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Abstract

The aim of this study was to investigate the mechanism of the anticancer activity of
luteolin in metastatic human colon cancer SW620 cells. Luteolin dose-dependently
reduced the viability and proliferation of SW620 cells and increased the expression of
antioxidant enzymes. The expression of antiapoptotic protein Bcl-2 decreased whereas
the expression of proapoptotic proteins Bax and caspase-3 increased by Iluteolin
treatment, resulting in increased poly (ADP-ribose) polymcvise (PARP) cleavage and
terminal deoxynucleotidyl transferase dUTP nick end 'abeing (TUNEL) positivity.
Luteolin also increased the expression of autophajic rroteins Beclin-1, autophagy-
related protein 5 (Atg5) and microtubule-associa®d | rotein 1A/1B-light chain 3 beta-
I/l (LC3B-I/11), while the usage of 3-metlyi denine suggested a prosurvival role of
autophagy. Moreover, treatment with luoolin induced reversal of the epithelial-
mesenchymal transition process throuy~ the suppression of the wingless-related
integration site protein  (Wnt)/B: ce.>n pathway. The cytotoxic activity of luteolin
coincided with the activation ~f eatracellular signal-regulated kinase 1/2 (ERK1/2) and
forkhead box O3a (FOX CR3a,. Treatment with the mitogen-activated protein kinase
kinase = (MEK) ihibnor  PD0325901  inhibited  ERK-dependent FOXO3a
phosphorylation, result’ig in increased FOXO3a expression and apoptosis, with the
suppression of autophagy. The results of the current study suggest the antitumor activity
of luteolin in SW620 cells through the ERK/FOXO3a-dependent mechanism, as well as

its antimetastatic potential.

Keywords: colon cancer SW620 cells; Iuteolin; mitogen-activated protein Kinase;

forkhead box O3a; apoptosis; autophagy.



Abbreviations: 3-MA, 3-methyladenine; AO, acridine orange; ATCC, American Type
Culture Collection; Atg, autophagy-related protein; BCA, bicinchoninic acid; Bcl-2; B-
cell lymphoma 2; BSA, bovine serum albumin; DAPI, 4'6-diamidino-2-phenylindole;
DMEM, Dubecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide; ECL,
enhanced  chemiluminescence;  EDTA,  ethylenediaminetetraacetic  acid;  EMT,
epithelial-mesenchymal transition; ERK1/2, extracellular signal-regulated kinase 1/2;
FBS, fetal bovine serum; FOXO3a, forkhead box O3a; £ fiworouracil (5-FU); HO-1,
heme oxygenase-1; HRP, horseradish peroxidase; 1Cso, 50% inhibitory concentration;
JNK1/2, c-Jun N-terminal kinase 1/2; LC3B-I/'l, m.crotubule-associated protein
1A/1B-light chain 3 beta-1/Il; MAPK, mitogen-ac*ivate 1 protein kinase; MEK, mitogen-
activated protein kinase kinase; PARP, poly (~DP-ribose) polymerase; PBS, phosphate
buffered saline; PI, propidium iodic: POD, peroxidase; PVDF, polyvinylidene
fluoride; RIPA, radioimmunoprecipitation assay; ROS, reactive oxygen species; SDS,
sodium dodecyl sulphate; SDS-PAi.= SDS-polyacrylamide gel electrophoresis; SOD2,
superoxide dismutase; TBS, Tris-buffered saline; Tris,
tris(hydroxymethyaminomeu.one,  TUNEL,  terminal  deoxynucleotidyl  transferase
dUTP nick end labelixg; \Vnt, Wingless-related integration site protein; XTT, 2,3-bis(2-

methoxy-4-nitro-5-sulfo shenyl)-2H- tetrazolium-5-carboxanilide.



1 Introduction

Colorectal cancer is one of the most common malignancies in humans, resulting in the
fourth most cancer-related death worldwide (Bi et al, 2018; Siegel et al, 2017).
Metastasis, which occurs in advanced stages of cancer, is considered as the most life-
threatening event in patients with cancer (Kalluri and Weinberg, 2009). Colon cancer
survival is closely related to tumor stage, rapidly decreasing in individuals with
metastatic disease. Since metastasis accounts for over 904 of colon cancer deaths,
therapies that target this process and block disease prog-essin are of major concern
(Hewitt et al, 2000). Human colon carcinoma S\/t20 cell line is derived from a
secondary colon tumor and represents a valuable rescurce for examining the late stage
in colon cancer progression (Hewitt et al., 20Cu -

