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Sanguinarine (SNG), a benzophenanthridine alkaloid, has displayed various anticancer

abilities in several vivo and in vitro studies. However, the anticancer potential of SNG

is yet to be established in multiple myeloma (MM), a mostly incurable malignancy of

plasma cells. In this study, we aimed to investigate the potential anti-proliferative and

pro-apoptotic activities of SNG in a panel of MM cell lines (U266, IM9, MM1S, and

RPMI-8226). SNG treatment of MM cells resulted in a dose-dependent decrease in cell

viability through mitochondrial membrane potential loss and activation of caspase 3, 9,

and cleavage of PARP. Pre-treatment of MM cells with a universal caspase inhibitor,

Z-VAD-FMK, prevented SNG mediated loss of cell viability, apoptosis, and caspase

activation, confirming that SNG-mediated apoptosis is caspase-dependent. The SNG-

mediated apoptosis appears to be resulted from suppression of the constitutively active

STAT3 with a concomitant increase in expression of protein tyrosine phosphatase (SHP-

1). SNG treatment of MM cells leads to down-regulation of the anti-apoptotic proteins

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

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

oxidative stress through the generation of reactive oxygen species and depletion of

glutathione. Finally, the subtoxic concentration of SNG enhanced the cytotoxic effects

of anticancer drugs bortezomib (BTZ) by suppressing the viability of MM cells via

induction of caspase-mediated apoptosis. Altogether our findings demonstrate that SNG

induces mitochondrial and caspase-dependent apoptosis, generates oxidative stress,

and suppresses MM cell lines proliferation. In addition, co-treatment of MM cell lines

with sub-toxic doses of SNG and BTZ potentiated the cytotoxic activity. These results

would suggest that SNG could be developed into therapeutic agent either alone or in

combination with other anticancer drugs in MM.
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INTRODUCTION

Multiple myeloma (MM) is a hematological malignancy
characterized by the proliferation of clonal plasma cells
in the bone marrow (BM) accompanied by secretion of
monoclonal immunoglobulin (1). As standard chemotherapy
and hematopoietic stem-cell transplantation still do not offer
a cure for patients, alternative strategies are required for
therapeutic intervention (1).

Signal transducer and activator of transcription 3 (STAT3)
is a member of the STAT family of transcription factors as
well as a critical molecule of JAK/STAT signaling pathway (2,
3). Deregulated STAT3 is oncogenic and has been shown to
be involved in the regulation of various important functions
such as cell proliferation, and differentiation in many cancer
cells. Constitutive and sustained activation of STAT3 has been
observed in many human malignancies including multiple
myeloma, leukemia, lymphoma, and solid tumors (4, 5).
Activation of STAT3 has been found to be associated with shorter
survival of patients with multiple myeloma (6). A number of
pro-survival and antiapoptotic genes are regulated by activation
of STAT3 at the transcription level including cyclin D, Bclxl,
Bcl2, survivin, MMP9, and VEGF (7, 8). Protein tyrosine
phosphatases (PTPs) are negative regulators of the JAK/STAT
signaling. SHP-1 is one of PTP members that has been shown
to dephosphorylate JAK kinases (9) and STAT3 directly (10) to
prevent the JAK/STAT pathway.

Sanguinarine (SNG) a benzophenanthridine alkaloid, said to
be a “secondary metabolite” or “natural product” (11, 12) is
predominantly isolated from the root of Sanguinaria canadensis
(13). In vivo and in vitro preliminary pre-clinical studies in
animal models have reported SNG anticancer potential via the
induction of apoptosis and/or anti-proliferative, anti-angiogenic,
and anti-invasive activity which has been well-documented in a
wide range of cancers (14–16) including lung (17–21), breast (22–
28) skin cancers (12, 29–32), and hematological malignancies
(33–38). Interestingly, SNG does not show toxicity in healthy
cells signifying its potential for anticancer agents (39). SNG
has been shown to induce cell death via the extrinsic and
intrinsic apoptotic pathways (14). Inhibition of more than 70%
of tumor growth has been seen via SNG-mediated production
of reactive oxygen species (ROS), inducing oxidative stress and
cell damage in cancer cells (16). In addition, SNG exhibits
cytotoxic effects via suppressing the activity of various signaling
cascades in a wide range of cancer cell lines (15, 31, 32,
40, 41). Although the anticancer activity of SNG has been
shown in hematological malignancies, mainly leukemias and
lymphomas but its anticancer potential has not been studied in
multiple myeloma.

In this study, we investigated the anticancer activity of SNG

in MM cell lines. Our data showed that SNG treatment of
MM cells suppressed the viability via induction of apoptosis.

SNG treatment of MM cells inactivated STAT3 activity with
concomitant upregulation of SHP-1, a PTPs that is a negative

regulator of STAT3. Furthermore, SNG-induced apoptosis

involves mitochondrial and caspase-cascade signaling pathway.
SNG mediated apoptosis was found to involve ROS due

to depletion of glutathione in MM cells. In addition, SNG
potentiated the anticancer effects of bortezomib in MM cell lines.

MATERIALS AND METHODS

Reagents and Antibodies
Sanguinarine chloride, Cell Counting Kit-8 (CCK-8), and
N-acetylcysteine (NAC) were purchased from Sigma Chemical
Co. (St. Louis, USA). Z-VAD-FMK was purchased from
Calbiochem (San Diego, USA). Antibodies against caspase-9,
Bclxl, Bcl2, phospho-STAT3, STAT3, SHP-1, cleaved caspase-3,
and caspase-3 were purchased from Cell Signaling Technologies
(Beverly, USA). VELCADE R© (Bortezomib), PARP, and GAPDH
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, USA). XIAP antibody was purchased from Abcam
(Cambridge, UK). FITC Annexin V apoptosis detection kit
I, Apo-Direct kit, Fixation/Permeabilization solution kit, BD
MitoScreen (JC-1), BV421mouse anti-γH2AX (pS139), PE rabbit
anti-active caspase-3, and Alexa Fluor 700 mouse anti-cleaved
PARP (Asp214) antibodies were purchased from BD Biosciences
(San Jose, USA). CellROXGreen and ThiolTracker Violet were
purchased from Invitrogen (Massachusetts, USA). RPMI 1640,
fetal bovine serum (FBS), Penicillin Streptomycin (PenStrep)
were purchased from Life technologies (California, USA).

Cell Culture
U266, MM1S, IM9, and RPMI-8226 cells were obtained from
ATCC, USA, and grown in RPMI 1,640 medium supplemented
with 10% (v/v) fetal bovine serum and 100 U/ml of Pen Strep at
37◦C in a humidified incubator with 5% CO2.

Cell Viability Assays
Briefly, 1 × 104 cells grown in 96-well cell culture plates (0.2mL
media) were treated with increasing doses of SNG. After the
incubation period (24 h), 10 µL of CCK-8 reagent was added to
the wells, followed by 2 h incubation at 37◦C. Finally, the optical
density was measured at 450 nm and percent cell viability was
calculated as described previously (42).

AnnexinV/propidium Iodide Dual Staining
U266, MM1S, and IM9 cell lines were treated with various doses
of SNG for 24 h. The cells were stained with annexin V-FITC and
propidium iodide as described earlier (42), and then analyzed by
flow cytometry.

Cell Lysis and Immunoblotting
SNG treated U266, MM1S, IM9, and RPMI cells were lysed with
Laemmli buffer as described previously (43), an equal quantity
of protein was separated by SDS-PAGE, transferred to PVDF
membrane, and then immunoblotted using various antibodies
and then visualized.

TUNEL Assay for Measurement of DNA
Double-Strand Breaks
DNA fragmentation in the MM cells was measured using
Apo-Direct kit as described earlier (44). Briefly, SNG treated
cells were initially fixed with 1% paraformaldehyde for 30min,
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permeabilized using ice-cold 70% ethanol, and then incubated
with 50 µL DNA labeling solution for 60min at 37◦C. Stained
cells were washed and then analyzed using LSRFortessa (Beckon
Dickinson, San Diego, USA).

Colony Formation Assay
Effect of SNG on the anchorage-independent growth of MM cells
was assayed by colony formation assay following the CytoSelect
96-well cell transformation assay kit’s protocol provided by the
manufacturer (Cell Biolabs, Inc.) Briefly, U266 and MM1S cell
lines were treated with SNG (0.25, 0.5, 1, 2, and 4µM) and
seeded in a density of 4 × 105 cell/ml into a 0.4% top agar layer
poured over 0.6% lower agar layer and incubated for 8 days at
37◦C and 5% CO2. Then agar was solubilized, and cells were
lysed. Following that, the CyQuant dye was used to measure the
fluorescence intensity of each well at 485/530 nm.

Comet Assay
The DNA damage in multiple myeloma cells was evaluated using
comet SCGE assay kit obtained from Enzo life sciences. The
multiple myeloma cells 1 × 105/ml at a ratio of 1:10 were mixed
with low melting agarose, and 75 µl of the mixture was added
to comet slide. The slides were kept in the dark for 10min and
then immersed in lysis solution followed by alkaline solution
and finally 1X TBE buffer. The slides were then transferred to a
horizontal gel electrophoresis apparatus, and power was supplied
at 1 volt per cm. Once electrophoresis was completed the slides
were dipped in 70% ethanol and air dried. Then 100 µl of diluted
CYGREEN R© nucleic acid dye was added to each circle of comet
slide and stained for 30min in the dark. The slides were dried
completely and visualized using epifluorescence microscopy.

