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Sanguinarine (SNG), a benzophenanthridine alkaloid, hassglayed various anticancer
abilities in several vivo andn vitro studies. However, the anticancer potential of SNG
is yet to be established in multiple myeloma (MM), a mostly égarable malignancy of
plasma cells. In this study, we aimed to investigate the potgtial anti-proliferative and
pro-apoptotic activities of SNG in a panel of MM cell lines (@66, IM9, MM1S, and

RPMI-8226). SNG treatment of MM cells resulted in a dose-degndent decrease in cell
viability through mitochondrial membrane potential lossrad activation of caspase 3, 9,

and cleavage of PARP. Pre-treatment of MM cells with a univeal caspase inhibitor,
Z-VAD-FMK, prevented SNG mediated loss of cell viability,pmptosis, and caspase

activation, con rming that SNG-mediated apoptosis is casase-dependent. The SNG-
mediated apoptosis appears to be resulted from suppressiorof the constitutively active
STAT3 with a concomitant increase in expression of proteirytosine phosphatase (SHP-
1). SNG treatment of MM cells leads to down-regulation of thenti-apoptotic proteins

including cyclin D, Bcl-2, Bclxl, and XIAP. In addition, itlao upregulates pro-apoptotic

protein, Bax. SNG mediated cellular DNA damage in MM cell s by induction of

oxidative stress through the generation of reactive oxygerspecies and depletion of
glutathione. Finally, the subtoxic concentration of SNG dranced the cytotoxic effects

of anticancer drugs bortezomib (BTZ) by suppressing the vidlity of MM cells via
induction of caspase-mediated apoptosis. Altogether our ndings demonstrate that SNG

induces mitochondrial and caspase-dependent apoptosis, gnerates oxidative stress,
and suppresses MM cell lines proliferation. In addition, ctreatment of MM cell lines
with sub-toxic doses of SNG and BTZ potentiated the cytotoxd activity. These results
would suggest that SNG could be developed into therapeutic gent either alone or in
combination with other anticancer drugs in MM.
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INTRODUCTION to depletion of glutathione in MM cells. In addition, SNG

potentiated the anticancer e ects of bortezomib in MM cell lines
Multiple myeloma (MM) is a hematological malignancy

characterized by the proliferation of clonal plasma cell
in the bone marrow (BM) accompanied by secretion ojleTERIALS AND METHODS
monoclonal immunoglobulin {). As standard chemotherapy Reagents and Antibodies

and hematopoietic stem-cell transplantation still do not o er Sanguinarine chloride, Cell Counting Kit-8 (CCK-8), and
a cure for patients, alternative strategies are required foN-acetylcysteine (NAC) were purchased from Sigma Chemical
therapeutic interventionX). Co. (St. Louis, USA). Z-VAD-FMK was purchased from
Signal transducer and activator of transcription 3 (STAT3)Calbiochem (San Diego, USA). Antibodies against caspase-9,
is @ member of the STAT family of transcription factors asBclxl, Bcl2, phospho-STAT3, STAT3, SHP-1, cleaved caspase-3,
well as a critical molecule of JAK/STAT signaling pathway ( and caspase-3 were purchased from Cell Signaling Technslogie
3). Deregulated STAT3 is oncogenic and has been shown {Beverly, USA). VELCADE (Bortezomib), PARP, and GAPDH
be involved in the regulation of various important functions antibodies were purchased from Santa Cruz Biotechnology, In
such as cell proliferation, and di erentiation in many cancer(Santa Cruz, USA). XIAP antibody was purchased from Abcam
cells. Constitutive and sustained activation of STAT3 hesrb (Cambridge, UK). FITC Annexin V apoptosis detection kit
observed in many human malignancies including multiple| Apo-Direct kit, Fixation/Permeabilization solution kitBD
myeloma, leukemia, lymphoma, and solid tumorg, (5).  MitoScreen (JC-1), BV421 mouse agtt2AX (pS139), PE rabbit
Activation of STAT3 has been found to be associated withtsiior anti-active caspase-3, and Alexa Fluor 700 mouse anti-cleave
survival of patients with multiple myeloma). A number of  PARP (Asp214) antibodies were purchased from BD Biosciences
pro-survival and antiapoptotic genes are regulated by adtivat (San Jose, USA). CellROXGreen and ThiolTracker Violet were
of STAT3 at the transcription level including cyclin D, Bclxl, purchased from Invitrogen (Massachusetts, USA). RPMI 1640,
Bcl2, survivin, MMP9, and VEGF7( 8). Protein tyrosine fetal bovine serum (FBS), Penicillin Streptomycin (PenStrep)

phosphatases (PTPs) are negative regulators of the JAK/STfvkre purchased from Life technologies (California, USA).
signaling. SHP-1 is one of PTP members that has been shown

to dephosphorylate JAK kinase9) @nd STAT3 directly {0) to  Cell Culture

prevent the JAK/STAT pathway. U266, MM1S, IM9, and RPMI-8226 cells were obtained from
Sanguinarine (SNG) a benzophenanthridine alkaloid, said tATCC, USA, and grown in RPMI 1,640 medium supplemented

be a “secondary metabolite” or “natural productll( 12) is  with 10% (v/v) fetal bovine serum and 100 U/ml of Pen Strep at

predominantly isolated from the root ddanguinaria canadensis 37 C in a humidi ed incubator with 5% CQ.