Phytochemicals play an importa~: ru!~ in the development of anticancer agents
(Newman & Cragg, 2016). In huma: colorectal cancer, many of these natural
compounds exhibited antiprolifer«tr.c and cytotoxic activity, emerging as promising
candidates for its treatment (Redundo-Blanco, Fernandez, Gutierrez-Del-Rio, Villar, &
Lombo, 2017). Recent si.lies indicated that phytochemicals could exhibit anticancer
effects, not only in arimwy but also in metastatic colon cancer cells. For instance,
urolithin A, a major e agitannin metabolite, was shown to induce autophagy and inhibit
metastatic potential of SW620 cells (Zhao et al, 2018). Another compound, a
bisbenzylisoquinoline  alkaloid tetrandrine, suppressed adhesion, migration, and
invasion of SW620 cells via inhibition of nuclear factor-kappa B and matrix
metalloproteinases (Juan et al, 2018). Kustiawan et al. (2017) showed the
antiproliferative activity of cardol, alkyl resorcinol found in propolis, in SW620 cells.

However, the mechanism of anticancer activity of phytochemicals in metastatic



colorectal carcinoma has been poorly studied. The extracellular signal-regulated kinase
1/2 (ERK1/2) and forkhead box O (FOXO) pathways were shown to play a critical role
in the development and progression of cancer (Dhillon, Hagan, Rath, & Kolch, 2007).
ERK can phosphorylate and activate numerous targets orchestrating a complex cellular
response that is frequently pro-proliferative (Brandt et al., 2019). Among them, FOXOs
acts as mediators of the tumor response to various therapies (Coomans de Brachene &
Demoulin, 2016; Fernandez de Mattos, Villalonga, “lardy, & Lam, 2008).
Understanding the nature of activation of signaling path vay: in each tumor type is
crucial in dewveloping therapy regimens because Jifferent tumors have unique
mechanisms of cell signaling (Burotto, Chiou, Lec & 17ohn, 2014).

The flavone luteolin (3',4',5,7-tetrahyric <vflavone), a member of the flavonoid
family, can be found in various edible ~::1 . edicinal plants in glycosylated forms and as
an aglycone (Shimoi et al, 1998). Nu.erous studies showed that luteolin possesses
many beneficial effects both in v and in vivo, including anti-oxidant and anti-
inflammatory activity (Seelingc: Merfort, & Schempp, 2008). Previously, we showed
the hepatoprotective and 1cnoprotective activity of Iluteolin against chemically-induced
injury in mice (Domit-ovic et al, 2013; Domitrovic, Jakovac, Tomac, & Sain, 2009).
Luteolin also exhibited anticancer action in a variety of human cancer cells by aiming
multiple molecular targets (Tuorkey, 2016). It also blocks cancer development in vitro
and in vivo by activation of cell cycle arrest, inhibition of proliferation of cancer cells,
protection from carcinogenic stimuli, and by inducing apoptosis through different
signaling pathways (Imran et al, 2019). However, the cytotoxic activity of luteolin in
metastatic human colon cancer and the role of ERK/FOXO3a in its anticancer activity

was not previously studied.



In the current study, we investigated the molecular mechanisms of
antiproliferative, cytotoxic, and antimetastatic activity of Iuteolin in human colon
carcinoma SW620 cells.

2 Materials and methods

2.1 Chemicals

Luteolin (97%) was obtained from Alfa Aesar (Ward Hil, MA, USA). Dimethyl
sulfoxide (DMSO), sodium dodecyl sulfate (SDS), bovire serum albumin (BSA,
fraction V, 99%), and tris(hydroxymethyl)aminomethane ‘Tris 99%) were purchased
from Sigma-Aldrich (Steinheim, Germany). Acridine oicn0: (AO), Tween-80, Mowiol
4-88, and acrylamide/bisacrylamide solution 40°% wzare purchased from Carl Roth
GmbH (Karlsruhe, Germany). Fluorescent <w'1 4',6-diamidino-2-phenylindole (DAPI)
was from Invitrogen, Thermo Fischer Sc.ontific (Carlsbad, CA, USA). Amersham
Hybond-P polyvinylidene fluoride (PVDt; blotting membrane was from GE Healthcare
Life Sciences (Buckinghamshire, ©..*edy Kingdom). Non-fat dry milk was purchased
from Biorad (Hercules, CA, 'ISA,. Radioimmunoprecipitation assay (RIPA) buffer (sc-
24948) and antibodies agan "t caspase-3 pll (sc-271759), autophagy-related protein 7
(Atg7) (sc-376212), wingss-related integration site protein 3 (Wnt3) (sc-74537), and
Beclin-1 (cs-48341) viere from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Mouse monoclonal antibody beta-actin (B-actin) (ab8226), rabbit monoclonal antibodies
to Bax (ab32503), superoxide dismutase (SOD2) (ab13533), B-cell lymphoma 2 (Bcl-2)
(@b7973), p21 (ab109199), heme oxygenase-1 (HO-1) (ab13243), and microtubule-
associated protein 1A/1B-light chain 3 beta-1/11 (LC3B-1/1I) (ab48394) were purchased
from Abcam (Cambridge, UK). XTT Cell Viability Kit, rabbit polyclonal antibodies to

poly (ADP-ribose) polymerase (PARP) (#9542), extracellular signal-regulated kinase