Measurement of Active Caspase-3 and
Cleaved PARP by Flow Cytometry
U266, MM1S, and IM9 cells were treated with increasing
concentrations of SNG as described in the figure legend. The cells
were fixed and permeabilized using Fixation/Permeabilization
solution kit, according to the manufacturer’s protocol. 0.5 ×

106 cells in 1x Perm-Wash buffer were stained with BV605
tagged anti-active caspase-3 and AF700 tagged PARP cleaved
form antibodies (5.0 µl each) for 30min, washed twice and then
analyzed by flow cytometry using BD LSRFortessa analyzer as
described previously (42).

Measurement of Bax/Bcl2 by Flow
Cytometry
U266 cells were treated with SNG, fixed, and permeabilized
using Fixation/Permeabilization solution kit, according to the
manufacturer’s protocol. 0.5 × 106 cells in 1x Perm-Wash
buffer were stained with FITC tagged anti-bax and V450 tagged
Bcl-2 antibodies (5.0 µl each) for 30min, washed twice and
then analyzed by flow cytometry. Matched isotype control
was prepared for all treatment conditions. The Bax/Bcl-2 ratio
was determined by dividing the relative median fluorescence
intensity (MFI) of Bax staining by the relative MFI of Bcl-2
staining. Relative MFI was determined by subtracting the

MFI of the staining isotype control from the MFI of the
monoclonal antibody.

Measurement of Mitochondrial Membrane
Potential (MMP)
Effect of SNG on the MMP of MM cells was determined using
BD MitoScreen (JC-1) assay kit as described earlier (45). After
incubation with SNG, cells in 1x assay buffer were incubated with
JC-1 stain for 15min at 37◦C, washed and then analyzed by Flow
Cytometry, to quantify the reduction in red fluorescence.

Cytochrome C Release Assay
U266 cells were treated with SNG (1, 2, and 4µM) for 24 h
and then cytosolic as well as mitochondrial fractions were
isolated as described previously (46). Briefly, cells were harvested,
incubated in ice-cold hypotonic buffer and then homogenized by
passing through a 22-gauge needle (15–20 times). Mitochondrial
pellet and cytosolic fraction were obtained by differential
centrifugation. Twentymicrogram protein from the cytosolic and
mitochondrial fractions was separated by SDS-PAGE and then
immunoblotted using anti-cytochrome c antibody.

Gene Silencing of STAT3 Using Small Inference

RNA Technique
U266 cells (1 × 106) were transfected with STAT3 siRNA
[Cat 4390824, Life Technologies, California, USA)] and Control
siRNA (Cat no: 1027281, Qiagen) using 4D-NucleofectorTM

System (Lonza). After 48 h of incubation, cells were lysed and
immunoblotted with anti-STAT3 and other antibodies.

Measurement of Reactive Oxygen Species
MM cells, IM9, and U266, were exposed to various doses of
SNG for a period of 24 h. After incubation, cells were harvested,
washed, and then stained with CellROX Green reagent (5µM in
HBSS) for 30min at 37◦C. The stained cells were analyzed by
flow cytometry as described earlier (42) to quantify the levels of
reactive oxygen species.

Measurement of Reduced Glutathione
MM cells IM9 and U266 were exposed to increasing doses of
SNG for a period of 24 h. After incubation, cells were harvested,
washed and then stained with ThiolTracker Violet reagent (5µM
in HBSS) for 30min at 37◦C. The stained cells were analyzed by
flow cytometry as described earlier (42) to quantify the levels of
reduced glutathione.

Statistical Analysis
The significance of differences between different treatment
groups was determined by one-way ANOVA with Sidak post-hoc
test, performed using GraphPad Prism v7.0 (GraphPad Software
Inc, California, USA). Values of P < 0.001 were considered
statistically significant. ∗ denotes p < 0.001. In all figures, data
is expressed as the mean ± standard deviation (S.D), with the
vertical error bars denoting the S.D.
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RESULTS

Treatment of MM Cells With SNG Mediates
Cellular DNA Damage and Induces
Apoptosis
We first determined whether treatment of MM cells with SNG
induces cellular damage. To achieve this objective, U266, MM1S,
IM9, and RPMI-8226 cells were treated with an increasing
dose of SNG for 24 h and viability was determined by cell
viability assay using CCK-8 solution. As shown in Figure 1A,
SNG treatment of U266 and RPMI-8226 cells significantly
decreased MM cell viability in a dose-dependent manner when
treated with 0.25–4µM SNG, with the half maximal inhibitory
concentration (IC50) between 1 and 2µM. In the next series of
experiments, we determined whether inhibition of cell viability is
due to apoptosis, measurement of apoptosis was performed using
various assays, including annexin V-FITC/PI dual staining and
measurement of DNA fragmentation by TUNEL assay. Annexin
V-FITC/PI dual staining showed that U266 treated with 0.25,
0.5, 1, 2, and 4µM SNG had a dose-dependent increase in
apoptosis (Figure 1B). A similar pattern of apoptotic response
was observed in IM9 and MM1S cell lines (Figures 1B,C).
DNA ds breaks were measured by means of a TUNEL assay,
using the fragmentation marker dUTP. This was carried out on
U266 cells treated with 0.25, 0.5, 1, 2, and 4µM SNG, which
revealed 11% control cells containing DNA ds breaks with over
92% of cells containing ds breaks when treated with 1–4µM
SNG (Figure 1D). DNA ds breaks were further confirmed by
measuring the staining with p-H2X, a marker for DNA ds breaks
(Supplementary Figure 1A). In addition, SNG induced cellular
DNA damage in individual cells could be visually deduced by
a COMET assay which revealed significant DNA damage in a
dose-dependent manner (Figure 1E). Finally, we assessed the
effect of SNG on colony formation ability of MM cells. U266
and MM1S cell were treated with various doses of SNG and
seeded on agar using CytoSelect; Cell Biolabs assay kit. After
8 days of incubation, colonies were quantified as described in
material methods. Using a fluorescence plate reader (485/520 nm
filter set) according to the assay protocol. As shown in Figure 1F

and Supplementary Figures 1B,C, SNG treatment causes a dose-
dependent decrease in colony formation ability in both cell lines.

Caspases are proteolytic proteins that play an important

role in the cell death signaling pathway for rapid and efficient
apoptosis (47, 48). Our results showed that SNG treatment

resulted in the activation of caspase-9 followed by the final
executioner -caspase 3, leading to PARP cleavage in MM cells

(Figure 2A). In addition, we also determined activation of
caspase-3 and the subsequent PARP cleavage by flow cytometry
to confirm the role of caspase cascade in SNGmediated induction
of apoptosis. Treatment of MM cells with SNG up to 1µM
resulted in a dose-dependent increase in the cellular levels of
active caspase 3 and cleaved PARP in all cell lines (Figures 2B,C)
while reaching to a saturation level at 2 and 4µM of SNG
treatment condition. The involvement of caspase activation in
SNG mediated apoptosis was further proved by the observation
that pretreatment of MM cell with z- VAD-FMK, a universal
inhibitor of caspases resulted in abrogation of SNG-induced

apoptosis, caspase signaling, DNA damage, and cell viability
(Figures 2D–H and Supplementary Figures 2A–C). All of the
above-discussed data substantiate the role of caspase-mediated
signaling pathways in SNG-induced apoptosis in MM cells.

SNG Activates the Intrinsic Apoptotic
Pathway in Multiple Myeloma Cells
Members of the Bcl-2 family is known to regulate apoptosis by
keeping a balance between the levels of anti-apoptotic genes,
such as Bcl-2, Bclxl, and the pro-apoptotic molecules with
BH3-domain (Bax, Bak, etc.). Any deviation from this delicate
balance can lead to activation or inhibition of mitochondria-
mediated death pathway (49). Therefore, we sought to evaluate
the effect of SNG on the protein levels of the most important
members of the Bcl-2 family; Bax and Bcl-2, in U266 cells. As
shown in Figures 3A–C, SNG treatment resulted in a significant
decrease in Bcl-2 expression in a dose-dependent manner which
coincides with the increase in Bax. Densitometric analysis of
the blots and flow cytometry analysis of Bax and Bcl2 proteins
confirms the rise in the ratio of Bax to Bcl-2 protein levels
(Figures 3A–C), which is known to occur during mitochondria-
mediated apoptosis (50).

The permeability of the mitochondrial outer membrane, as
well as the proton gradient across the inner membrane, can
be affected by alterations in the Bax/Bcl2 ratio, which can lead
to the loss of membrane potential. So, we designed further
experiments to study MMP as well as the cytosolic release of
cytochrome c (normally sequestered within the mitochondria) in
various MM cell lines with and without SNG treatment. After
SNG treatment, the transmembrane potential in MM cells was
analyzed using JC1 dye by flow cytometry as depolarization is
associated with early stages of the apoptotic process. As shown
in Figure 3D, there was a significant (p < 0.001) depolarization
of the membrane in a dose-dependent manner in all the
MM cell lines. SNG treatment resulted in an increase in the
cytoplasmic level of cytochrome c with a concomitant decrease
in mitochondrial fractions (Figure 3E). Cytosolic cytochrome c
triggers downstream events in the apoptotic cascade, including
the activation of caspase cascade which is a hallmark marker of
programmed cell death (51).