(13. In vivo and in vitro preliminary pre-clinical studies in

animal models have reported SNG anticancer potential via th€ell Viability Assays

induction of apoptosis and/or anti-proliferative, anti-angienic, Briey, 1 10" cells grown in 96-well cell culture plates (0.2 mL

and anti-invasive activity which has been well-documerited  media) were treated with increasing doses of SNG. After the

wide range of cancerd{-16) including lung (17-21), breast22-  incubation period (24 h), 1@L of CCK-8 reagent was added to

28) skin cancers 12, 29-32), and hematological malignancies the wells, followed by 2 h incubation at 37. Finally, the optical

(33-39). Interestingly, SNG does not show toxicity in healthydensity was measured at 450 nm and percent cell viability was

cells signifying its potential for anticancer agen&f)( SNG calculated as described previoushy)(

has been shown to induce cell death via the extrinsic and

intrinsic apoptotic pathwaysl¢). Inhibition of more than 70% AnnexinV/propidium lodide Dual Staining

of tumor growth has been seen via SNG-mediated productiot266, MM1S, and IM9 cell lines were treated with various doses

of reactive oxygen species (ROS), inducing oxidative stress aof SNG for 24 h. The cells were stained with annexin V-FITC and

cell damage in cancer celldd. In addition, SNG exhibits propidium iodide as described earliet?), and then analyzed by

cytotoxic e ects via suppressing the activity of various sigme ~ ow cytometry.

cascades in a wide range of cancer cell line§ g1, 32

40, 47). Although the anticancer activity of SNG has beenCell Lysis and Immunoblotting

shown in hematological malignancies, mainly leukemias an@NG treated U266, MM1S, IM9, and RPMI cells were lysed with

lymphomas but its anticancer potential has not been studied iltaemmli bu er as described previously3), an equal quantity

multiple myeloma. of protein was separated by SDS-PAGE, transferred to PVDF
In this study, we investigated the anticancer activity ofGSN membrane, and then immunoblotted using various antibodies

in MM cell lines. Our data showed that SNG treatment ofand then visualized.

MM cells suppressed the viability via induction of apoptosis.

SNG treatment of MM cells inactivated STAT3 activity with T UNEL Assay for Measurement of DNA

concomitant upregulation of SHP-1, a PTPs that is a negativBouble-Strand Breaks

regulator of STAT3. Furthermore, SNG-induced apoptosiDNA fragmentation in the MM cells was measured using

involves mitochondrial and caspase-cascade signaling pgthw Apo-Direct kit as described earlierl{). Briey, SNG treated

SNG mediated apoptosis was found to involve ROS dueells were initially xed with 1% paraformaldehyde for 30 min
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permeabilized using ice-cold 70% ethanol, and then incubateMFI of the staining isotype control from the MFI of the
with 50 mL DNA labeling solution for 60 min at 3. Stained monoclonal antibody.
cells were washed and then analyzed using LSRFortessa Becko

Dickinson, San Diego, USA). Measurement of Mitochondrial Membrane

Potential (MMP)

Colony Formation Assa
y y SE ect of SNG on the MMP of MM cells was determined using

E ect of SNG on the anchorage-independent growth of MM cell

was assayed by colony formation assay following the CytclSelgD I;)AitQScrgehn ("3101) ‘?Iss,ayl kit as dtle)scribed eamﬁrb@f;]r )
96-well cell transformation assay kit's protocol providedtbg Incubation with SNG, cells in 1x assay bu er were incubatethwi

manufacturer (Cell Biolabs, Inc.) Briey, U266 and MM1S ceII‘]C'1 stain for 15 min at 3T, Washed _and then analyzed by Flow
lines were treated with SNG (0.25, 0.5, 1, 2, amdV® and Cytometry, to quantify the reduction in red uorescence.
seeded in a density of 4 1P cell/ml into a 0.4% top agar layer

poured over 0.6% lower agar layer and incubated for 8 days &tytochrome C Release Assay

37 C and 5% CQ. Then agar was solubilized, and cells weraJ266 cells were treated with SNG (1, 2, anthM) for 24 h
lysed. Following that, the CyQuant dye was used to measeare thind then cytosolic as well as mitochondrial fractions were

uorescence intensity of each well at 485/530 nm. isolated as described previousi). Brie y, cells were harvested,
incubated in ice-cold hypotonic bu er and then homogenized by
Comet Assay passing through a 22-gauge needle (15-20 times). Mitochahdri

The DNA damage in multiple myeloma cells was evaluated usingellet and cytosolic fraction were obtained by dierential
comet SCGE assay kit obtained from Enzo life sciences. Tleentrifugation. Twenty microgram protein from the cytosodéind
multiple myeloma cells 1 1P/ml at a ratio of 1:10 were mixed mitochondrial fractions was separated by SDS-PAGE and then
with low melting agarose, and #8 of the mixture was added immunoblotted using anti-cytochrome c antibody.

to comet slide. The slides were kept in the dark for 10 min and

then immersed in lysis solution followed by alkaline sauti Gene Silencing of STAT3 Using Small Inference

and nally 1X TBE bu er. The slides were then transferred to aRNA Technique

horizontal gel electrophoresis apparatus, and power was supplies66 cells (1 1°) were transfected with STAT3 siRNA
at 1 volt per cm. Once electrophoresis was completed the slidgsat 4390824, Life Technologies, California, USA)] &@whtrol
were dipped in 70% ethanol and air dried. Then hd@f diluted  sjRNA (Cat no: 1027281 Qiagen) using 4D-Nucleofect®t
CYGREEN' nucleic acid dye was added to each circle of comesystem (Lonza). After 48 h of incubation, cells were lysed and

slide and stained for 30 min in the dark. The slides were driegmmunoblotted with anti-STAT3 and other antibodies.
completely and visualized using epi uorescence microscopy.

- Measurement of Reactive Oxygen Species
Measurement of Active Caspase-3 and MM cells, IM9, and U266, were exposed to various doses of

Cleaved PARP by Flow Cytometry o ~ SNG for a period of 24 h. After incubation, cells were harvested
U266, MM1S, and IM9 cells were treated with increasingashed, and then stained with CelROX Green reageniV(Sn
concentrations of SNG as described in the gure legend. Hils c HBSS) for 30 min at 3T. The stained cells were analyzed by

were xed and permeabilized using Fixation/Permeabiliaati cytometry as described earlief to quantify the levels of
solution kit, according to the manufacturer's protocol. 0.5 g5ctive oxygen species.