1/2 (ERK1/2), phospho-ERK1/2 (Thr202/Tyr204), c-Jun N-terminal kinase 1/2
(INK1/2), phospho-JNK1/2 (Thr183/Tyr185), p38, and phospho-p38 (Thrl80/Tyrl82)
(MAPK Family Antibody Sampler Kit, #9926), FoxO3a (#2497), phospho-FOXO3a
(Ser294) (#5538), E-cadherin (24E10) (#3195), B-catenin (D13A1) (#8814), and
SignalFire Elite ECL Reagent (#12757) were from Cell Signaling Technologies
(Beverly, MA, USA). Secondary antibodies goat polyclonal anti-mouse 1gG H&L
(HRP) (ab79023) (1:40000) and goat polyclonal anti-rabbit '3G H&L (HRP) (ab6721)
(1:80000) were purchased from Abcam. The mitogen-activat:d protein kinase Kkinase
(MEK) inhibitor PD0325901 was purchased from Sencclkchem (Houston, TX, USA).
The autophagic inhibitor 3-methyladenine (3-M.,") was purchased from Selleckchem
(Houston, TX, USA). All other chemicals wzre of the highest grade commercially
available.

2.2 Cell culture

The human colon cancer SWozC. cells (obtained from American Type Culture
Collection (ATCC), Rockville, ML, USA), were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplen.~ned with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, penicillin 1(+ OU) Ul/mL and streptomycin 10 000 mg/mL (all from Lonza,
Verviers, Belgium). Tie cells were grown routinely in tissue culture flasks (TPP,
Trasadingen, Switzerland) at 37 °C in a 5% CO; humidified atmosphere.

2.3 Experimental design

Cells were treated with luteolin (1, 2, 5, and 10 uM) and medium only as a control. For
studying autophagy, 5 mM 3-MA was used, and for studying MEK/ERK inhibition, 0.5
UM PD0325901 was used. Before treatments, cells were harvested and counted using

Neubauer cell counting chamber (Roth, Karlsruhe, Germany) (1x10° cells/mL) and



grown in DMEM without antibiotics until 80-90% confluence in flasks and flat bottom
96-well chambers (TPP, Trasadingen, Switzerland). Cells were washed twice in
phosphate-buffered saline (PBS), pH 7.4, and then exposed to DMEM containing a
working concentration of each compound (the final concentrations of DMSO and
Tween-80 in the medium were 0.005% and 0.1%, respectively) for 24 h before
harvesting by trypsinization in 0.01% ethylenediaminetetraacetic acid (EDTA) (Lonza,
Verviers, Belgium).

2.4 Colony formation assay

For the clonogenic assay, 1x10° cells/mL were platec & ‘reated with various doses of
luteolin for 24 h. Then, for each treatment two ' ndrd cells were counted (dead and
alive), added to 6-well plates and cultured «» medium containing 10% FBS until the
number of cells per colony was > 50 cz!'s \7 d at 37 °C). After this, cells were fixed in

~

ice-cold methanol for 20 min at 4 =, stained with 0.5% crystal violet solution
(methanolwater 25:75 (viv)) (Mer.'” Germany) for 30 min and washed in PBS.
Colonies were counted under ¢ micioscope (Olympus, Japan). 2.5 Cell viability assay
The  XTT  (2,3-bis(2- ~etoxy-4-nitro-5-sulfophenyl)- 2H-tetrazolium-5- carboxanilide)
Cell Viability Kit (#9195, Cell Signaling Technologies (Beverly, MA, USA)) was used
to determine the effect of different treatments on SW620 cell viability. Non-viable cells
lose their metabolic capability to reduce the XTT into colored formazan dye. SW620
cells were treated and 24 h after, the absorbance was measured at 450 nm using a
microplate reader (BioTek EIX808, Winooski, VT, USA).