SNG Promotes Oxidative Stress via ROS
Generation in Multiple Myeloma Cells
Oxidative stress results from an imbalance between ROS
production and the cells ability to scavenge them (52). ROS
are a group of highly reactive molecules responsible for
regulating normal cell proliferation and differentiation (53).
Under normal physiological conditions, ROS function as “redox
messengers” in low levels mediating the growth adaptation and
overall survival of the cell (54). However, the high level of
these free radical molecules mediates cellular DNA damage,
reduces normal MMP, and promotes cancer cell death. SNG
has been shown to act as a ROS inducer via increasing ROS-
related stress resulting in ROS-dependent apoptosis in cancer
cells (16). Thus, we had an interest in identifying if SNG
could induce ROS-dependent apoptosis specifically in MM
cells. Therefore, we measured oxidative stress in SNG treated
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FIGURE 1 | Effects of SNG on proliferation, and apoptosis in MM cells. (A) SNG inhibits the viability of MM cells. U266, IM9, MM1S, and RPMI cells were incubated

with 0.25, 0.5, 1.0, 2.0, and 4µM SNG for 24 h. Cell proliferation assays were performed using CCK-8 as described in Materials and Methods. The graph displays the

mean ± SD (standard deviation) of three independent experiments with 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, 0.5, 1.0, 2.0, and 4µM of SNG for 24 h and cells were subsequently stained with fluorescein-conjugated

annexin-V, PI, and subsequently analyzed by flow cytometry. (C) The graph displays the mean ± SD (standard deviation) of percentage of apoptotic cells (Early

Apoptosis + Late Apoptosis) of two independent experiments with replicates 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 with and without 0.25, 0.5, 1.0, 2.0, and 4µM of SNG as indicated for 24 h and cells were subsequently

stained using the APO-DIRECT kit (BD Biosciences) to measure fragmentation using TUNEL assay (terminal deoxynucleotidyltransferase dUTP nick end labeling) as

described in Materials and Methods and then analyzed by flow cytometry. 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 cells were treated with and without 0.25, 0.5, 1.0, 2, and 4.0µM

of SNG as indicated for 24 h and cells were used to perform Comet assay to visual DNA fragmentation as described in Materials and Methods and then analyzed by

flow cytometry. (F) Antiproliferative effects of SNG on U266 and MM1S cells were analyzed by colony formation assay. U266 and MM1S cells were plated on

methyl-cellulose with 0.25, 0.5, 1.0, 2, and 4.0µM of SNG for 10 days. Colonies were stained with CyQuant dye and fluorescence intensity measured at 485/530 nm.

The graph displays the mean ± SD (standard deviation) of three independent experiments for all the doses. *p < 0.001.

U266 and IM9 cells using the fluorogenic probe CellROX
Green which emits a strong fluorescence (peak emission at
525 nm) when oxidized by ROS. U266 and IM9 cells were
treated with SNG for 24 h at various concentrations. SNG
treated MM cells showed a dose-dependent generation of
ROS at the cellular level (Figure 4A). Pretreatment of MM
cell with N-acetyl-L-cysteine (NAC) an inhibitor of ROS
generation abolished significantly SNG-mediated ROS in both
cell lines (Figure 4B). Glutathione (GSH) is key component
of cellular antioxidant defense mechanism and has a vital role
in many oxidative stress-related diseases, including cancer. In
the next experiment, we evaluated whether SNG treatment
of MM cells reduced GSH level in MM cells. As shown in

Figure 4C, SNG treatment of U266 and IM9 resulted in a dose-
dependent depletion of GSH which was statistically significant.
Furthermore, when the MM cells were pretreated with 10mM
NAC, the SNG mediated deletion of GSH in MM cells was
prevented (Figure 4D). We determined in the next series of
experiments whether SNG mediated generation of ROS is
involved in the activation of caspase-mediated apoptosis in
MM cells. U266 and IM9 cells were initially incubated with
10mM NAC, followed by SNG treatment for 24 h. As shown in
Figures 4E–G, pretreatment of MM cells with NAC prevented
apoptosis as well as caspase activity strongly indicating that
SNG mediated ROS is involved in the induction of apoptosis in
MM cells.
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FIGURE 2 | SNG mediated activation of caspase cascade in MM cells. SNG-induced activation of caspase-9, caspase-3, and cleavage of PARP in MM cells. (A)

U266 and MM1S cells were treated with and without 0.25, 0.5, 1.0, 2.0, and 4µM of SNG for 24 h. Cells were lysed and 50 µg of proteins were separated on

SDS-PAGE, transferred to PVDF membrane, and immunoblotted with antibodies against caspase-9, caspase-3, cleaved caspase-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 without 0.25, 0.5, 1.0, 2.0, and 4µM of

SNG for 24 h and levels of active caspase-3 and cleaved PARP were determined by flow cytometry as described in Materials and Methods. The graph displays the

mean ± SD (standard deviation). *p < 0.001. (D) Effect of z-VAD-FMK on SNG-induced caspase cascade. U266 and MM1S cells were pre-treated with 20µM

z-VAD-FMK for 1 h and subsequently treated with 2µM SNG for 24 h. Cells were lysed and 50 µg of proteins were separated on SDS-PAGE, transferred to PVDF

membrane, and immunoblotted with antibodies against caspase-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 induction of apoptosis was measured using fluorescein-conjugated annexin-V and propidium iodide

staining and analyzed by flow cytometry. The graph displays the mean ± SD (standard deviation) of the percentage of apoptotic cells (Early Apoptosis + Late

Apoptosis). *p < 0.001. (F) Pre-treatment of z-VAD-FMK prevented SNG mediated caspase-3 activation and PARP cleavage. U266 and MM1S cells were treated as

described above and analyzed for active caspase-3 and cleaved PARP by flow cytometry. The graph displays the mean ± SD (standard deviation). *p < 0.001. (G)

Effect of z-VAD-FMK on SNG-induced DNA damage. U266 and MM1S cells were treated as described above and induction of DNA damage was visualized using

Comet assay. (H) Effect of z-VAD-FMK on SNG-mediated inhibition of cell viability. U266 cells were pretreated with 20µM Z-VAD-fmk for 1 h. Then cells were treated

with 2µM SNG 24h and cell viability assay deterimed by CCK-8 kit as described in Methods. The graph displays the mean ± SD (standard deviation). *p < 0.001.

SNG Suppresses JAK2/STAT3 Survival
Pathway in Multiple Myeloma Cells
STAT3 is known to mediate cell survival in many cancers,
and U266 cell line is reported to have constitutively activated
STAT3 pathway. So, we analyzed the effect of SNG on the
phosphorylation and activation of STAT3 inMM cells by treating
the cells with increasing concentrations of SNG for 24 h. SNG
treatment resulted in the dephosphorylation of STAT3, whichwas
completely abolished at concentrations 2 and 4µM (Figure 5A).
Then, we checked the effect of SNG on the total protein levels
of STAT3. As shown in Figure 5A SNG treatment did not show

any effects on total STAT3 proteins. STAT3 has been shown to
be regulated by no-receptor tyrosine kinase JAK2 (55). Thus,
we sought to find out whether SNG mediated suppression
of STAT3 is JAK2 dependent. As shown in Figure 5A, SNG

treatment of U266 cell causes dephosphorylation of JAK2without

affecting its protein level. Interestingly, SNG did not show any
effects on the phosphorylation of JAK1 as well as on p-STAT3-
ser727 in U266 cells (Supplementary Figure 3). To further
characterize the functional effects of SNG-mediated inhibition of
STAT3 activity (dephosphorylation), we investigated the STAT3
downstream target gene products including cyclin D, Bclxl, and
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FIGURE 3 | SNG-induced mitochondrial signaling pathways in MM cells. SNG 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 lysis, equal amounts of proteins were separated by SDS–PAGE, transferred to PVDF membrane and

immunoblotted with antibodies against Bax, Bcl-2, and GAPDH as indicated. (B) Data obtained from immunoblot analyses of Bax and Bcl-2. U266 cells were used to

evaluate effects of SNG on Bax/Bcl-2 ratio. Densitometric analysis of Bax and Bcl-two bands was performed using AlphaImager Software (San Leandro, CA, USA),

and data (relative density normalized to GAPDH) were plotted as Bax/Bcl-2 ratio. (C) U266 cells were treated with and without 0.25, 0.5, 1.0, 2.0, and 4µM of SNG

for 24 h and levels of Bax and Bcl-2 were determined by flow cytometry as described in Materials and Methods. The MFI values were 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, and MM1S

cells were treated with indicated doses of SNG for 24 h. After JC1 staining, cells were analyzed by flow cytometry as described in Materials and Methods. The graph

displays the mean ± SD of three independent experiments. *p < 0.001. (E) The SNG-induced release of cytochrome c. U266 cells were treated with and without 1.0,

2.0, and 4.0µM SNG for 24 h. Cytoplasmic fraction was isolated as described in Materials and Methods. Cell extracts were separated on SDS-PAGE, transferred to

PVDF membrane, and immunoblotted with an antibody against cytochrome c and GAPDH.