1P cells in 1x Perm-Wash buer were stained with BV605
tagged anti-active caspase-3 and AF700 tagged PARP cleaved .

form antibodies (5.0 each) for 30 min, washed twice and then Measurement of Reduced Glutathione

analyzed by ow cytometry using BD LSRFortessa analyzer &M cells IM9 and U266 were exposed to increasing doses of

described previouslyiQ). SNG for a period of 24 h. After incubation, cells were harvested
washed and then stained with ThiolTracker Violet reagentkb
Measurement of Bax/Bcl2 by Flow in HBSS) for 30 min at 37TC. The stained cells were analyzed by

ow cytometry as described earlied?) to quantify the levels of

Cytometry reduced glutathione
U266 cells were treated with SNG, xed, and permeabilized '

using Fixation/Permeabilization solution kit, according the

manufacturers protocol. 0.5 1 cells in 1x Perm-Wash Statistical Analysis

bu er were stained with FITC tagged anti-bax and V450 tagged’he signi cance of dierences between dierent treatment
Bcl-2 antibodies (5.0m each) for 30 min, washed twice and groups was determined by one-way ANOVA with Sidgadst-hoc
then analyzed by ow cytometry. Matched isotype controltest, performed using GraphPad Prism v7.0 (GraphPad Software
was prepared for all treatment conditions. The Bax/Bcl-2arati Inc, California, USA). Values oP < 0.001 were considered
was determined by dividing the relative median uorescencestatistically signi cant. denotesp < 0.001. In all gures, data
intensity (MFI) of Bax staining by the relative MFI of Bcl-2 is expressed as the meanstandard deviation (S.D), with the
staining. Relative MFI was determined by subtracting thevertical error bars denoting the S.D.
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RESULTS apoptosis, caspase signaling, DNA damage, and cell viability
. . (Figures 2D—H and Supplementary Figures 2A-T All of the
Treatment of MM Cells With SNG Mediates above-discussed datapsubstantiate the role of caspaseterddi
Cellular DNA Damage and Induces signaling pathways in SNG-induced apoptosis in MM cells.
Apoptosis i . ,
We rst determined whether treatment of MM cells with SNG SNG Activates the Intrinsic Apoptotic
induces cellular damage. To achieve this objective, U266, MM1Bathway in Multiple Myeloma Cells
IM9, and RPMI-8226 cells were treated with an increasingiembers of the Bcl-2 family is known to regulate apoptosis by
dose of SNG for 24h and viability was determined by celkeeping a balance between the levels of anti-apoptotic genes,
viability assay using CCK-8 solution. As shownfigure 1A,  such as Bcl-2, Bclxl, and the pro-apoptotic molecules with
SNG treatment of U266 and RPMI-8226 cells signi cantlyBH3-domain (Bax, Bak, etc.). Any deviation from this deféca
decreased MM cell viability in a dose-dependent manner whebalance can lead to activation or inhibition of mitochonali
treated with 0.25-#M SNG, with the half maximal inhibitory mediated death pathway!$). Therefore, we sought to evaluate
concentration (1Go) between 1 and M. In the next series of the e ect of SNG on the protein levels of the most important
experiments, we determined whether inhibition of cell vidpis  members of the Bcl-2 family; Bax and Bcl-2, in U266 cells. As
due to apoptosis, measurement of apoptosis was performed usisgown inFigures 3A-C SNG treatment resulted in a signi cant
various assays, including annexin V-FITC/PI dual stainamgl  decrease in Bcl-2 expression in a dose-dependent manner which
measurement of DNA fragmentation by TUNEL assay. Annexircoincides with the increase in Bax. Densitometric analpsis
V-FITC/PI dual staining showed that U266 treated with 0.25the blots and ow cytometry analysis of Bax and Bcl2 proteins
0.5, 1, 2, and #M SNG had a dose-dependent increase incon rms the rise in the ratio of Bax to Bcl-2 protein levels
apoptosis Figure 1B). A similar pattern of apoptotic response (Figures 3A—Q, which is known to occur during mitochondria-
was observed in IM9 and MM1S cell linefigures 1B,§.  mediated apoptosi$().
DNA ds breaks were measured by means of a TUNEL assay, The permeability of the mitochondrial outer membrane, as
using the fragmentation marker dUTP. This was carried out orwell as the proton gradient across the inner membrane, can
U266 cells treated with 0.25, 0.5, 1, 2, antM SNG, which be a ected by alterations in the Bax/Bcl2 ratio, which can lead
revealed 11% control cells containing DNA ds breaks withroveto the loss of membrane potential. So, we designed further
92% of cells containing ds breaks when treated with M4 experiments to study MMP as well as the cytosolic release of
SNG (igure 1D). DNA ds breaks were further con rmed by cytochrome c (normally sequestered within the mitochonylina
measuring the staining with p-H2X, a marker for DNA ds breaksvarious MM cell lines with and without SNG treatment. After
(Supplementary Figure 1A. In addition, SNG induced cellular SNG treatment, the transmembrane potential in MM cells was
DNA damage in individual cells could be visually deduced byanalyzed using JC1 dye by ow cytometry as depolarization is
a COMET assay which revealed signi cant DNA damage in associated with early stages of the apoptotic process. As shown
dose-dependent manneiFigure 15. Finally, we assessed thein Figure 3D, there was a signi canty(< 0.001) depolarization
e ect of SNG on colony formation ability of MM cells. U266 of the membrane in a dose-dependent manner in all the
and MM1S cell were treated with various doses of SNG anMiM cell lines. SNG treatment resulted in an increase in the
seeded on agar using CytoSelect; Cell Biolabs assay kt. Aftytoplasmic level of cytochrome c with a concomitant deczeas
8 days of incubation, colonies were quanti ed as describved iin mitochondrial fractions Figure 3B. Cytosolic cytochrome ¢
material methods. Using a uorescence plate reader (4854520 triggers downstream events in the apoptotic cascade, inogudi
Iter set) according to the assay protocol. As showrFigure 1F  the activation of caspase cascade which is a hallmark mafker o
andSupplementary Figures 1B,CSNG treatment causes a dose-programmed cell deattb(l).
dependent decrease in colony formation ability in both daks. o ]
Caspases are proteolytic proteins that play an importanBNG Promotes Oxidative Stress via ROS
role in the cell death signaling pathway for rapid and e cient Generation in Multiple Myeloma Cells
apoptosis 47, 49). Our results showed that SNG treatment Oxidative stress results from an imbalance between ROS
resulted in the activation of caspase-9 followed by the nabproduction and the cells ability to scavenge thef?)( ROS
executioner -caspase 3, leading to PARP cleavage in MM cedlee a group of highly reactive molecules responsible for
(Figure 2A). In addition, we also determined activation of regulating normal cell proliferation and di erentiation5Q).
caspase-3 and the subsequent PARP cleavage by ow cytometipder normal physiological conditions, ROS function as “redox
to con rm the role of caspase cascade in SNG mediated indnctiomessengers” in low levels mediating the growth adaptatiah an
of apoptosis. Treatment of MM cells with SNG up tarid  overall survival of the cell5¢). However, the high level of
resulted in a dose-dependent increase in the cellular leviels these free radical molecules mediates cellular DNA damage,
active caspase 3 and cleaved PARP in all cell IFigsiles 2B,  reduces normal MMP, and promotes cancer cell death. SNG
while reaching to a saturation level at 2 andndl of SNG has been shown to act as a ROS inducer via increasing ROS-
treatment condition. The involvement of caspase activaiion related stress resulting in ROS-dependent apoptosis in cancer
SNG mediated apoptosis was further proved by the observatiatells (L6). Thus, we had an interest in identifying if SNG
that pretreatment of MM cell with z- VAD-FMK, a universal could induce ROS-dependent apoptosis specically in MM
inhibitor of caspases resulted in abrogation of SNG-inducedells. Therefore, we measured oxidative stress in SNGetteat
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FIGURE 1 | Effects of SNG on proliferation, and apoptosis in MM cell§A) SNG inhibits the viability of MM cells. U266, IM9, MM1S, and RRI cells were incubated
with 0.25, 0.5, 1.0, 2.0, and 4mM SNG for 24 h. Cell proliferation assays were performed usinCCK-8 as described in Materials and Methods. The graph disipys the
mean SD (standard deviation) of three independent experimentsith replicates of six wells for all the doses.p< 0.001. (B) SNG induces apoptosis in MM cell
lines. U266, IM-9, and MM1S cells were treated with 0.25, 0.51.0, 2.0, and 4mM of SNG for 24 h and cells were subsequently stained with uorscein-conjugated
annexin-V, Pl, and subsequently analyzed by ow cytometryC) The graph displays the mean SD (standard deviation) of percentage of apoptotic cells gly
Apoptosis C Late Apoptosis) of two independent experiments with repliates of three wells for all the doses? p < 0.05, *p < 0.001. (D) SNG treatment induces DNA
fragmentation in MM cells. U266 and IM9 cells were treated witand without 0.25, 0.5, 1.0, 2.0, and 4mM of SNG as indicated for 24 h and cells were subsequently
stained using the APO-DIRECT kit (BD Biosciences) to measufeagmentation using TUNEL assay (terminal deoxynucleotiiransferase dUTP nick end labeling) as
described in Materials and Methods and then analyzed by ow ctometry. The graph displays the mean SD (standard deviation) of three independent experiments
for all the doses. p < 0.001. (E) SNG treatment induces DNA damage in MM cells. IM-9 and U266 ck were treated with and without 0.25, 0.5, 1.0, 2, and 4.0mM
of SNG as indicated for 24 h and cells were used to perform Conmteassay to visual DNA fragmentation as described in Materaand Methods and then analyzed by
ow cytometry. (F) Antiproliferative effects of SNG on U266 and MML1S cells weranalyzed by colony formation assay. U266 and MM1S cells werplated on
methyl-cellulose with 0.25, 0.5, 1.0, 2, and 4.0mM of SNG for 10 days. Colonies were stained with CyQuant dye ah uorescence intensity measured at 485/530 nm.
The graph displays the mean SD (standard deviation) of three independent experimentsf all the doses. p < 0.001.