2.5 Western blot

For immunoblot analysis, cells were harvested in 100 pL of RIPA lysis buffer

containing 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium



deoxycholate, and 0.1% SDS, with the addition of 2 mM phenylmethyl sulphonyl
fluoride, 1 mM sodium orthovanadate, and 2 pg/mL of each aprotinin, leupeptin, and
pepstatin, for 1 h on ice. The protein concentration in samples was determined by the
bicinchoninic acid (BCA) (Thermo Scientific Pierce, Rockford, IL, USA) method
(Smith et al., 1985). To determine the target proteins, 30 or 60 pg protein/lane were
loaded. Proteins were separated by 12.5%, 8%, or gradient SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto PVDF ~embrane. The membranes
were blocked with 5% non-fat milk in Tris-buffered saline (TtS) with Tween-20 (1:10
viv) for 2 h at room temperature and incubated v/it. the primary antibodies against
ERK1/2 (1:1000), phospho-ERK1/2 (1:2000), JN*"1/23, p-JNK1/2, p38, phospho-p38,
FOXO03a (1:1000), phospho-FOX03a (1:1fu), p21 (1:1000), Bax (1:3000), Bclk-2
(1:100), caspase-3 pll (1:500), Atg7 {":1210), Beclin-1 (1:500), Wnt3 (1:1000), E-
cadherin (1:1000), B-catenin (1:1000), HC-1 (1:2000), SOD2 (1:4000), PARP (1:1000),
and LC3B-1/1l (1:1000) for 1 h a1 ~oom temperature. The membranes were washed in
TBS-Tween and incubated r . h with the secondary antibodies. After washing,
chemiluminescent signals w~re detected using SignalFire Elite ECL Reagent and
scanned (Allianze 4.C C.mbridge, UK). The intensity of the bands was assayed by
computer image anabs<'s Image) software (NIH, Bethesda, MD, USA).

2.6 Propidium iodide and acridine orange double staining

Apoptosis and necrosis induced by luteolin were analyzed using propidium iodide and
acridine orange double staining described by Mascotti et al. (2000) and examined under
a fluorescence microscope (Olympus BX51, Tokyo, Japan). SW620 were seeded at a
concentration of 1x10° cells/mL and treated with different doses of luteolin. The cells

were incubated in a 5% CO, atmosphere at 37 °C for 24 h. Cells were harvested,



centrifuged at low speed for 5 min, and washed twice using PBS. Pellet was
resuspended in 10 pL of PBS containing AO (1 ug/mL) and Pl (0.6 pg/mL). The freshly
stained cell suspension was dropped onto a glass slide and observed under a
fluorescence microscope within 5 min. AO and PI are intercalating nucleic acid-specific
fluorochromes. AO enters all cells, both dead and alive and emits green fluorescence.
Only AO in this staining can cross the plasma membrane of viable and early apoptotic
cells. Pl generates red fluorescence when present in Jcad cells and cells with
compromised membranes. The criteria for identification were a; follows: (a) viable cells
have a green nucleus with an intact structure; (b) ea'ly ~nuptotic cells exhibit a bright-
green nucleus showing condensation of chromatin n tr 2 nucleus; (c) late apoptotic cells
show dense orange areas of chromatin conderoc:ion; (d) secondary necrotic cells have a
red intact nucleus.

2.7 Acridine orange staining

The volume of the cellular acidic ve. cies, as a marker of autophagy, was visualized by
AQO staining (Paglin et al, 2C*'1). After treatment with luteolin, cells were harvested and
stamed with 1 pug/mL AG in PBS. The cytoplasm and nucleus of the stained cells
fluoresced bright areen, v'hereas the acidic autophagic vacuoles fluoresced bright red.
Fluorescent micrograph, were taken using a fluorescence microscope (Olympus BX51,
Tokyo, Japan).

2.8 TUNEL assay

Detection of apoptosis was performed using a commercially available terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Roche Diagnostics,
Penzberg, Germany). Before treatments, 1x10° cells/mL were seeded and grown until

80-90% confluence. After treatment with different doses of Iluteolin, as already

10



described, cells were fixed in ice-cold methanol for 15 min at -20 °C and incubated with
blocking solution (3% H,0, in methanol) for 10 min and incubated with TUNEL
reaction mixture for 60 min at 37 °C in a humidified chamber in the dark. The slides
were stained with the nuclear stain DAPI and covered with an antifade medium
(Mowiol 4-88). The immunofluorescence was analyzed by fluorescence microscopy
using an Olympus BX51 microscope equipped by an Olympus DP 71 CCD digital
camera.

2.9 Statistical analysis

Data were analyzed using StatSoft STATISTICA :o.~™.er software (StatSoft Inc.,
Tulsa, USA). A comparison of mean values betwc>n ¢ oups was performed by the t-test
and one-way ANOVA. Each experiment was i< eated three times. Values in the text are
means + standard deviation (SD). T#*eonces with P < 0.05 were considered
statistically significant.

3 Results

3.1 Luteolin reduces the viabi!'ty or SW620 cells

In order to evaluate the e:*cu of luteolin on proliferation and the cytotoxic effect on
colon cancer SW62( ce'ls, we treated cells with various concentrations of luteolin
followed by the viabity and colony-forming assays. Fig. 1A shows the effect of
luteolin on SW620 cell’s viability after 24 h exposure. The viability of colon cancer
cells was dose-dependently inhibited by Iuteolin, with the ICsy (50% inhibitory
concentration) 48.8 + 1.6 uM. At lower concentrations, luteolin showed dose-dependent
apoptotic cell death, causing necrosis only at higher concentrations (> 20 uM) (Fig. 2).