XIAP that are involved in proliferation and growth of MM cells.
As shown in Figure 5A, SNG treatment of MM cells resulted in
decreased expression of cyclin D, with maximal effect observed
at the doses 2 and 4µM. Further, we studied the involvement of
other antiapoptotic proteins in SNG-induced apoptosis. X-linked
Inhibitor of Apoptosis protein (XIAP) over-expression (56, 57)
has been reported to correlate with the suppression of apoptosis
in many cancer cells (58), and it is the most promising target
of Inhibitor of Apoptosis proteins (IAPs) family which is also
selectively over-expressed in various cancers including MM (59–
62). In diagnosedMMpatients, XIAP expression level is high and
decreased XIAP expression correlates with the treatment efficacy
of chemotherapy and proteasome inhibitors (63). Therefore, we
determined the effect of SNG on MM cell lines. As shown
in Figure 5A, U266 cells had higher levels of XIAP in the
control as expected, but a dose-dependent decrease in XIAP
expression was seen upon treatment with SNG. To provide
direct evidence, whether STAT3 down-regulates antiapoptotic

proteins such as Bclxl, survivin and XIAP in U266 cells, we used
RNA interference to knock down STAT3 using siRNA against
STAT3. As shown in Figure 5B, STAT3-specific siRNA decreased
the protein levels of STAT3, which lead to down-regulation
of Bclxl, survivin, and XIAP, in the U266 cells. In addition,
gene silencing of STAT3 resulted in activation of the caspases,
−3 and −9 (Figure 5B). These results suggest that targeting
STAT3 signaling either with SNG treatment or gene silencing
with siRNA resulted in downregulation of antiapoptotic genes
and activation of caspases that lead to induction of apoptosis in
MM cells.

PTPs are negative regulators of the JAK/STAT signaling (64).
Therefore, we sought to determine whether SNG-induced de-
phosphorylation (inactivation) of STAT3 is involving PTPs. As
shown in Figure 5A SNG treatment upregulates the expression
of SHP-1 in a dose-dependent manner. Moreover, pretreatment
of U266 cells with sodium pervanadate, a PTP inhibitor
prevented SNG-mediated dephosphorylation (inactivation) of
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FIGURE 4 | SNG increases ROS generation in MM cells. (A) U266 and IM9 cells were treated with SNG for 24 h, and the cellular level of ROS was measured using

CellROX Green reagent by flow cytometry as described in Methods. The graph displays the mean ± SD (standard deviation) of ROS levels (fold change compared to

control) of three experiments *p < 0.001. (B) Effect of NAC on SNG-induced generation of ROS. U266 and IM9 cells were pre-treated with 10mM NAC, subsequently

treated with 2µM SNG for 24 h. CellROX assays were performed as described in Methods. The graph displays the mean ± SD (standard deviation) of ROS levels (fold

change compared to control) of three experiments *p < 0.001. (C) Effect of SNG on reduced glutathione levels in MM cell lines. U266 and IM9 cells were treated with

increasing doses of SNG for 24 h and levels of reduced glutathione were determined using ThiolTracker Violet reagent by flow cytometry. The graph displays the mean

± SD (standard deviation) of ThiolTracker Violet MFI (fold change compared to control) of three experiments. #p < 0.05, *p < 0.001. (D) NAC pre-treatment of MM

cell prevents SNG-induced glutathione depletion. U266 and IM9 cells were pretreated with 10mM NAC, subsequently treated with 2µM SNG as indicated for 24 h

and GSH content was determined by ThiolTracker Violet by flow cytometry. Bars represent mean ± SD (standard deviation), *p < 0.001. (E) Pre-treatment of MM cell

with NAC prevent SNG-induced apoptosis. U266 and IM9 cells were pretreated with 10mM NAC, subsequently treated with 2µM SNG as indicated for 24 h. The

cells were then stained with fluorescein-conjugated annexin-V, PI, and analyzed by flow cytometry. The graph displays the mean ± SD (standard deviation) of the

percentage of apoptotic cells (Early Apoptosis + Late Apoptosis). *P < 0.001. (F) Pre-treatment of MM cell with NAC prevent SNG induced PARP cleavage and

Caspase-3 activity. U266 cells were pretreated with 10 mM NAC, subsequently treated with 2µM SNG as indicated for 24 h and levels of active caspase-3 and

cleaved PARP were determined by flow cytometry as described in Materials and Methods. The graph displays the mean ± SD (standard deviation) *p < 0.001. (G)

Effect of NAC on SNG-induced caspase cascade. U266 and MM1S cells were pre-treated with 10mM NAC and subsequently treated with 2µM SNG for 24 h. Cells

were lysed and 50 µg of proteins were separated on SDS-PAGE, transferred to PVDF membrane, and immunoblotted with antibodies against caspase-3, cleaved

caspase-3, PARP, and GAPDH.

STAT3 (Figure 5C), suggesting the role of SHP-1 in SNG-
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 and 2µM of SNG for
24 h. Secretion of IL6 in cell culture media was measured by a
Multiplexing kit as described in material and methods. As shown

in Figure 6A, the secretion level of IL6 is comparatively higher in
U266 as compared to MM1S confirming earlier findings by Lin
et al. (65). Interestingly, SNG treatment of MM cells prevented
the secretion of IL6 secretion into the media (Figures 6A,B).
IL-6 has been shown to activate STAT3. Hence, we checked
whether IL6 could induce phosphorylation of STAT3 ofMMcells.
U266 and MM1S cells were treated with 100 ng/ml of IL6 for
various time-periods. Treatment of MM cells with IL6 causes
time-dependent phosphorylation of STAT3 in both cell lines
(Figure 6C). Thymoquinone has been shown to prevent IL-6
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FIGURE 5 | SNG suppresses constitutively activated STAT3 signaling pathway. (A) U266 cells were treated with increasing doses of SNG for 24 h as indicated. After

cell lysis, equal amounts of proteins were separated by SDS–PAGE, transferred to PVDF membrane, and immunoblotted with antibodies of p-JAK2, JAK2, p-STAT3
(Try705), STAT3, SHP-1, Cyclin D, Bclxl, Mcl1, survivin, XIAP, and GAPDH. (B) Effect of Stat3 knock-down on total STAT3 levels and related proteins. U266 cells were

transfected with either control (100 pM) or STAT3 specific siRNA (50 or 100 pM). Cells extracts were separated on SDS-PAGE, transferred to PVDF membrane, and

immunoblotted with antibodies against STAT3, Bclxl, survivin, XIAP, caspase-3, and caspase-9. (C) Involvement of Tyrosine-protein phosphatase in SNG induced

reduction of Stat3 phosphorylation. U266 cells were treated with 2.0µM SNG in the absence or presence of various doses of sodium pervanadate for 4 h, cell

extracts were prepared, and Western blotting was performed using p-STAT3 and STAT3 as indicated.

inducible p-SAT3 in MM cells (66), we also analyzed whether
SNG can prevent IL6 mediated-STAT3 activation. As shown in
Figure 6D, pretreatment of MM cell with SNG prevented IL6-
mediated STAT3 phosphorylation suggesting that SNG Inhibits
IL6 inducible STAT3 activation (Figure 6D).

Combination of SNG and Bortezomib
Enhances Cytotoxicity in Multiple Myeloma
Cells
Bortezomib (BTZ) is a selective, first-in-class, FDA-approved
proteasome inhibitor for the treatment of MM patients (43).
However, the efficacy of BTZ is mostly constrained due to
the development of resistance (67) and relapse (68) which are
wide-spread. Many natural compounds have been shown to
potentiated the anticancer activity of bortezomib in vitro as
well in vivo (69, 70) therefore, we sought to determine whether
SNG can increase the anticancer effects of BTZ in MM cells
when used as a combination treatment. To this end, we treated
U266 cells with sub toxic doses of SNG (0.5µM) and BTZ
(5 nM) alone or in a combination of SNG and BTZ. As shown
in Figure 7, the combination of SNG and BTZ reduced cell
proliferation significantly (Figure 7A) as compared to SNG or

BTZ single treatment condition. In addition, this combination
dose was able to enhance cell death via activation of caspase−3
and PARP (Figures 7B,C).

DISCUSSION

Previous studies showed that Sanguinarine (SNG) prevented
carcinogenic activity in various types of cancer cell lines. The
major mechanisms of anti-cancer activity described for SNG
was its role in triggering intrinsic apoptosis, stimulating the
generation of reactive oxygen species (ROS), and inducing DNA
fragmentation (16, 71–73). However, SNG activity was not yet
defined in Multiple myeloma (MM). Multiple myeloma is a
slow proliferative B cell malignancy that leads to a buildup of
apoptosis-resistant plasma cells in the bone marrow (1, 74).
In the current study, we investigated the anticancer effect of
SNG in MM cells. We performed a panel of tests to define
the mechanism of activity of SNG in four MM cancer cell
lines. Our findings strongly showed that SNG suppressed MM
cells proliferation through the generation of apoptotic effects.
The evidence for proapoptotic activity of SNG was revealed by
increased annexin-V/PI positive cells, activation of caspase-3 and
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FIGURE 6 | SNG mediated inhibition of IL 6 secretion and IL 6 induced STAT3 activation in MM cells. U266 (A) and MM1S (B) cells were treated with increasing

doses of SNG for 24 h as indicated. The culture supernatant was used to estimate the levels of IL 6 (pg/ml) as described by cytokine measement kit. The graph

displays the mean ± SD (standard deviation) of three independent of for all the doses. *p < 0.001 (C) U266 and MM1S cells were serum satrved for 24 h and

subsequently treated with IL6 (100 ng/ml) for indicated time periods. After cell lysis, equal amounts of proteins were separated by SDS–PAGE, transferred to PVDF

membrane and immunoblotted with antibodies of p-STAT3 (Try705) and STAT3. (D) SNG inhibits IL6 induced STAT3 activation. U266 and MM1S cells were serum

sartved for 24 h, subsequently pretreated with 2.0µM SNG for 1 h and then stimulated with IL 6 (100µg/ml) for 30min. Cell extracts were prepared, and Western

blotting was performed using antibodies against p-STAT3 and STAT3 as described earlier.

cleavage of PARP in MM cells after SNG treatment. It is well-
known that the balance of pro-apoptotic (Bax) and anti-apoptotic
(Bcl-2) proteins of the Bcl-2 family, plays a role in the integrity
of the mitochondrial membrane (75). Bax has been shown
to antagonize Bcl-2 expression leading to an alteration of the
mitochondrial membrane permeability followed by activation of
caspases and apoptosis (76). We are showing that SNG treatment
enhanced the Bax/Bcl-2 ratio in a dose-dependent manner.
Indeed, SNG treatment induces an alteration of Bcl-2 expression
and enhancement of Bax levels resulting in a significant alteration
in mitochondrial membrane potential (MMP). Consequently,
we observed that treated MM cells presented an increase in
cytochrome c levels in their cytosolic fraction and a concomitant
loss in their mitochondrial fraction. One of the functions of
cytosolic cytochrome C is to interact with apoptotic protease-
activating factor-1 (APAF-1) and procaspase 9 in the presence
of ATP to form the multimeric complex, apoptosome, which in

turn activates caspase 9 and induce apoptosis (34). Since we show
that caspase 9 expression was efficiently increased in MM cells
in response to SNG treatment, we suggest that SNG-mediated
apoptosis in MM cell lines involves mitochondria-mediated
caspase activity. Moreover, SNG caspase-dependent apoptotic
effect was again confirmed by using z-VAD-FMK, a universal
inhibitor of caspases, which prevented SNG-mediated apoptosis.