U266 and IM9 cells using the uorogenic probe CellROXFigure 4C SNG treatment of U266 and IM9 resulted in a dose-
Green which emits a strong uorescence (peak emission atependent depletion of GSH which was statistically signi cant
525nm) when oxidized by ROS. U266 and IM9 cells wer&urthermore, when the MM cells were pretreated with 10 mM
treated with SNG for 24h at various concentrations. SNGNAC, the SNG mediated deletion of GSH in MM cells was
treated MM cells showed a dose-dependent generation @frevented Figure 4D). We determined in the next series of
ROS at the cellular levelFigure 4A). Pretreatment of MM experiments whether SNG mediated generation of ROS is
cell with N-acetyl-L-cysteine (NAC) an inhibitor of ROS involved in the activation of caspase-mediated apoptosis in
generation abolished signi cantly SNG-mediated ROS in bottMM cells. U266 and IM9 cells were initially incubated with
cell lines Figure 4B). Glutathione (GSH) is key component 10 mM NAC, followed by SNG treatment for 24 h. As shown in
of cellular antioxidant defense mechanism and has a vitl ro Figures 4E-G pretreatment of MM cells with NAC prevented

in many oxidative stress-related diseases, includingerarin  apoptosis as well as caspase activity strongly indicating that
the next experiment, we evaluated whether SNG treatmer8NG mediated ROS is involved in the induction of apoptosis in
of MM cells reduced GSH level in MM cells. As shown inMM cells.