Therefore, we choose Iuteolin at a concentration < 10 uM for further experiments.

11



Colony formation assay results showed that luteolin significantly decreased the colony
number in a dose-dependent manner compared to control cells (Fig. 1B).

3.2 Luteolin induces oxidative stress in SW620 cells

To determine the effect of luteolin on the antioxidant status in SW620 cells we analyzed
the expression of antioxidant enzymes HO-1 and SOD2 (Fig. 3A). Incubation of SW620
cells with luteolin dose-dependently increased HO-1 and SOD2 expression compared to
control cells (Fig. 3B and C). Our results indicated that .*zolin modulated the redox
status of the cells by upregulating the level of antioxidant ¢nzyr es.

3.3 Luteolin induces SW620 cells apoptosis

To clarify the mechanism underlying the inhibitcv €ffect of luteolin on SW620 cell
viability, apoptosis was determined by wester.: Slot analysis of apoptosis-related protein
expression and TUNEL assay. Treat>=nu with luteolin resulted in dose-dependent
apoptotic cell death in the cancer cells \~ig. 4A). Luteolin dose-dependently decreased
Bcl-2 expression (Fig. 4B) and ‘nc.ased expression of Bax (Fig. 4C). A concomitant
increase in caspase-3 (Fig. 'E) and PARP (Fig. 4F) cleavage indicated increased
apoptotic cell death by lne~lin. The TUNEL assay confirmed the results of apoptosis
analysis by western »1lot, showing an increased number of TUNEL-positive cells by
increasing luteolin conc:antration (Fig. 5). Lewvels of p21, an inhibitor of the cell cycle,
were also increased by luteolin treatment (Fig. 4D).

3.4 Luteolin induces SW620 cells autophagy

To evaluate the effect of Iuteolin on autophagy in SW620 cells, we measured the
expression of autophagy-related proteins involved in the formation of autophagosomes,
Atg7, Beclin-1, and LC3B-I/ll (Fig. 6A). Treatment with Iluteolin increased the

expression of both LC3B-I and LC3B-Il in a dose-dependent manner (Fig. 6B).

12



Similarly, Atg7 and Beclin-1 expression in SW620 cell lysates increased after luteolin
treatment (Fig. 6C and D). Acridine orange staining showed increased formation of
autophagic vacuoles by treatment with luteolin (Fig.7).

3.5 Luteolin increases MAPK expression in SW620 cells

To determine the effect of luteolin on the MAPK signaling pathway, we investigated the
expression of ERK1/2, JNK1/2, and p38 (Fig. 8A). Treatment with luteolin increased
expression of phospho-ERK1/2 in a dose-dependent mai»2r, indicating activation of
ERK1/2 (Fig. 8B). Similarly, phospho-JNK1/2 and phos>ho-138 expression (Fig. 8C
and D) was dose-dependently increased by luteolin \iwating that SW620 cytotoxic
activity of luteolin was associated with activation ~fthe ERK, JNK, and p38 pathways.
3.6 Luteolin increases FOXO3a expression ir 5:/620 cells

In order to further clarify the mecharizm of luteolin cytotoxicity in SW610 cells, we
determined the activation of FOXO3a p.thway. Our results showed that luteolin dose-
dependently increased FOXO3a :xv..~ssion (Fig. 8E). The expression level of phospho-
FOXO3a, which was also ir:'uceu by luteolin, was lower than that of FOXO3a (Fig.
8E).

3.7 Autophagy inhibit on s2nsitizes luteolin treated SW620 cells to apoptosis

Fig. 9A shows the efact of the autophagy inhibitor, 3-MA, on SW620 cells viability.
Treatment with 3-MA resulted in reduced viability of luteolin-treated SW620 cells,
suggesting the cytoprotective role of autophagy induced by luteolin.

3.8. Inhibition of MEK/ERK signaling induces apoptosis in SW620 cells

Treatment with the MEK inhibitor PD0325901, as expected, inhibited phosphorylation
of ERK and ERK-dependent FOXO3a phosphorylation (Fig. 9B), resulting in increased

PARP cleavage and suppression of LC3B-I/Il expression in SW620 cells. MEK/ERK

13



inhibition also reduced the viability of SW620 cells and potentiated the cytotoxicity of
luteolin (Fig. 9C).

3.9. Luteolin reverses EMT in SW620 cells

To examine the antimetastatic effect of Iuteolin in SW620 cells, the expression of
proteins involved in the EMT process was measured (Fig. 10). Treatment with luteolin
reduced the expression of Wnt3 and [B-catenin in a dose-dependent manner, with
concomitant induction of E-cadherin.