ROS generation and resulting oxidative stress are associated
with cell death in many types of cells (30). In the present
study, we showed that SNG treatment significantly induced
the production of ROS along with a depletion of glutathione
(GSH) level in MM cells. Furthermore, pretreatment of MM
cells with N-acetylcysteine (NAC) seems to inhibit SNG-induced
proapoptotic effects including depletion of GSH, apoptosis and
activation of caspases and PARP. These findings strongly suggest
that SNG mediated proapoptotic effects in MM cells occurs
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 0.5µM SNG and 5 nM BTZ alone or in combination for 24 h

as indicated. Cell proliferation assays were performed using CCK-8 as described in Materials and Methods. The graph displays the mean ± SD (standard deviation) of

three independent experiments with replicates of six wells for all the doses. *p < 0.001. (B) U266 cells were treated with SNG and BTZ as indicated earlier. The cells

were then stained with fluorescein-conjugated annexin-V, PI, and analyzed by flow cytometry. (C) U266 cells were treated with SNG and BTZ as indicated earlier. Cells

were lysed and 50 µg of proteins were separated on SDS-PAGE, transferred to PVDF membrane, and immunoblotted with antibodies against caspase-3, cleaved

caspase-3, PARP, and GAPDH.

Recent studies showed that deregulated intracellular signaling
of the JAK/STAT3 pathway plays a role in the emergence
of resistance to apoptosis in many human malignancies (77).
Indeed, constitutive JAK/STAT and NF-κB signaling have been
linked with the pathogenesis of MM (78, 79) and activated STAT3
was shown to control the transcription of many antiapoptotic
genes such as Bcl2, survivin, and Bclxl (80, 81). Upregulation
of these antiapoptotic proteins causes sustained cell survival,
enhances cellular resistance to chemotherapy and suppresses
apoptosis (82). Our data showed that SNG treatment leads to
suppression of constitutive phosphorylation of STAT3 in MM
cells. In addition, we also demonstrated that SNG inhibited
the phosphorylation of JAK2, an upstream tyrosine kinase
that regulates the activation of STAT3 (83). Furthermore, we
observed that U266 cells treated with SNG had a downregulated
expression of cyclin D, a proliferative marker of MM cells. SNG
also suppressed the expression of antiapoptotic genes; survivin,
Bclxl, and Bcl2, in a dose-dependent manner. Interestingly, gene
knockout of STAT3 in U266 cells using specific STAT3 siRNA
abolished the expression of survivin, Bclxl, and XIAP as well as
activated caspase-9 and caspase-3.

Moreover, we investigated the effect of SNG on the SHP-
1 molecule, a Protein tyrosine phosphatases (PTPs) which

would regulate the activation of STAT3 (84). Our data showed
that SNG treatment upregulated SHP-1 and this effect was
concomitant with a decrease in phosphorylation of STAT3 in
MM cells. To further confirm the role of SHP-1 in STAT3
activation/phosphorylation, we used pervanadate, an inhibitor
of PTPs. In the presence of pervanadate, SNG treatment
failed to suppress the phosphorylation of STAT3. Finally, our
data shows for the first time, that SNG inhibits secretion
of IL6 by MM cells, and suppresses IL-6 mediated signaling
pathway in U266 cells. Interestingly, SNG also potentiated
the anticancer effects of bortezomib (BTZ) in MM cells
suggesting that SNG may be a novel therapeutic agent for
management of MM treatment alone or in combination with
other anticancer agents.

In summary, our study is the first one to define the
mechanism of activity of SNG in MM cells. We obtained
significant data that provides evidence about the cytotoxic
effect of SNG in this malignancy. Indeed, we showed that
SNG treatment triggered cytotoxic effects by inactivation of
JAK/STAT3 activity via suppression of anti-apoptotic genes
(schematically depicted in Figure 8). We have described
a novel mechanism of action of SNG by showing that
it upregulates SHP-1 protein and consequently inhibit

Frontiers in Oncology | www.frontiersin.org 11 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

FIGURE 8 | Schematic diagram of SNG mediated action in MM cells.

phosphorylation and activation of STAT3. In addition, we
showed that SNG caused activation of intrinsic apoptotic
pathways in MM cells and these findings are in concordance
with previous studies that described the same mechanism of
activity but in different types of tumor cells. Moreover, we
demonstrated that SNG induces anticancer activity in MM
cells by depletion of glutathione resulting in the generation
of ROS.

Most importantly, we observed that anti-cancer activity
of the chemotherapeutic drug bortezomib was enhanced
when combined with SNG treatment in MM cells. These
findings provide fundamental information for the design
and selection of combinatory therapeutic approach to
treat MM. The main mechanism of action described for
bortezomib in MM is proteasome inhibition which results in
endoplasmic reticulum stress-induced apoptosis, accumulation
of ROS, and deregulation of functional proteins (such
as IL-6, TNF-α, NF-κB) (85). We think that it would be
interesting to investigate the effect of SNG on some additional
functional protein such as NF-κB to understand how it
can potentiate the anti-cancer activity of BTZ. Currently,
our objective is to perform further studies in MM animal
models and in MM human samples for confirmation of
our findings and for a better understanding in vivo of the

link between the different signaling pathways affected by
SNG treatment.

AUTHOR CONTRIBUTIONS

SA, IA, and KS performed experiment and help in experiment
designing, data analysis, and manuscript writing. SK, KP, AK,
EA, FS, JJ, AR, and MM performed experiment and data
analysis. HE, RT, HO, HZ, SD, and MS help manuscript writing,
editing, proofreading. SU experiment design, data analysis and
manuscript writing, and proofreading.

FUNDING

The Medical Research Centre supported this work
(MRC-01-18-120), Hamad Medical Corporation. The
publication of this article was funded by the Qatar
National Library.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00285/full#supplementary-material

REFERENCES

1. Kumar SK, Rajkumar V, Kyle RA, van Duin M, Sonneveld P, Mateos

MV, et al. Multiple myeloma. Nat Rev Dis Primers. (2017) 3:17046.

doi: 10.1038/nrdp.2017.46

2. Avalle L, Camporeale A, Camperi A, Poli V. STAT3 in cancer: a double edged

sword. Cytokine. (2017) 98:42–50. doi: 10.1016/j.cyto.2017.03.018

3. Siveen KS, Sikka S, Surana R, Dai X, Zhang J, Kumar AP, et al. Targeting the

STAT3 signaling pathway in cancer: role of synthetic and natural inhibitors.

Biochim Biophys Acta. (2014) 1845:136–54. doi: 10.1016/j.bbcan.2013.12.005

Frontiers in Oncology | www.frontiersin.org 12 April 2019 | Volume 9 | Article 285

https://www.frontiersin.org/articles/10.3389/fonc.2019.00285/full#supplementary-material
https://doi.org/10.1038/nrdp.2017.46
https://doi.org/10.1016/j.cyto.2017.03.018
https://doi.org/10.1016/j.bbcan.2013.12.005
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

4. Bharti AC, Donato N, Aggarwal BB. Curcumin (diferuloylmethane)

inhibits constitutive and IL-6-inducible STAT3 phosphorylation in

human multiple myeloma cells. J Immunol. (2003) 171:3863–71.

doi: 10.4049/jimmunol.171.7.3863

5. Baek SH, Lee JH, Kim C, Ko JH, Ryu SH, Lee SG, et al. Ginkgolic Acid

C 17:1, derived from ginkgo biloba leaves, suppresses constitutive and

inducible STAT3 activation through induction of PTEN and SHP-1 tyrosine

phosphatase.Molecules. (2017) 22:E276. doi: 10.3390/molecules22020276

6. Jung SH, Ahn SY, Choi HW, Shin MG, Lee SS, Yang DH, et al. STAT3

expression is associated with poor survival in non-elderly adult patients

with newly diagnosed multiple myeloma. Blood Res. (2017) 52:293–9.

doi: 10.5045/br.2017.52.4.293

7. Buettner R, Mora LB, Jove R. Activated STAT signaling in human tumors

provides novel molecular targets for therapeutic intervention.Clin Cancer Res.

(2002) 8:945–54.