Frontiers in Oncology | www.frontiersin.org 5 April 2019 | Volume 9 | Article 285


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Akhtar et al. Anticancer Activity of Sanguinarine in MM Cells

A B C
MM1S U266
SNG 0 0.25 0.5 1 2 4 0 02505 1 2 4(puM) 120 4 . 120 1 U266 OIVD BMMLS
|-~- ||'-"'"' | e;f.loo- . o+ oate K100
Blot:anti-caspase-9 Blot:anti-caspase-9 % g0 - 3 E
» . 3 A o
|--.- ||-—- | §60 F]
o >
Blot:anti-caspase-3 Blot:anti-caspase-3 s * 2
© 40 A =
| LA —- i £
£ J
Blot:anti-cleaved caspase-3 Blot:anti-cleaved caspase-3 E 20 %
—_—— - |—- ————— E o - ot i
T TS e e o — — e w—
- . Control 0.25 0.5 1 2 4 Control 0.25 0.5 1 2 4
Blot:anti-PARP Blot:anti-PARP SNG (uM) SNG (uM)
Blot:anti-GAPDH Blot:anti-GAPDH
D * * F 100 — =
MM1S U266 100 =
SNG - + - + - + - + | | §
Fmk-VAD - - + + - - + + _. 80 2 80
IS H
-— — | —_— D w— | i,’ 60 %60
a 8
Blot: anti-caspase 3 Blot: anti-caspase 3 2 g
: e a 5 20 240
< 20 £ 20
Blot:anti-cleaved caspase 3 Blot:anti-cleaved caspase 3 H
0 3
P ——— J— _— — o 0
| —_— — | Contwl SNG ZVAD-ROK SNG:;:AD' Control SNG 2-VAD-FMK ~ SNG+ z-VAD-
Blot: anti-PARP Blot: anti-PARP FMK
* *
BW | [ v | "o |
Blot: anti-GAPDH Blot: anti-GAPDH 100
80
VAD-FMK - -

60

Cell viability (%)

~N
o ©

- +
SNG - + + +
40
n n n n ¢ sne VAD-RAK SNGs D

FMK

FIGURE 2 | SNG mediated activation of caspase cascade in MM cells. SN@duced activation of caspase-9, caspase-3, and cleavage bPARP in MM cells.(A)
U266 and MM1S cells were treated with and without 0.25, 0.5, 10, 2.0, and 4mM of SNG for 24 h. Cells were lysed and 50ng of proteins were separated on
SDS-PAGE, transferred to PVDF membrane, and immunoblottedith antibodies against caspase-9, caspase-3, cleaved cagase-3, PARP, and GAPDH.
SNG-induced caspase-3 activation(B) and PARP cleavage(C) in MM cell lines. U266, IM9, and MM1S were treated with and witbut 0.25, 0.5, 1.0, 2.0, and 4 mM of
SNG for 24 h and levels of active caspase-3 and cleaved PARP we determined by ow cytometry as described in Materials and Mthods. The graph displays the
mean SD (standard deviation). 5 < 0.001. (D) Effect of z-VAD-FMK on SNG-induced caspase cascade. U266 ahMM1S cells were pre-treated with 20mM
z-VAD-FMK for 1 h and subsequently treated with 21M SNG for 24 h. Cells were lysed and 50mg of proteins were separated on SDS-PAGE, transferred to PVID
membrane, and immunoblotted with antibodies against caspsae-3, cleaved caspase-3, PARP, and GAPDH(E) Effect of z-VAD-FMK on SNG-induced apoptosis.
U266 and MM1S cells were treated as described above and induion of apoptosis was measured using uorescein-conjugatedannexin-V and propidium iodide
staining and analyzed by ow cytometry. The graph displays ta mean SD (standard deviation) of the percentage of apoptotic cell(Early ApoptosisC Late
Apoptosis). < 0.001. (F) Pre-treatment of z-VAD-FMK prevented SNG mediated caspas8 activation and PARP cleavage. U266 and MM1S cells were teted as
described above and analyzed for active caspase-3 and clead PARP by ow cytometry. The graph displays the mean SD (standard deviation).pj < 0.001. (G)
Effect of z-VAD-FMK on SNG-induced DNA damage. U266 and MM18ells were treated as described above and induction of DNA daage was visualized using
Comet assay. (H) Effect of z-VAD-FMK on SNG-mediated inhibition of cell viality. U266 cells were pretreated with 26nM Z-VAD-fmk for 1 h. Then cells were treated
with 2mM SNG 24 h and cell viability assay deterimed by CCK-8 kit as deribed in Methods. The graph displays the mean SD (standard deviation). 5 < 0.001.