4 Discussion

The results of the current study show that luteolin 1) hu.wes oxidative stress, 2) reduces
cell viability and proliferation and induces apoototic cell death, 3) induces
cytoprotective autophagy, and 4) reverses EMii In metastatic colon cancer SW620 cell
line.  Reactive oxygen species (ROS) z'ay = key role in both cancer development and
therapy. Cancer cells demand high 2OS concentrations to maintain their high
proliferation rate (Sosa et al., zC.i?). The activation of the antioxidant Nrf2/HO-1
pathway by phytochemicals “as been shown as a critical step in colon cancer
chemoprevention (Bi et al., ?0.8). The apoptotic and anticancer effects of luteolin were
also associated with H4O-1 induction and increased antioxidant defense in HT-29 and
SNU-407 colon cance cells (Kang et al., 2019). Among the antioxidant enzymes, only
SOD2 is located within the mitochondria, a major site for ROS production. A previous
study showed that the anticancer effect of natural compound columbianadin in HCT-
116 colon cancer cells was associated with the increase in expression of mitochondrial
SOD2 enzyme (Kang, Hong, Choi, & Lee, 2016). In the current study, increased
expression of HO-1 and SOD2 suggested the induction of oxidative stress by luteolin,

which coincided with apoptotic cell death in SW620 colon cancer cells .

14



The cytotoxicity of Iuteolin in the current study coincided with increased
phosphorylation of MAPKSs. The role of MAPKSs in cancer is as pleiotropic as cancer
itself (Dhillon et al., 2007). The ERK signaling pathway plays a key role in several
steps of cancer development (Samatar & Poulikakos, 2014). This pathway is often
upregulated in human tumors, promoting the survival of cancer cells by regulating the
levels and activities of proapoptotic proteins (Kohno & Pouyssegur, 2006). Stress-
activated JNK or p38 pathways can induce apoptosis in som. cases but lead to increased
survival in others or even exhibit antagonistic effects on cell proliferation and survival
(Wagner & Nebreda, 2009). In the current stucy, b.eolin-induced activations of
ERK1/2, JNK1/2, and p38 in SW620 cells coi cided with increased apoptosis,
evidenced by the increase in caspase-3 and ~-RP cleavage and TUNEL positivity, as
well as the reduced cell viability and prc'iie,~tion. Recently, Kang et al. (2017) showed
the induction of apoptosis in HT-29 colo.. cancer cells by luteolin through JNK and p38
but not ERK-dependent pathway. However, another study showed that induction of
ERK by natural compounc: in colon cancer cells could be antiapoptotic and
tumorigenic (Chen, Jin, & Xu, 2016). Indeed, the MEK/ERK inhibition resulted in
apoptosis and reducec prcliferation in several cancer cell lines (Liu et al., 2016; Meng et
al, 2010). Our current results support these findings, showing that blocking ERK
activation by PDO0325901 potentiate the proapoptotic activity of luteolin evidenced by
increased PARP cleavage.

The ERK pathway is involved in the regulation of FOXO3a, a ubiquitously
expressed transcription factor that plays an important role in carcinogenesis
(Eijkelenboom & Burgering, 2013). The phosphorylation of FOXO3a by ERK leads to

its nuclear exclusion and the loss of transcriptional activity. Increased FOXO3a
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expression in cancer cells is associated with oxidative detoxification, cell cycle arrest,
inhibition of proliferation, and apoptosis, while its inactivation has been associated with
the initiation and progression of cancer (Liu et al., 2018; Taylor et al.,, 2015). Moreover,
the regulation of the FOXO3a activity has been suggested as a molecular link between
apoptosis and autophagy (Fitzwalter et al., 2018). Previously, luteolin has been shown
to exhibit antiproliferative and apoptotic effects against breast cancer cells by inducing
FOXO3a expression and elevating the expression of FOXO.= targets p21 and p27 (Lin
et al, 2015). In the current study, the apoptotic activity «f lu20lin was associated with
increased expression of FOXO3a and its targets, p21 a. <OD2. Luteolin also increased
ERK-mediated FOXO3a phosphorylation on C2r2¢4, however, this increase was
overshadowed by strong FOXO3a expr.s:ion, suggesting an additional, ERK-
independent mechanism of FOXO3a irz'cucn, as the result of the shift in the balance
of prosurvival and proapoptotic signalin, toward antiproliferative mechanisms (Sharma
et al, 2006). In support of th. _“enomenon of “oncogene addiction” suggested by
Sharma and coworkers, the mhibiion of MEK/ERK in the current study resulted in
increased FOXO3a exprescion, which was associated with increased apoptosis and
cytotoxicity by luteolii .