8. Chen Z,Han ZC. STAT3: a critical transcription activator in angiogenesis.Med

Res Rev. (2008) 28:185–200. doi: 10.1002/med.20101

9. Jiao H, Berrada K, Yang W, Tabrizi M, Platanias LC, Yi T. Direct association

with and dephosphorylation of Jak2 kinase by the SH2-domain-containing

protein tyrosine phosphatase SHP-1.Mol Cell Biol. (1996) 16:6985–92.

10. Tai WT, Cheng AL, Shiau CW, Huang HP, Huang JW, Chen PJ, et al. Signal

transducer and activator of transcription 3 is a major kinase-independent

target of sorafenib in hepatocellular carcinoma. J Hepatol. (2011) 55:1041–8.

doi: 10.1016/j.jhep.2011.01.047

11. Mackraj I, Govender T, Gathiram P. Sanguinarine. Cardiovasc Ther. (2008)

26:75–83. doi: 10.1111/j.1527-3466.2007.00037.x

12. Reagan-Shaw S, Breur J, Ahmad N. Enhancement of UVB radiation-mediated

apoptosis by sanguinarine in HaCaT human immortalized keratinocytes.Mol

Cancer Ther. (2006) 5:418–29. doi: 10.1158/1535-7163.MCT-05-0250

13. Ma Y, Sun X, Huang K, Shen S, Lin X, Xie Z, et al. Sanguinarine protects

against osteoarthritis by suppressing the expression of catabolic proteases.

Oncotarget. (2017) 8:62900–13. doi: 10.18632/oncotarget.17036

14. Lee TK, Park C, Jeong SJ, Jeong MJ, Kim GY, Kim WJ, et al. Sanguinarine

induces apoptosis of human oral squamous cell carcinoma KB cells via

inactivation of the PI3K/Akt signaling pathway.Drug Dev Res. (2016) 77:227–

40. doi: 10.1002/ddr.21315

15. Gaziano R, Moroni G, Bue C, Miele MT, Sinibaldi-Vallebona P, Pica

F. Antitumor effects of the benzophenanthridine alkaloid sanguinarine:

evidence and perspectives. World J Gastrointest Oncol. (2016) 8:30–9.

doi: 10.4251/wjgo.v8.i1.30

16. Achkar IW, Mraiche F, Mohammad RM, Uddin S. Anticancer potential of

sanguinarine for various human malignancies. Future Med Chem. (2017)

9:933–50. doi: 10.4155/fmc-2017-0041

17. Jang BC, Park JG, Song DK, Baek WK, Yoo SK, Jung KH, et al.

Sanguinarine induces apoptosis in A549 human lung cancer cells primarily

via cellular glutathione depletion. Toxicol in vitro. (2009) 23:281–7.

doi: 10.1016/j.tiv.2008.12.013

18. Gu S, Yang XC, Xiang XY, Wu Y, Zhang Y, Yan XY, et al. Sanguinarine-

induced apoptosis in lung adenocarcinoma cells is dependent on reactive

oxygen species production and endoplasmic reticulum stress. Oncol Rep.

(2015) 34:913–9. doi: 10.3892/or.2015.4054

19. Xu JY, Meng QH, Chong Y, Jiao Y, Zhao L, Rosen EM, et al. Sanguinarine is

a novel VEGF inhibitor involved in the suppression of angiogenesis and cell

migration.Mol Clin Oncol. (2013) 1:331–6. doi: 10.3892/mco.2012.41

20. Yang J, Fang Z,Wu J, Yin X, Fang Y, Zhao F, et al. Construction and application

of a lung cancer stem cell model: antitumor drug screening and molecular

mechanism of the inhibitory effects of sanguinarine. Tumour Biol. (2016)

37:13871–83. doi: 10.1007/s13277-016-5152-5

21. Leung EL, Fan XX, Wong MP, Jiang ZH, Liu ZQ, Yao XJ, et al.

Targeting tyrosine kinase inhibitor-resistant non-small cell lung cancer by

inducing epidermal growth factor receptor degradation via methionine 790

oxidation. Antioxidants Redox Signal. (2016) 24:263–79. doi: 10.1089/ars.20

15.6420

22. Choi WY, Kim GY, Lee WH, Choi YH. Sanguinarine, a benzophenanthridine

alkaloid, induces apoptosis in MDA-MB-231 human breast carcinoma

cells through a reactive oxygen species-mediated mitochondrial pathway.

Chemotherapy. (2008) 54:279–87. doi: 10.1159/000149719

23. Holy J, Lamont G, Perkins E. Disruption of nucleocytoplasmic trafficking of

cyclin D1 and topoisomerase II by sanguinarine. BMC Cell Biol. (2006) 7:13.

doi: 10.1186/1471-2121-7-13

24. Dong XZ, Zhang M, Wang K, Liu P, Guo DH, Zheng XL, et al. Sanguinarine

inhibits vascular endothelial growth factor release by generation of reactive

oxygen species inMCF-7 humanmammary adenocarcinoma cells. Biomed Res

Int. (2013) 2013:517698. doi: 10.1155/2013/517698

25. Kalogris C, Garulli C, Pietrella L, Gambini V, Pucciarelli S, Lucci C,

et al. Sanguinarine suppresses basal-like breast cancer growth through

dihydrofolate reductase inhibition. Biochem Pharmacol. (2014) 90:226–34.

doi: 10.1016/j.bcp.2014.05.014

26. Choi YH, Choi WY, Hong SH, Kim SO, Kim GY, Lee WH, et al. Anti-

invasive activity of sanguinarine through modulation of tight junctions

and matrix metalloproteinase activities in MDA-MB-231 human breast

carcinoma cells. Chem Biol Interact. (2009) 179:185–91. doi: 10.1016/j.cbi.200

8.11.009

27. Park SY, Jin ML, Kim YH, Lee SJ, Park G. Sanguinarine inhibits

invasiveness and the MMP-9 and COX-2 expression in TPA-induced breast

cancer cells by inducing HO-1 expression. Oncol Rep. (2014) 31:497–504.

doi: 10.3892/or.2013.2843

28. Kim S, Lee TJ, Leem J, Choi KS, Park JW, Kwon TK. Sanguinarine-induced

apoptosis: generation of ROS, down-regulation of Bcl-2, c-FLIP, and synergy

with TRAIL. J Cell Biochem. (2008) 104:895–907. doi: 10.1002/jcb.21672

29. Burgeiro A, Bento AC, Gajate C, Oliveira PJ, Mollinedo F. Rapid human

melanoma cell death induced by sanguinarine through oxidative stress. Eur

J Pharmacol. (2013) 705:109–18. doi: 10.1016/j.ejphar.2013.02.035

30. Serafim TL, Matos JA, Sardao VA, Pereira GC, Branco AF, Pereira SL,

et al. Sanguinarine cytotoxicity on mouse melanoma K1735-M2 cells–

nuclear vs. mitochondrial effects. Biochem Pharmacol. (2008) 76:1459–75.

doi: 10.1016/j.bcp.2008.07.013

31. De Stefano I, Raspaglio G, Zannoni GF, Travaglia D, Prisco MG, Mosca M,

et al. Antiproliferative and antiangiogenic effects of the benzophenanthridine

alkaloid sanguinarine in melanoma. Biochem Pharmacol. (2009) 78:1374–81.

doi: 10.1016/j.bcp.2009.07.011

32. Ansari KM, Das M. Skin tumor promotion by argemone oil/alkaloid in

mice: evidence for enhanced cell proliferation, ornithine decarboxylase,

cyclooxygenase-2 and activation of MAPK/NF-kappaB pathway. Food Chem

Toxicol. (2010) 48:132–8. doi: 10.1016/j.fct.2009.09.029

33. Han MH, Yoo YH, Choi YH. Sanguinarine-induced apoptosis in human

leukemia U937 cells via Bcl-2 downregulation and caspase-3 activation.

Chemotherapy. (2008) 54:157–65. doi: 10.1159/000140359

34. Weerasinghe P, Hallock S, Tang SC, Liepins A. Role of Bcl-2 family proteins

and caspase-3 in sanguinarine-induced bimodal cell death. Cell Biol Toxicol.

(2001) 17:371–81. doi: 10.1023/A:1013796432521

35. Weerasinghe P, Hallock S, Tang SC, Trump B, Liepins A. Sanguinarine

overcomes P-glycoprotein-mediated multidrug-resistance via induction of

apoptosis and oncosis in CEM-VLB 1000 cells. Exp Toxicol Pathol. (2006)

58:21–30. doi: 10.1016/j.etp.2006.01.008

36. Eid SY, El-Readi MZ, Eldin EE, Fatani SH, Wink M. Influence of

combinations of digitonin with selected phenolics, terpenoids, and alkaloids

on the expression and activity of P-glycoprotein in leukaemia and colon

cancer cells. Phytomedicine. (2013) 21:47–61. doi: 10.1016/j.phymed.2013.

07.019

37. Kaminskyy V, Kulachkovskyy O, Stoika R. A decisive role of mitochondria

in defining rate and intensity of apoptosis induction by different alkaloids.

Toxicol Lett. (2008) 177:168–81. doi: 10.1016/j.toxlet.2008.01.009

38. Hussain AR, Al-Jomah NA, Siraj AK, Manogaran P, Al-Hussein K,

Abubaker J, et al. Sanguinarine-dependent induction of apoptosis

in primary effusion lymphoma cells. Cancer Res. (2007) 67:3888–97.

doi: 10.1158/0008-5472.CAN-06-3764

39. Ahmad N, Gupta S, Husain MM, Heiskanen KM, Mukhtar H. Differential

antiproliferative and apoptotic response of sanguinarine for cancer cells versus

normal cells. Clin Cancer Res. (2000) 6:1524–8.

