAE column was pre-equilibrated with 0.025 M
Tris-HCI buffer (pH 8.0). The c-PC-containing exiravas loaded onto the column, and c-PC was elwitd a
buffer containing a gradually increasing concerdratof NaCl from 0 to 0.8 M. The absorbance of tieted
fractions was measured using a UV-vis spectrophetemFractions with A620/A288 4.0 were combined. A652
and A620 were used to calculate c-PC concentratsory the following equation:

[As20 — 0.474(Ags2)]
5.34

c—PC(mg-ml™1) =

The purified ¢c-PC was lyophilized, and a stock 8olhuof 1 mM c-PC in PBS was freshly prepared facle
experiment.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein electrophoresis was performedto assessidtecular weight and purity of c-PC using a 12%asafing and
5% stacking polyacrylamide gel containing 0.1% S[3&mples were mixed with loading dye (2% SDS, 10%
glycerol, 4.5%3-mercaptoethanol, 0.025% bromophenol blue in 60 T, pH 6.8) and boiled for 5 min prior to
electrophoresis. Proteins were electrophorese@ and 150 volts for the stacking and resolving gedpectively,
and were visualized by staining with Coomassidiant blue R250.

Cdll culture

The human chronic myeloid leukemia K562 cell lineswused in this study. It was kindly provided bgpfBssor
ApiwatMutirangura (Faculty of Medicine, ChulalongkoUniversity, Thailand). Cells were grown in RPI640
supplemented with 10% heat-inactivated fetal bovseum (FBS), 100 IU/ml penicilin and 100g/ml
streptomycin and maintained in a humidified atmasphwith 5% CQ@at 37 °C. The cultured cells were passaged
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every 3 days and seeded at a density of approxXiynat® x1& cells/ml. Cell viability was determined by Trypan
blue staining and counted using a hemocytometer.

Céll cytotoxicity assay

Cell cytotoxicity was evaluated by the 2,3-bis[2thmxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carb@nilide
inner salt (XTT) assay. K562 cells (5xXt6lls/well) were incubated in 96-well plate witlP€ at concentrations
varying from 5 to 15QM in a final volume of 10Ql. Each concentration was tested in triplicateeA4 h, 2Qul

of XTT solution was added to each well and furtineubated for 4 h in a humidified atmosphere with 60; at 37
°C. Cells grown without c-PC were used as blanke @bsorbance was measured at 450 nm using a Ihigrop
reader (EnSpireTM 2300, Perkin Elmer, MA, USA). Thedf-maximal inhibitory concentration (4} of c-PC to
K562 cells was determined by a dose-response curve.

Western blot analysis

To study the expression and phosphorylation ofginstin the PI3K/AKT pathway, K562 cells were tezhivith c-
PC at a concentration less than the @00 uM) at various times (1, 4, 8, 12, 16, 20, 24 h)ewhole cell extract
was then prepared as follows. Cells were washed RBS, pH 7.4 (137 mMNacCl, 2.7 mMKCI, 4.3 mM JN&O,,
1.4 mM KH,PQ,) and suspended in Cell Culture Lysis Reagent (BganWI, USA). The mixture was vortexed for
15 seconds and then centrifuged at 12,000 x g fimirites at 4 °C. The supernatant was collecteé. drbtein
concentration was determined using a Bradford aBeyRad, CA, USA). The levels of proteins asstedawith
BCR-ABL and the PI3K/AKT signaling pathway were elehined by Western blotting. The whole cell extraes
electrophoresed on an SDS—polyacrylamide gel asridbesl above. The separated proteins were traesféo a
nitrocellulose membrane and then incubated witltifiperimary antibodies overnight at 4 °C and wed!3 times.
After that, they were incubated with peroxidasejfogated secondary antibodies for 1 hour at roonp&ature.
The chemiluminescent signal was detected using &kfedilot detection reagents (Supersignal West Feriitee
protein levels were determined with the ImageJ oy

Statistical analysis
The results are expressed as the mean + S.D. Rataoktained from three independent experiment QYA was

used for the comparison of means between groups.difference was considered statistically significevhen p
value < 0.05 or < 0.01. SPSS software (Ver. 174y used.