Autophagy is ‘. well-known molecular mechanism of selective degradation of
damaged cellular proteins and other components (Cheng, 2019). Sewveral signaling
pathways are involved in the regulation of autophagy, including ERK (Martinez-Lopez,
Athonvarangkul, Mishall, Sahu, & Singh, 2013) and JNK and p38 (Sui et al., 2014).
Autophagy can play a prodeath or prosurvival role depending on the cell type and the
type of specific stimuli, the stage of progression, as well as the intensity of Beclin-1

induction (Amaravadi, Kimmelman, & White, 2016; Sui et al., 2014). In the current
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study, luteolin increased expression of Atg7, Beclin-1, and LC3B-II and increased the
formation of acidic autophagic vacuoles in SW620 cells, suggesting that luteolin acted
not only as an inducer of apoptosis but also autophagy. The inhibition of autophagy by
3-MA suggested that autophagy was activated as a compensatory mechanism to resist
luteolin-mediated apoptosis. Similarly, Liu et al. (2017) showed that inhibition of
autophagy leads to reduced cancer cell proliferation and activation of apoptosis in
SW620 cells. Luteolin has been shown to induce cytoprc=ctive autophagy in several
cancer cell lines (Lee & Kwon, 2019; Chakrabarti & Rv, :016; Verschooten et al.,
2012). The non-canonical MEK/ERK signaling pa’v.2v has been involved in the
regulation of autophagy in cancer cells (Wang -t ai, 2009). The depletion of ERK
partially inhibited autophagy, whereas specifc inhibition of MEK completely inhibited
it (Wang et al, 2009). In the current z*uu,” the inhibition of cytoprotective autophagy
through the suppression of LC3B-1lI foi.mation by MEK/ERK inhibition contributed to
the cytotoxicity of luteolin in SWoz 2 calls.

FOXO proteins werc suygested as activators of autophagy through direct
transactivation of autophagy qenes or by regulating autophagy activity (Cheng, 2019).
However, FOXO3a \ /s .hown as a negative regulator of autophagy in multiple cancer
cell lines, including o ostate, breast, and colon cancer, suggesting a complexity of
FOXO signaling in different cell contexts (Zhu et al., 2014). Our results support these
findings, showing that increased FOXO3a expression following the ERK inhibition
coincided with reduced LC3B-Il expression, suggesting the suppression of autophagy
through the ERK/FOXO3a signaling.

Epithelial-mesenchymal transition (EMT) is an early event in tumor metastasis.

It allows a polarized epithelial cell to acquire a mesenchymal cell phenotype, which
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includes enhanced migratory capacity, invasiveness, elevated resistance to apoptosis
and increased production of the extracellular matrix proteins (Kalluri and Weinberg,
2009). Therefore, targeting the EMT pathways represents an attractive strategy for
cancer treatment (Mittal, 2018). Several studies suggested that the Wnt/B-catenin
pathway plays a key role in EMT (Pai et al., 2017; Duchartre et al., 2016). Our results
showed the ability of luteolin to reverse the EMT process through a mechanism that
involves the suppression of the Wnt/B-catenin pathway, <uggesting its antimetastatic
potential in SW620 cells. The previous report suggested e [ rotective effect of luteolin
in azoxymethane-induced colon cancer via inhibitich ~f the Wnt/B-catenin pathway
(Ashokkumar & Sudhandiran, 2011). It has beer. alsc suggested that FOXO3a inhibits
malignant phenotypes that are dependent o, [B-catenin transcriptional activity and
modulation of EMT (Liu et al, 202%), which is consistent with our results. In
conclusion, luteolin exhibited the cytoto, ity against metastatic colon cancer SW620
cells through activation of apoptus. via ERK1/2 and FOXO3a-dependent pathways,
with concomitant induction ¢: the cytoprotective autophagy. Luteolin also showed the
antimetastatic potential throcah the suppression of the Wnt/B-catenin pathway. These
results suggest the lut olin could be considered as an anticancer agent for the treatment
of advanced stages nf colon cancer in humans, although further clinical studies should
be performed to confirm these findings.
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Figure captions:

Fig. 1. Dose-dependent effect of luteolin on SW620 cell proliferation and viability. For
XTT viability assay the cells were cultured in 10% FBS medium and treated with
luteolin for 24 h (A). The percent cytotoxicity was calculated in comparison to untreated
cells taken as 100%. The 50% inhibitory concentration (ICsp) was determined using the
non-linear regression analysis. The proliferation capacity of SW620 cells was
determined by colony formation assay 24 h after treatn ~at with various doses of
luteolin (B). The number of colony formation was counte urder the microscope. The
number of cells per colony was > 50 cells. Values “re evpressed as mean + SD from

three independent experiments.

Fig. 2. Representative acridine orange/~:~piw'um iodide microphotographs for detection
of apoptosis and necrosis in SW620 coi.*rol cells (A) and cells treated with luteolin at
doses of 1 uM (B), 2 uM (C), 5 1M (D), 10 uM (E), and 20 uM (F). Treatment with
higher doses of luteolin hac resuited in an increased occurrence of apoptotic and
necrotic cells. N, necrosi.. (ied intact nucleus); EA, early apoptosis (bright-green
nucleus showing concznsa‘ion of chromatin in the nucleus); LA, late apoptosis (dense

orange areas of chroma.in condensation).