SNG Suppresses JAK2/STAT3 Survival any e ects on total STAT3 proteins. STAT3 has been shown to
Pathway in Multiple Myeloma Cells be regulated by no-receptor tyrosine kinase JAKZ).(Thus,
STAT3 is known to mediate cell survival in many cancersWe sought to nd out whether SNG mediated suppression
and U266 cell line is reported to have constitutively actidate Of STAT3 is JAK2 dependent. As shown figure 5A, SNG
STAT3 pathway. So, we analyzed the e ect of SNG on thireatment of U266 cell causes dephosphorylation of JAK2 withou
phosphorylation and activation of STAT3 in MM cells by treatinga ecting its protein level. Interestingly, SNG did not showyan
the cells with increasing concentrations of SNG for 24 h. SN@ ects on the phosphorylation of JAK1 as well as on p-STAT3-
treatment resulted in the dephosphorylation of STAT3, whiasw ser727 in U266 cellsSupplementary Figure 3 To further
completely abolished at concentrations 2 armdM (Figure 54).  characterize the functional e ects of SNG-mediated inhidsitof
Then, we checked the e ect of SNG on the total protein levelSTAT3 activity (dephosphorylation), we investigated the BIA
of STAT3. As shown irFigure 5A SNG treatment did not show downstream target gene products including cyclin D, BclxH an
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FIGURE 3 | SNG-induced mitochondrial signaling pathways in MM cellsSNG treatment causes an alteration in Bcl-2 expression(A) U266 cells were treated with
increasing doses of SNG for 24 h as indicated. After cell lysji equal amounts of proteins were separated by SDS—-PAGE, tresferred to PVDF membrane and
immunoblotted with antibodies against Bax, Bcl-2, and GAPBI as indicated. (B) Data obtained from immunoblot analyses of Bax and Bcl-2. U26 cells were used to
evaluate effects of SNG on Bax/Bcl-2 ratio. Densitometric aalysis of Bax and Bcl-two bands was performed using Alphalmaer Software (San Leandro, CA, USA),
and data (relative density normalized to GAPDH) were plotieas Bax/Bcl-2 ratio. (C) U266 cells were treated with and without 0.25, 0.5, 1.0, 2.0,and 4mM of SNG
for 24 h and levels of Bax and Bcl-2 were determined by ow cytonetry as described in Materials and Methods. The MFI values we used to calculate the Bax/Bcl-2
ratio, and the mean SD (standard deviation) is plotted in the graph. p < 0.001. (D) SNG treatment causes the loss of MMP in MM cells. U266, IM9, andiM1S
cells were treated with indicated doses of SNG for 24 h. AftedC1 staining, cells were analyzed by ow cytometry as describd in Materials and Methods. The graph
displays the mean SD of three independent experiments.pj < 0.001. (E) The SNG-induced release of cytochrome c. U266 cells were taed with and without 1.0,
2.0, and 4.0mM SNG for 24 h. Cytoplasmic fraction was isolated as describ@ in Materials and Methods. Cell extracts were separated on BS-PAGE, transferred to
PVDF membrane, and immunoblotted with an antibody againstytochrome ¢ and GAPDH.

XIAP that are involved in proliferation and growth of MM cells. proteins such as Bclxl, survivin and XIAP in U266 cells, we used
As shown inFigure 5A, SNG treatment of MM cells resulted in RNA interference to knock down STAT3 using siRNA against
decreased expression of cyclin D, with maximal e ect observe8TAT3. As shown irigure 5B, STAT3-speci ¢ siRNA decreased
at the doses 2 andiM. Further, we studied the involvement of the protein levels of STAT3, which lead to down-regulation
other antiapoptotic proteins in SNG-induced apoptosis. X-lidke of Bclxl, survivin, and XIAP, in the U266 cells. In addition,
Inhibitor of Apoptosis protein (XIAP) over-expressioh®, 57)  gene silencing of STAT3 resulted in activation of the caspase
has been reported to correlate with the suppression of apoptosis3 and 9 (Figure 5B). These results suggest that targeting
in many cancer cells5@), and it is the most promising target STAT3 signaling either with SNG treatment or gene silencing
of Inhibitor of Apoptosis proteins (IAPs) family which is also with siRNA resulted in downregulation of antiapoptotic genes
selectively over-expressed in various cancers including B4 ( and activation of caspases that lead to induction of apoptosis i
62). In diagnosed MM patients, XIAP expression level is high andM cells.

decreased XIAP expression correlates with the treatmenaeyc PTPs are negative regulators of the JAK/STAT signalidy (

of chemotherapy and proteasome inhibito&3). Therefore, we Therefore, we sought to determine whether SNG-induced de-
determined the e ect of SNG on MM cell lines. As shown phosphorylation (inactivation) of STAT3 is involving PTPs. As
in Figure 5A, U266 cells had higher levels of XIAP in the shown inFigure 5A SNG treatment upregulates the expression
control as expected, but a dose-dependent decrease in XIAR SHP-1 in a dose-dependent manner. Moreover, pretreatment
expression was seen upon treatment with SNG. To providef U266 cells with sodium pervanadate, a PTP inhibitor
direct evidence, whether STAT3 down-regulates antiapoptotiprevented SNG-mediated dephosphorylation (inactivation) of
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FIGURE 4 | SNG increases ROS generation in MM cell§A) U266 and IM9 cells were treated with SNG for 24 h, and the cellal level of ROS was measured using
CellROX Green reagent by ow cytometry as described in Methosl The graph displays the mean SD (standard deviation) of ROS levels (fold change compared
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control) of three experiments pp < 0.001. (B) Effect of NAC on SNG-induced generation of ROS. U266 and IM9 dks were pre-treated with 10 mM NAC, subsequently
treated with 2mM SNG for 24 h. CellROX assays were performed as described in&thods. The graph displays the mean SD (standard deviation) of ROS levels (fold
change compared to control) of three experimentspy < 0.001. (C) Effect of SNG on reduced glutathione levels in MM cell line€]266 and IM9 cells were treated with
increasing doses of SNG for 24 h and levels of reduced glutatbne were determined using ThiolTracker Violet reagent by w cytometry. The graph displays the mean
SD (standard deviation) of ThiolTracker Violet MFI (foldahge compared to control) of three experimentsﬁ.“é p < 0.05, *p < 0.001. (D) NAC pre-treatment of MM
cell prevents SNG-induced glutathione depletion. U266 andM9 cells were pretreated with 10 mM NAC, subsequently treaiwith 2mM SNG as indicated for 24 h
and GSH content was determined by ThiolTracker Violet by ow gtometry. Bars represent mean SD (standard deviation), y < 0.001. (E) Pre-treatment of MM cell
with NAC prevent SNG-induced apoptosis. U266 and IM9 cells wee pretreated with 10 mM NAC, subsequently treated with 2nM SNG as indicated for 24 h. The

caspase-3, PARP, and GAPDH.

cells were then stained with uorescein-conjugated annexisV, Pl, and analyzed by ow cytometry. The graph displays the man  SD (standard deviation) of the
percentage of apoptotic cells (Early Apoptosi< Late Apoptosis). P < 0.001. (F) Pre-treatment of MM cell with NAC prevent SNG induced PARP ehvage and
Caspase-3 activity. U266 cells were pretreated with 10 mM N&, subsequently treated with 2nM SNG as indicated for 24 h and levels of active caspase-3 and
cleaved PARP were determined by ow cytometry as described irMaterials and Methods. The graph displays the mean SD (standard deviation)j < 0.001. (G)
Effect of NAC on SNG-induced caspase cascade. U266 and MM1S ells were pre-treated with 10 mM NAC and subsequently treate with 2 mM SNG for 24 h. Cells
were lysed and 50mg of proteins were separated on SDS-PAGE, transferred to PMBmembrane, and immunoblotted with antibodies against casase-3, cleaved

STAT3 (igure 50, suggesting the role of SHP-1 in SNG-in Figure 6A, the secretion level of IL6 is comparatively higher in

mediated STAT3 de-phosphorylation (inactivation).