RESULTSAND DISCUSSION

C-PC purification

In this study, the purification of c-PC was carriedt by ammonium sulfate precipitation and anionkange
chromatography. SDS-PAGE analysis of the purifiedtion clearly showed 2 protein bands correspanttirthea
and3 subunits of c-PC, which migrated as approx. 184 land 21.3kDa bands, respectively (Fig. 1). Mbant
98% purity was achieved as judged by SDS-PAGE. rtytatio (A620 / A280) of 4.36 was obtained.
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Figure 1 - SDS-PAGE of fractions obtained from c-PC purification
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Lane 1: molecular weight markers, lane 2: crudeagktofS. platensislane 3: soluble fraction of 35%ammonium
sulfate precipitation, lane 4: precipitate from 0%monium sulfate precipitation, lane 5: purifieddtion from ion-
exchange chromatography.

Cell cytotoxicity

Cell cytotoxicity was performed to determine theitdy of c-PC to K562 cells. The decrease in aadlbility

indicated cell death or inhibition of cell growthihe effects of c-PC on the viability of K562 ce#iter 24 h in
culture were evaluated. Cells were treated witlowar concentrations of c-PC (5, 10, 20, 40, 60,180, 150uM)

as described above. C-PC reduced the viability %X cells in a dose-dependent manner (Fig. 2).cHheulated

ICsq Of c-PC was 128.6(M.

110 T

100 + =

%viability

1 10 100

[CPC] (mM)

Figure 2 - Effect of c-PC on K562 cell viability

K562 cells were treated with 5 to 150 uM c-PC fdr tBours. The XTT assay was performed in triplictte
determine the percent viability of the cells. Theselresponse curve was plotted as the mean = $.peroent
viability. Statistical analysis was carried outtwitne-way ANOVA followed by Tukey’s multiple compson test
compared to non-treated cells (* p < 0.01).

Western blot analysis
Figure 3 shows the levels of BCR-ABL, PI3K, AKT atiebir phosphorylated derivatives in the whole egtract of

K562 cells treated with c-PC after normalizatiothf-actin. The results showed that the level of BCREAB the
treated cells was not significantly altered, buB@R-ABL declined until the level of p-BCR-ABL reagth
approximately 10% of the original level within 24Fg. 3A). The same effects were observed for Pt
phosphorylated PI3K (p-PI3K), as shown in Figure 3Be PI3K level did not change, whereas the levg-PI13K
significantly decreased to less than 30% withirh2Zhe p-BCR-ABL/BCR-ABL ratio and p-PI3K/PI3K ratalso
decreased (Fig. 3A and 3B). Figure 3C shows theldesf AKT and phosphorylated AKT (p-AKT) in the ol
cell extract of K562 cells treated with c-PC aftewrmalization with-actin. The AKT and p-AKT levels
significantly decreased from the first hour of treant and reached approximately 30% within 24 tusTthe ratio
of p-AKT to AKT did not change.

After cells were incubated with 100 uM c-PC for Bdurs, expression of proteins in the BCR-ABL sigmal
pathway was then detected. The upper panel shovesewieblot results of BCR-ABL and pBCR-ABL (A), K3
and pPI3K (B), and AKT and pAKT (C). The proteirvéd was determined and normalized wgactin using the
ImageJ program. The middle panel demonstratesetred bf each protein during the treatment perio@4h. The
lower panel demonstrates the ratio of the phospa@y- and non-phosphorylated form at the giveretihe
control (c) was non-treated cells. Statistical gsial was carried out with a one-way ANOVA followbd Tukey’s
multiple comparison test compared to controls (%880 **p < 0.01).
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Figure 3-Effect of c-PC on the activity of BCR-ABL, PI3K, and AKT in K562 leukemic cells (r epr esentative figur e of three independent
experiments).

Cell signal transduction is a communication netwthrat controls basic biological activities such athesion,
cytokine release, mortality and cell proliferatif2]. Signal transduction in cancer cells deviateonf normal,
generating an immortal cell that does not undempgm@ammed cell death [17]. Moreover, those altexelts have a
high tendency to proliferate. In chronic leukemias;luding chronic myeloid leukemia (CML), Philaghla-
negative myeloproliferative neoplasms (MPNs), ahtbuoic lymphocytic leukemia (CLL), evidence of detfein
the regulation of cellular signaling pathways haerb reported [2]. In CML, the product of the Phdkudhia
chromosome, the BCR-ABL fusion protein, causesfaaien cell proliferation by inactivating signabhsduction
related to anti-apoptosis and hyperproliferativéhpays in leukemic cells [18]. Currently, treatmaita CML
patient is usually based on a potent protein-tyir@dinase inhibitor such as imatinib[19]. Imatinithibits the
kinase activity of the BCR-ABL oncoprotein, thusthéring cell proliferation. Although imatinib is affective
medication, drug resistance is a problem [20]. €foe, an alternative medicine is needed. A noalinal
compound with a kinase-inhibiting effect might bsade and effective treatment for CML patients.