Fig. 3. Analysis of oxidative stress in SW620 cells treated with luteolin. Representative
immunoblots of HO-1 and SOD2 expression (A). Treatment with luteolin resulted in
increased expression of HO-1 (B), which was the highest by the lowest dose of luteolin.
The increase in SOD2 expression was dose-dependent (C). Values are expressed as

mean = SD from three independent experiments. * P < 0.05 vs untreated cells.
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Fig. 4. Analysis of apoptotic cell death in SW620 cells treated with luteolin.
Representative immunoblots of Bax, Bcl-2, p21, caspase-3, and PARP expression (A).
Treatment with Iuteolin resulted in a dose-dependent decrease in expression of Bcl-2
(B) with a concomitant increase of Bax (C) and p21 (D) expression, as well as increased
cleavage of caspase-3 (E) and PARP (F). Values are expressed as mean = SD from three

independent experiments. **P < 0.05 vs untreated cells.

Fig. 5. Representative micrographs for detection of cnop otic cell death by the
immunofiuorescence TUNEL assay. Treatment of SW3.2 rells with luteolin at doses of
1 uM (B), 5 uM (C), and 10 uM (D) has resuk»d 1 a dose-dependent increase in the

occurrence of TUNEL-positive cells comparer 15 untreated cells (A).

Fig. 6. Analysis of autophagy in SWu”0 cells treated with Iuteolin. Representative
immunoblots of LC3B, Atg7, ~.nc Reclin-1 expression (A). Treatment with Iuteolin
resulted in increased expressic 1 o1 both LC3B-1 and LC3B-II (B) as well as increased
expression of Atg7 (C) ana 2eciin-1 (D). Values are expressed as mean £ SD from three

independent experime its. **P < 0.05 vs untreated cells.

Fig. 7. Representative acridine orange micrographs for detection of autophagy by the
immunofluorescence microscopy in control cells (A) and cells treated with luteolin at
doses of 2 uM (B), 5 uM (C), and 10 uM (D). The cytoplasm and nucleus of the stained
cells emit bright green fluorescence, whereas the acidic autophagic vacuoles emit bright
red fluorescence. Treatment with higher doses of luteolin has resulted in an increased

occurrence of autophagic vacuoles in the cell.
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Fig. 8. Analysis of signaling pathways in SW620 cells treated with luteolin.
Representative immunoblots of MAPK and FOXO3a expression (A). Administration of
luteolin resulted in increased phosphorylation of ERK1/2 (Thr202/Tyr204) (B), JNK1/2
(Thr183/Tyr185) (C), and p38 (Thrl80/Tyrl82) (D), compared to their inactive forms.
Luteolin also markedly increased FOXO3a expression (E), with a small increase in
FOXO3a (Ser294) phosphorylation. Values are expressed as mean = SD from three

independent experiments. **P < 0.05 vs untreated cells.

Fig. 9. The effect of autophagy inhibition on luteolix > toxicity (A). The autophagy
inhibitor 3-MA (5 mM) reduced viability of SWE” 0 ¢ lIs treated with luteolin compared
to luteolin-only treated cells. Inhibition of ‘VIEK/ERK signaling in SW620 cells:
representative immunoblots of ERK1/2. 70,’03a, phospho-FOXO3a (Ser294), PARP,
and LC3B-I/Il expression (B). Admm.tration of the MEK inhibitor PD0325901
resuted in the inhibition of pnc.nhorylation of ERK1/2 and FOXO3a, with a
concomitant increase in FCXOca and decrease in LC3B-I/Il expression. The
MEK/ERK inhibition was associated with reduced cell viability and increased
cytotoxicity of luteolin (C). Values are expressed as mean + SD from three independent
experiments. P Differe' t letters indicate a statistical difference between treatments (P <

0.05).
Fig. 10. Reversal of the EMT process in SW620 cells treated with luteolin.

Representative immunoblots of Wnt3, B-catenin, and E-cadherin (A). Administration of

luteolin resulted in reduced expression of Wnt3 (B) and B-catenin (C), with concomitant
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induction of E-cadherin (D). Values are expressed as mean + SD from three

independent experiments. *P < 0.05 vs untreated cells.
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Luteolin reduced the viability of SW620 cells and induced oxidative stress

The expression of proapoptotic proteins increased by luteolin treatment

Luteolin increased expression of autophagic proteins and a prosurvival
autophagy

Luteolin induces reversal of the epithelial-mesenchymal transition

Luteolin activated the ERK1/2 and forkhead box O3a signaling pathways

ERK inhibition increased FOXO3a expression ana <ooptosis and suppressed

autophagy
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