40. Vogt A, Tamewitz A, Skoko J, Sikorski RP, Giuliano KA, Lazo JS. The

benzo[c]phenanthridine alkaloid, sanguinarine, is a selective, cell-active

inhibitor of mitogen-activated protein kinase phosphatase-1. J Biol Chem.

(2005) 280:19078–86. doi: 10.1074/jbc.M501467200

Frontiers in Oncology | www.frontiersin.org 13 April 2019 | Volume 9 | Article 285

https://doi.org/10.4049/jimmunol.171.7.3863
https://doi.org/10.3390/molecules22020276
https://doi.org/10.5045/br.2017.52.4.293
https://doi.org/10.1002/med.20101
https://doi.org/10.1016/j.jhep.2011.01.047
https://doi.org/10.1111/j.1527-3466.2007.00037.x
https://doi.org/10.1158/1535-7163.MCT-05-0250
https://doi.org/10.18632/oncotarget.17036
https://doi.org/10.1002/ddr.21315
https://doi.org/10.4251/wjgo.v8.i1.30
https://doi.org/10.4155/fmc-2017-0041
https://doi.org/10.1016/j.tiv.2008.12.013
https://doi.org/10.3892/or.2015.4054
https://doi.org/10.3892/mco.2012.41
https://doi.org/10.1007/s13277-016-5152-5
https://doi.org/10.1089/ars.2015.6420
https://doi.org/10.1159/000149719
https://doi.org/10.1186/1471-2121-7-13
https://doi.org/10.1155/2013/517698
https://doi.org/10.1016/j.bcp.2014.05.014
https://doi.org/10.1016/j.cbi.2008.11.009
https://doi.org/10.3892/or.2013.2843
https://doi.org/10.1002/jcb.21672
https://doi.org/10.1016/j.ejphar.2013.02.035
https://doi.org/10.1016/j.bcp.2008.07.013
https://doi.org/10.1016/j.bcp.2009.07.011
https://doi.org/10.1016/j.fct.2009.09.029
https://doi.org/10.1159/000140359
https://doi.org/10.1023/A:1013796432521
https://doi.org/10.1016/j.etp.2006.01.008
https://doi.org/10.1016/j.phymed.2013.07.019
https://doi.org/10.1016/j.toxlet.2008.01.009
https://doi.org/10.1158/0008-5472.CAN-06-3764
https://doi.org/10.1074/jbc.M501467200
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

41. Chaturvedi MM, Kumar A, Darnay BG, Chainy GB, Agarwal S, Aggarwal

BB. Sanguinarine (pseudochelerythrine) is a potent inhibitor of NF-kappaB

activation, IkappaBalpha phosphorylation, and degradation. J Biol Chem.

(1997) 272:30129–34.

42. Prabhu KS, Siveen KS, Kuttikrishnan S, Iskandarani AN, Khan AQ, Merhi

M, et al. Greensporone C, a freshwater fungal secondary metabolite induces

mitochondrial-mediated apoptotic cell death in leukemic cell lines. Front

Pharmacol. (2018) 9:720. doi: 10.3389/fphar.2018.00720

43. Iskandarani A, Bhat AA, Siveen KS, Prabhu KS, Kuttikrishnan S, Khan

MA, et al. Bortezomib-mediated downregulation of S-phase kinase protein-

2 (SKP2) causes apoptotic cell death in chronic myelogenous leukemia cells. J

Transl Med. (2016) 14:69. doi: 10.1186/s12967-016-0823-y

44. Hussain AR, Al-Rasheed M, Manogaran PS, Al-Hussein KA, Platanias LC,

Al Kuraya K, et al. Curcumin induces apoptosis via inhibition of PI3’-

kinase/AKT pathway in acute T cell leukemias. Apoptosis. (2006) 11:245–54.

doi: 10.1007/s10495-006-3392-3

45. Prabhu KS, Siveen KS, Kuttikrishnan S, Iskandarani A, TsakouM, Achkar IW,

et al. Targeting of X-linked inhibitor of apoptosis protein and PI3-kinase/AKT

signaling by embelin suppresses growth of leukemic cells. PLoS ONE. (2017)

12:e0180895. doi: 10.1371/journal.pone.0180895

46. Uddin S, Hussain AR, Manogaran PS, Al-Hussein K, Platanias

LC, Gutierrez MI, et al. Curcumin suppresses growth and induces

apoptosis in primary effusion lymphoma. Oncogene. (2005) 24:7022–30.

doi: 10.1038/sj.onc.1208864

47. Hensley P, Mishra M, Kyprianou N. Targeting caspases in cancer therapeutics.

Biol Chem. (2013) 394:831–43. doi: 10.1515/hsz-2013-0128

48. MacKenzie SH, Clark AC. Targeting cell death in tumors by

activating caspases. Curr Cancer Drug Targets. (2008) 8:98–109.

49. Ola MS, Nawaz M, Ahsan H. Role of Bcl-2 family proteins and caspases

in the regulation of apoptosis. Mol Cell Biochem. (2011) 351:41–58.

doi: 10.1007/s11010-010-0709-x

50. Hussain AR, Khan AS, Ahmed SO, Ahmed M, Platanias LC, Al-

Kuraya KS, et al. Apigenin induces apoptosis via downregulation of

S-phase kinase-associated protein 2-mediated induction of p27Kip1

in primary effusion lymphoma cells. Cell Prolif. (2010) 43:170–83.

doi: 10.1111/j.1365-2184.2009.00662.x

51. Maghsoudi N, Zakeri Z, Lockshin RA. Programmed cell death and apoptosis–

where it came from and where it is going: from Elie Metchnikoff to the control

of caspases. Exp Oncol. (2012) 34:146–52.

52. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative

stress and antioxidant defense. World Allergy Organ J. (2012) 5:9–19.

doi: 10.1097/WOX.0b013e3182439613

53. Liou GY, Storz P. Reactive oxygen species in cancer. Free Radic Res. (2010)

44:479–96. doi: 10.3109/10715761003667554

54. Circu ML, Aw TY. Reactive oxygen species, cellular redox

systems, and apoptosis. Free Radical Biol Med. (2010) 48:749–62.

doi: 10.1016/j.freeradbiomed.2009.12.022

55. Siveen KS, Prabhu KS, Achkar IW, Kuttikrishnan S, Shyam S, Khan

AQ, et al. Role of non receptor tyrosine kinases in hematological

malignances and its targeting by natural products. Mol Cancer. (2018) 17:31.

doi: 10.1186/s12943-018-0788-y

56. Hussain AR, Bu R, Ahmed M, Jehan Z, Beg S, Al-Sobhi S, et al. Role of X-

linked inhibitor of apoptosis as a prognostic marker and therapeutic target

in papillary thyroid carcinoma. J Clin Endocrinol Metab. (2015) 100:E974–85.

doi: 10.1210/jc.2014-4356

57. Augello C, Caruso L, Maggioni M, Donadon M, Montorsi M, Santambrogio

R, et al. Inhibitors of apoptosis proteins (IAPs) expression and their

prognostic significance in hepatocellular carcinoma. BMC Cancer. (2009)

9:125. doi: 10.1186/1471-2407-9-125

58. Hussain AR, Siraj AK, AhmedM, Bu R, Pratheeshkumar P, Alrashed AM, et al.

XIAP over-expression is an independent poor prognostic marker in Middle

Eastern breast cancer and can be targeted to induce efficient apoptosis. BMC

Cancer. (2017) 17:640. doi: 10.1186/s12885-017-3627-4

59. Jaquith JB. Targeting the inhibitor of apoptosis protein BIR3 binding domains.

Pharma Patent Anal. (2014) 3:297–312. doi: 10.4155/ppa.14.16

60. Soleimanpour E, Babaei E. Survivin as a potential target for

cancer therapy. Asian Pacific J Cancer Prevent. (2015) 16:6187–91.

doi: 10.7314/APJCP.2015.16.15.6187

61. Chesi M, Mirza NN, Garbitt VM, Sharik ME, Dueck AC, Asmann YW, et al.

IAP antagonists induce anti-tumor immunity in multiple myeloma. Nat Med.

(2016) 22:1411–20. doi: 10.1038/nm.4229

62. Ramakrishnan V, Painuly U, Kimlinger T, Haug J, Rajkumar SV, Kumar S.

Inhibitor of apoptosis proteins as therapeutic targets in multiple myeloma.

Leukemia. (2014) 28:1519–28. doi: 10.1038/leu.2014.2

63. Gaponova T, Misurin A, Mendeleeva L, Varlamova E, Parovichnikova E,

Savchenko V. Expression of XIAP in multiple myeloma patients. Blood.

(2008) 112:5118.

64. Valentino L, Pierre J. JAK/STAT signal transduction: regulators and

implication in hematological malignancies. Biochem Pharmacol. (2006)

71:713–21. doi: 10.1016/j.bcp.2005.12.017

65. Lin L, Benson DM Jr, DeAngelis S, Bakan CE, Li PK, Li C, et al.

A small molecule, LLL12 inhibits constitutive STAT3 and IL-6-induced

STAT3 signaling and exhibits potent growth suppressive activity in human

multiple myeloma cells. Int J Cancer. (2012) 130:1459–69. doi: 10.1002/ijc.

26152

66. Li F, Rajendran P, Sethi G. Thymoquinone inhibits proliferation,

induces apoptosis and chemosensitizes human multiple myeloma

cells through suppression of signal transducer and activator of

transcription 3 activation pathway. Br J Pharmacol. (2010) 161:541–54.

doi: 10.1111/j.1476-5381.2010.00874.x

67. Zaal EA, Wu W, Jansen G, Zweegman S, Cloos J, Berkers CR. Bortezomib

resistance in multiple myeloma is associated with increased serine synthesis.