C-PC is a natural compound found in edible algaka$ many biological and pharmacological propsitieluding
free radical scavenging, anti-inflammatory, andi-eahcer effects [21]. According to previous stggliehe anti-
cancer effects of c-PC appear to mediated by varimechanisms such as an increase in the proapopias
protein, down-regulation of Bcl-2 [13], and selgetinhibition of COX2 [10]. These studies emphaditieat the
pathway through which c-PC exerts its activitiel emable its application as a therapeutic agenMBNSs.

Many methods have been used for the separatiorparification of c-PC. The purity of c-PC, as judged an
A620/A280 purity ratio greater than 4.0, is suffici for further testing [22]. In this study, c-P@swpurified using
an optimized 2-step purification composed of ammongulfate precipitation and ion-exchange chrontaioiy.
Very high purity c-PC (A620/A280 = 4.36) was obtdnand used for further testing on cells.

We found that c-PC at a micromolar level exhibitedytotoxic effect on K562 cells. Our result is good
agreement with that obtained in a previous studyph@shini et al. demonstrated a decrease to appatedy 65%
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of the control growth of K562 cells treated withOluM C-PC at 24 h. They reported that the decrease ir
growth is a result of apoptosis via downregulatidmnt-apoptotic Bcl2, release of cytochronc into the cytosol,
and cleavage of poly(ADP) ribose polymerase (P/16]. There are also other studies suggesting +PC may
induce apoptosis and inhibit proliferation of cancells[10,15,21,23] It is possible that these events are medi
by alteing signal transduction related to both apoptesisancement and terminated proliferation in caceds,
possibly through the Ras/Raf/Mek/ERK, JAK/STAT, MARnd PI3K/AKT pathways in K652 cel[2].

PI3K/AKT is the major downstream target of the E-ABL activation cascade and is targeted by tyroiimase
inhibitors such as imatinib[24,25h leukemia treatment, resulting in apoptosis amlihition of leukemic cel
proliferation. The BCRABL kinase activates the PI3K/AKT pathway througiA\B2, and sbsequently, many
downstream targets of the PI3K/AKT pathway have nbeshown to participate in BC-ABL-induced
leukemogenesis. PISK/AKT activation induces phospladion of BAD, which in turn blocks ar-apoptotic protein
Bcl-2. Moreover, the FOXO transption factors involved in cell cycle arrest are gploorylated by AKT, inhibiting
FOXO03a activity [2] PIBK/AKT also plays the key role in the inhibitimf the caspase cascade pathway-kB
production and the mTOR pathw([26-27]. Here, the effect of BC on the signal transduction from B-ABL
through the PI3K/AKT pathway in K562 cell lines wasplored. The results indicated thPC inactivates the
phosphorylation of both BCRBL and PI3K. The decrease in AKT an-AKT levels was influenced by tr
decrease in upstream signaling from PI3K. In CMLhas been reported that kinase phosphorylatid®GR-ABL,
PI3K, and AKT is necessary to stimulate cellulgnsiling and leukemogene[18]. Therefore, the effects 0-PC
on signal transduction in apapic pathways of K562 cell lines can be summariaggdhown in Figure

)
BCR-ABL [y

Anti-apoptosis

Prqlifgt:at\ionl
I

Figure4 - Effect of c-PC on downstream tar geting associated with the BCR-ABL fusion protein

CONCLUSION

According to the results of the present stuc-PC exhibited antproliferative and apoptotic effects on chro
myelocytic leukemia cells (K562) in a d-dependent manner. This effect is caused by inbibibf BCF-ABL and
the downstream PI3K pathway, which is involved fe tproliferation and apoptosis of K562lls. However,
ongoing research on other related signaling patswshaguld be established given the decrease in AKiVity after
the first hour of treatment, which is not correthteith -PI13K. These findings might be helpful for the dehent
of novelnontoxic therapeutic compounds for chronic myelimchkgukemia
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