SNG Treatment of MM Cells Prevents IL 6
Secretion and Inhibits IL6 Inducible STAT3

Activation
U266 and MM1S cells were treated with 1 anc of SNG for

U266 as compared to MM1S con rming earlier ndings by Lin

et al. 5. Interestingly, SNG treatment of MM cells prevented
the secretion of IL6 secretion into the medikidures 6A,B.

IL-6 has been shown to activate STAT3. Hence, we checked
whether IL6 could induce phosphorylation of STAT3 of MM cells.
U266 and MM1S cells were treated with 100 ng/ml of IL6 for
various time-periods. Treatment of MM cells with IL6 causes

24 h. Secretion of IL6 in cell culture media was measured by ttme-dependent phosphorylation of STAT3 in both cell lines
Multiplexing kit as described in material and methods. As show (Figure 6C. Thymoquinone has been shown to prevent IL-6
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FIGURE 5 | SNG suppresses constitutively activated STAT3 signalinggthway. (A) U266 cells were treated with increasing doses of SNG for 24 haindicated. After
cell lysis, equal amounts of proteins were separated by SDSAGE, transferred to PVDF membrane, and immunoblotted withntibodies of p-JAK2, JAK2, p-STAT3
(Try705) STAT3, SHP-1, Cyclin D, Belxl, Mcl1, survivin, XIAP, and GARM. (B) Effect of Stat3 knock-down on total STAT3 levels and relategroteins. U266 cells were
transfected with either control (100 pM) or STAT3 speci ¢ siRA (50 or 100 pM). Cells extracts were separated on SDS-PAGHransferred to PVDF membrane, and
immunoblotted with antibodies against STAT3, Bclxl, survin, XIAP, caspase-3, and caspase-9(C) Involvement of Tyrosine-protein phosphatase in SNG induced
reduction of Stat3 phosphorylation U266 cells were treated with 2.0mM SNG in the absence or presence of various doses of sodium peanadate for 4 h, cell
extracts were prepared, and Western blotting was performedising p-STAT3 and STAT3 as indicated.

inducible p-SAT3 in MM cells €6), we also analyzed whether BTZ single treatment condition. In addition, this combinai
SNG can prevent IL6 mediated-STAT3 activation. As shown imlose was able to enhance cell death via activation of caspase
Figure 6D, pretreatment of MM cell with SNG prevented IL6- and PARP Figures 7B,Q.

mediated STAT3 phosphorylation suggesting that SNG Inhibits

IL6 inducible STAT3 activationHigure 6D).

DISCUSSION

Combination of SNG ar_]d Bort_ezomlb Previous studies showed that Sanguinarine (SNG) prevented
Enhances Cytotoxicity in Multiple Myeloma carcinogenic activity in various types of cancer cell lindse T
Cells major mechanisms of anti-cancer activity described for SNG
Bortezomib (BTZ) is a selective, rst-in-class, FDA-approvedwvas its role in triggering intrinsic apoptosis, stimulatinget
proteasome inhibitor for the treatment of MM patientgld).  generation of reactive oxygen species (ROS), and inducing DNA
However, the e cacy of BTZ is mostly constrained due tofragmentation (6, 71-73). However, SNG activity was not yet
the development of resistancé7 and relapse @8) which are de ned in Multiple myeloma (MM). Multiple myeloma is a
wide-spread. Many natural compounds have been shown tslow proliferative B cell malignancy that leads to a buildup of
potentiated the anticancer activity of bortezomib vitro as apoptosis-resistant plasma cells in the bone marrdw 7).
wellin vivo (69, 70) therefore, we sought to determine whetherIn the current study, we investigated the anticancer e ect of
SNG can increase the anticancer e ects of BTZ in MM cellSNG in MM cells. We performed a panel of tests to de ne
when used as a combination treatment. To this end, we treatetthe mechanism of activity of SNG in four MM cancer cell
U266 cells with sub toxic doses of SNG (@M) and BTZ lines. Our ndings strongly showed that SNG suppressed MM
(5nM) alone or in a combination of SNG and BTZ. As showncells proliferation through the generation of apoptotic e ects.
in Figure 7, the combination of SNG and BTZ reduced cell The evidence for proapoptotic activity of SNG was revealed by
proliferation signi cantly (Figure 7A) as compared to SNG or increased annexin-V/PI positive cells, activation of caspas®d3
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FIGURE 6 | SNG mediated inhibition of IL 6 secretion and IL 6 induced STAT&ctivation in MM cells. U266(A) and MM1S (B) cells were treated with increasing
doses of SNG for 24 h as indicated. The culture supernatant waused to estimate the levels of IL 6 (pg/ml) as described by cytone measement kit. The graph
displays the mean SD (standard deviation) of three independent of for all theages. *p < 0.001 (C) U266 and MML1S cells were serum satrved for 24 h and
subsequently treated with IL6 (100 ng/ml) for indicated time g@riods. After cell lysis, equal amounts of proteins were sepated by SDS—-PAGE, transferred to PVDF
membrane and immunoblotted with antibodies of p-STAT3TY705) and STAT3.(D) SNG inhibits IL6 induced STAT3 activation. U266 and MM1S cellwere serum
sartved for 24 h, subsequently pretreated with 2.0nM SNG for 1 h and then stimulated with IL 6 (10@ng/ml) for 30 min. Cell extracts were prepared, and Western
blotting was performed using antibodies against p-STAT3 ath STAT3 as described earlier.