Cancer Metab. (2017) 5:7. doi: 10.1186/s40170-017-0169-9

68. Murray MY, Auger MJ, Bowles KM. Overcoming bortezomib

resistance in multiple myeloma. Biochem Soc Trans. (2014) 42:804–8.

doi: 10.1042/BST20140126

69. Shanmugam MK, Ahn KS, Lee JH, Kannaiyan R, Mustafa N, Manu KA, et al.

Celastrol attenuates the invasion and migration and augments the anticancer

effects of bortezomib in a xenograft mouse model of multiple myeloma. Front

Pharmacol. (2018) 9:365. doi: 10.3389/fphar.2018.00365

70. Siveen KS, Mustafa N, Li F, Kannaiyan R, Ahn KS, Kumar AP, et al.

Thymoquinone overcomes chemoresistance and enhances the anticancer

effects of bortezomib through abrogation of NF-kappaB regulated gene

products in multiple myeloma xenograft mouse model. Oncotarget. (2014)

5:634–48. doi: 10.18632/oncotarget.1596

71. Kuttikrishnan S, Siveen KS, Prabhu KS, Khan AQ, Akhtar S, Mateo

JM, et al. Sanguinarine suppresses growth and induces apoptosis in

childhood acute lymphoblastic leukemia. Leuk Lymphoma. (2018) 60:782–94.

doi: 10.1080/10428194.2018.1494270

72. Gong X, Chen Z, Han Q, Chen C, Jing L, Liu Y, et al. Sanguinarine

triggers intrinsic apoptosis to suppress colorectal cancer growth through

disassociation between STRAP and MELK. BMC Cancer. (2018) 18:578.

doi: 10.1186/s12885-018-4463-x

73. Croaker A, King GJ, Pyne JH, Anoopkumar-Dukie S, Simanek V, Liu

L. Carcinogenic potential of sanguinarine, a phytochemical used in

’therapeutic’ black salve and mouthwash. Mutation Res. (2017) 774:46–56.

doi: 10.1016/j.mrrev.2017.09.001

74. Hideshima T, Mitsiades C, Tonon G, Richardson PG, Anderson KC.

Understanding multiple myeloma pathogenesis in the bone marrow

to identify new therapeutic targets. Nat Rev Cancer. (2007) 7:585–98.

doi: 10.1038/nrc2189

75. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities

that mediate cell death. Nat Rev Mol Cell Biol. (2008) 9:47–59.

doi: 10.1038/nrm2308

76. Schattner EJ. Apoptosis in lymphocytic leukemias and lymphomas. Cancer

Invest. (2002) 20:737–48. doi: 10.1081/CNV-120002951

77. Thomas SJ, Snowden JA, Zeidler MP, Danson SJ. The role of JAK/STAT

signalling in the pathogenesis, prognosis and treatment of solid tumours. Br J

Cancer. (2015) 113:365–71. doi: 10.1038/bjc.2015.233

78. Burger R, Le Gouill S, Tai YT, Shringarpure R, Tassone P, Neri P, et al.

Janus kinase inhibitor INCB20 has antiproliferative and apoptotic effects on

human myeloma cells in vitro and in vivo. Mol Cancer Ther. (2009) 8:26–35.

doi: 10.1158/1535-7163.MCT-08-0149

79. Kannaiyan R, Hay HS, Rajendran P, Li F, Shanmugam MK, Vali S,

et al. Celastrol inhibits proliferation and induces chemosensitization

through down-regulation of NF-kappaB and STAT3 regulated gene

Frontiers in Oncology | www.frontiersin.org 14 April 2019 | Volume 9 | Article 285

https://doi.org/10.3389/fphar.2018.00720
https://doi.org/10.1186/s12967-016-0823-y
https://doi.org/10.1007/s10495-006-3392-3
https://doi.org/10.1371/journal.pone.0180895
https://doi.org/10.1038/sj.onc.1208864
https://doi.org/10.1515/hsz-2013-0128
https://doi.org/10.1007/s11010-010-0709-x
https://doi.org/10.1111/j.1365-2184.2009.00662.x
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1016/j.freeradbiomed.2009.12.022
https://doi.org/10.1186/s12943-018-0788-y
https://doi.org/10.1210/jc.2014-4356
https://doi.org/10.1186/1471-2407-9-125
https://doi.org/10.1186/s12885-017-3627-4
https://doi.org/10.4155/ppa.14.16
https://doi.org/10.7314/APJCP.2015.16.15.6187
https://doi.org/10.1038/nm.4229
https://doi.org/10.1038/leu.2014.2
https://doi.org/10.1016/j.bcp.2005.12.017
https://doi.org/10.1002/ijc.26152
https://doi.org/10.1111/j.1476-5381.2010.00874.x
https://doi.org/10.1186/s40170-017-0169-9
https://doi.org/10.1042/BST20140126
https://doi.org/10.3389/fphar.2018.00365
https://doi.org/10.18632/oncotarget.1596
https://doi.org/10.1080/10428194.2018.1494270
https://doi.org/10.1186/s12885-018-4463-x
https://doi.org/10.1016/j.mrrev.2017.09.001
https://doi.org/10.1038/nrc2189
https://doi.org/10.1038/nrm2308
https://doi.org/10.1081/CNV-120002951
https://doi.org/10.1038/bjc.2015.233
https://doi.org/10.1158/1535-7163.MCT-08-0149
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

products in multiple myeloma cells. Br J Pharmacol. (2011) 164:1506–21.

doi: 10.1111/j.1476-5381.2011.01449.x

80. Fan LC, Shiau CW, Tai WT, Hung MH, Chu PY, Hsieh FS, et al.

SHP-1 is a negative regulator of epithelial-mesenchymal transition in

hepatocellular carcinoma. Oncogene. (2015) 34:5252–63. doi: 10.1038/onc.

2014.445

81. Wang J, Zhang L, Chen G, Zhang J, Li Z, Lu W, et al. Small

molecule 1’-acetoxychavicol acetate suppresses breast tumor metastasis

by regulating the SHP-1/STAT3/MMPs signaling pathway. Breast

Cancer Res Treat. (2014) 148:279–89. doi: 10.1007/s10549-014-

3165-6

82. Hassan M, Watari H, AbuAlmaaty A, Ohba Y, Sakuragi N. Apoptosis and

molecular targeting therapy in cancer. Biomed Res Int. (2014) 2014:150845.

doi: 10.1155/2014/150845

83. Lo HW, Cao X, Zhu H, Ali-Osman F. Constitutively activated STAT3

frequently coexpresses with epidermal growth factor receptor in high-

grade gliomas and targeting STAT3 sensitizes them to Iressa and

alkylators. Clin Cancer Res. (2008) 14:6042–54. doi: 10.1158/1078-0432.CCR-

07-4923

84. Geiger JL, Grandis JR, Bauman JE. The STAT3 pathway as a therapeutic

target in head and neck cancer: barriers and innovations. Oral Oncol. (2016)

56:84–92. doi: 10.1016/j.oraloncology.2015.11.022

85. Ri M. Endoplasmic-reticulum stress pathway-associated mechanisms of

action of proteasome inhibitors in multiple myeloma. Int J Hematol. (2016)

104:273–80. doi: 10.1007/s12185-016-2016-0

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Akhtar, Achkar, Siveen, Kuttikrishnan, Prabhu, Khan, Ahmed,

Sahir, Jerobin, Raza, Merhi, Elsabah, Taha, Omri, Zayed, Dermime, Steinhoff and

Uddin. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 15 April 2019 | Volume 9 | Article 285

https://doi.org/10.1111/j.1476-5381.2011.01449.x
https://doi.org/10.1038/onc.2014.445
https://doi.org/10.1007/s10549-014-3165-6
https://doi.org/10.1155/2014/150845
https://doi.org/10.1158/1078-0432.CCR-07-4923
https://doi.org/10.1016/j.oraloncology.2015.11.022
https://doi.org/10.1007/s12185-016-2016-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Sanguinarine Induces Apoptosis Pathway in Multiple Myeloma Cell Lines via Inhibition of the JaK2/STAT3 Signaling
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Culture
	Cell Viability Assays
	AnnexinV/propidium Iodide Dual Staining
	Cell Lysis and Immunoblotting
	TUNEL Assay for Measurement of DNA Double-Strand Breaks
	Colony Formation Assay
	Comet Assay
	Measurement of Active Caspase-3 and Cleaved PARP by Flow Cytometry
	Measurement of Bax/Bcl2 by Flow Cytometry
	Measurement of Mitochondrial Membrane Potential (MMP)
	Cytochrome C Release Assay
	Gene Silencing of STAT3 Using Small Inference RNA Technique

	Measurement of Reactive Oxygen Species
	Measurement of Reduced Glutathione
	Statistical Analysis

	Results
	Treatment of MM Cells With SNG Mediates Cellular DNA Damage and Induces Apoptosis
	SNG Activates the Intrinsic Apoptotic Pathway in Multiple Myeloma Cells
	SNG Promotes Oxidative Stress via ROS Generation in Multiple Myeloma Cells
	SNG Suppresses JAK2/STAT3 Survival Pathway in Multiple Myeloma Cells
	SNG Treatment of MM Cells Prevents IL 6 Secretion and Inhibits IL6 Inducible STAT3 Activation
	Combination of SNG and Bortezomib Enhances Cytotoxicity in Multiple Myeloma Cells

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