cleavage of PARP in MM cells after SNG treatment. It is wellturn activates caspase 9 and induce apopt&gls Since we show
known that the balance of pro-apoptotic (Bax) and anti-apoptoticthat caspase 9 expression was e ciently increased in MM cells
(Bcl-2) proteins of the Bcl-2 family, plays a role in the inégr in response to SNG treatment, we suggest that SNG-mediated
of the mitochondrial membrane 76). Bax has been shown apoptosis in MM cell lines involves mitochondria-mediated
to antagonize Bcl-2 expression leading to an alteration ef thcaspase activity. Moreover, SNG caspase-dependent apoptotic
mitochondrial membrane permeability followed by activatioh e ect was again con rmed by using z-VAD-FMK, a universal
caspases and apoptosi$), We are showing that SNG treatment inhibitor of caspases, which prevented SNG-mediated apoptosis
enhanced the Bax/Bcl-2 ratio in a dose-dependent manner. ROS generation and resulting oxidative stress are asstciate
Indeed, SNG treatment induces an alteration of Bcl-2 exjwass with cell death in many types of cell8@. In the present
and enhancement of Bax levels resulting in a signi cantratien  study, we showed that SNG treatment signi cantly induced
in mitochondrial membrane potential (MMP). Consequently, the production of ROS along with a depletion of glutathione
we observed that treated MM cells presented an increase (®SH) level in MM cells. Furthermore, pretreatment of MM
cytochrome c levels in their cytosolic fraction and a condamt  cells with N-acetylcysteine (NAC) seems to inhibit SNG-ined

loss in their mitochondrial fraction. One of the functiond o proapoptotic e ects including depletion of GSH, apoptosis and
cytosolic cytochrome C is to interact with apoptotic proteaseactivation of caspases and PARP. These ndings strongly stigge
activating factor-1 (APAF-1) and procaspase 9 in the presendbat SNG mediated proapoptotic e ects in MM cells occurs
of ATP to form the multimeric complex, apoptosome, which in through the involvement of ROS.
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FIGURE 7 | SNG enhances the cytotoxicity of bortezomib in MM cells(A) U266 cells were treated with 0.5mM SNG and 5nM BTZ alone or in combination for 24 h
as indicated. Cell proliferation assays were performed usy CCK-8 as described in Materials and Methods. The graph djgays the mean SD (standard deviation) of
three independent experiments with replicates of six wellfor all the doses.*p < 0.001. (B) U266 cells were treated with SNG and BTZ as indicated earliefhe cells
were then stained with uorescein-conjugated annexin-V, Pland analyzed by ow cytometry. (C) U266 cells were treated with SNG and BTZ as indicated earlieCells
were lysed and 50mg of proteins were separated on SDS-PAGE, transferred to PMBmembrane, and immunoblotted with antibodies against casase-3, cleaved
caspase-3, PARP, and GAPDH.

Recent studies showed that deregulated intracellular sigmal would regulate the activation of STAT84). Our data showed
of the JAK/STAT3 pathway plays a role in the emergencthat SNG treatment upregulated SHP-1 and this e ect was
of resistance to apoptosis in many human malignanciéd.( concomitant with a decrease in phosphorylation of STAT3 in
Indeed, constitutive JAK/STAT and NEB signaling have been MM cells. To further conrm the role of SHP-1 in STAT3
linked with the pathogenesis of Mg, 79) and activated STAT3 activation/phosphorylation, we used pervanadate, an inhibito
was shown to control the transcription of many antiapoptoticof PTPs. In the presence of pervanadate, SNG treatment
genes such as Bcl2, survivin, and BcE, (81). Upregulation failed to suppress the phosphorylation of STAT3. Finally, our
of these antiapoptotic proteins causes sustained cell sdyvivalata shows for the rst time, that SNG inhibits secretion
enhances cellular resistance to chemotherapy and suppressédL6 by MM cells, and suppresses IL-6 mediated signaling
apoptosis §2). Our data showed that SNG treatment leads topathway in U266 cells. Interestingly, SNG also potentiated
suppression of constitutive phosphorylation of STAT3 in MMthe anticancer e ects of bortezomib (BTZ) in MM cells
cells. In addition, we also demonstrated that SNG inhibitedsuggesting that SNG may be a novel therapeutic agent for
the phosphorylation of JAK2, an upstream tyrosine kinasenanagement of MM treatment alone or in combination with
that regulates the activation of STAT8J. Furthermore, we other anticancer agents.
observed that U266 cells treated with SNG had a downregulated In summary, our study is the rst one to dene the
expression of cyclin D, a proliferative marker of MM cells. SNGmechanism of activity of SNG in MM cells. We obtained
also suppressed the expression of antiapoptotic genes; syrvivaigni cant data that provides evidence about the cytotoxic
Bclxl, and Bcl2, in a dose-dependent manner. Interestirggpe e ect of SNG in this malignancy. Indeed, we showed that
knockout of STAT3 in U266 cells using speci ¢ STAT3 siRNASNG treatment triggered cytotoxic e ects by inactivation of
abolished the expression of survivin, Bclxl, and XIAP as well aJAK/STAT3 activity via suppression of anti-apoptotic genes
activated caspase-9 and caspase-3. (schematically depicted inFigure 8. We have described

Moreover, we investigated the e ect of SNG on the SHPa novel mechanism of action of SNG by showing that
1 molecule, a Protein tyrosine phosphatases (PTPs) whidh upregulates SHP-1 protein and consequently inhibit
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FIGURE 8 | Schematic diagram of SNG mediated action in MM cells.

phosphorylation and activation of STAT3. In addition, welink between the dierent signaling pathways aected by

showed that SNG caused activation of intrinsic apoptoticSNG treatment.

pathways in MM cells and these ndings are in concordance

with previous studies that described the same mechanism EUTHOR CONTRIBUTIONS
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