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ARTICLE INFO ABSTRACT

Keywords: Effective treatment of lung cancer remains a significant clinical challenge due to its multidrug resistance and side
Apoptosis effects of the current treatment options. The high mortality associated with this malignancy indicates the need
Antiproliferative for new therapeutic interventions with fewer side effects. Natural compounds offer various benefits such as easy
Alkaloids .. . . . .

Antioxidants access, minimal side effects, and multi-molecular targets and thus, can prove useful in treating lung cancer.
Cancer stem cells Sanguinarine (SNG), a natural compound, possesses favorable therapeutic potential against a variety of cancers.
Sanguinarine Here, we examined the underlying molecular mechanisms of SNG in Non-Small Cell Lung Cancer (NSCLC) cells.

ROS SNG suppressed cell growth and induced apoptosis via downregulation of the constitutively active JAK/STAT

STAT3 pathway in all the NSCLC cell lines. siRNA silencing of STAT3 in NSCLC cells further confirmed the involvement
of the JAK/STAT signaling cascade. SNG treatment increased Bax/Bcl-2 ratio, which contributed to a leaky
mitochondrial membrane leading to cytochrome c release accompanied by caspase activation. In addition, we
established the antitumor effects of SNG through reactive oxygen species (ROS) production, as inhibiting ROS
production prevented the apoptosis-inducing potential of SNG. In vivo xenograft tumor model further validated
our in vitro findings. Overall, our study investigated the molecular mechanisms by which SNG induces apoptosis
in NSCLC, providing avenues for developing novel natural compound-based cancer therapies.

treatment with a 5-year survival rate of about 15% [3]. Significant
adverse effects, high cytotoxicity, and therapeutic resistance limit these
targeted therapies’ long-term beneficial effects [3]. The search for newer

1. Introduction

Lung cancer is one of the leading causes of cancer death, accounting

for 1.4 million deaths per year. Non-Small Cell Lung Cancer (NSCLC), a
subtype of lung cancer, accounts for nearly 80-85% of cases [1,2].
Surgical resection at the earlier stage and chemotherapy, radiotherapy,
targeted therapy, etc., at the advanced stage, is the preferred mode of

therapeutic options against NSCLC with fewer side effects continues.

Herbal drugs, alone or combined with chemotherapeutic agents, are

preferred due to their higher potency with fewer side effects [4].
Many medicinal plants have anticancer properties due to secondary
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metabolites synthesized from various phytochemical compounds such as
alkaloids, flavonoids, terpenoids, etc. Such metabolites can sensitize
cancer cells and cancer stem cells (CSCs) to chemotherapeutic agents by
targeting multiple signaling pathways and modulating stemness prop-
erties [5]. One such medicinal plant product, the benzo phenanthridine
alkaloid Sanguinarine (SNG), is isolated from the species Sanguinaria
canadensis and Fumaria [6]. Several pre-clinical studies utilizing in vitro
and in vivo models have previously verified the role of SNG in the
treatment of a wide range of human cancers [7-15]. These studies
indicated the inherent ability of SNG as a potentially interesting thera-
peutic candidate for cancer treatment [16,17]. In addition to many other
causes, inflammation is a critical component of tumor growth and is
implicated in all stages of tumorigenesis. It’s becoming clear that the
inflammatory tumor microenvironment (TME), which consists of cancer
cells and stromal and inflammatory cells in the surrounding area, is a
critical player in the neoplastic phase, promoting proliferation, survival,
and migration. TME cells are extremely plastic, regularly modifying
their phenotypic and functional characteristics [18]. NF-kB, a
pro-inflammatory transcription factor and a key activator of inflam-
mation, support the growth and proliferation of cancer cells and various
other physiological processes like invasion, migration, metastasis, etc.
NF-kB is also documented to play a significant role in regulating ex-
pressions of various inflammatory genes, which play a pivotal role in
TME [19]. For instance, IL-6 supports the progression and development
of colorectal cancer cells by regulating both local and systemic inflam-
mation and the process of angiogenesis[20]. Besides, IL-6 is also an
activator of STAT3 signaling that blocks apoptosis of cancer cells during
the inflammatory process, thereby keeping them alive in toxic envi-
ronments [21]. SNG, a natural compound, has been reported to have
anti-inflammatory properties. It was observed that SNG suppressed the
proliferation of A549 cells and thereby promoted apoptosis via regu-
lating the exosomes that suppressed the NF-kB pathway in THP-1 cells
[21]. SNG successfully inhibited MAPK activation, altering inflamma-
tory mediator synthesis and release, suggesting its potential role as an
anti-inflammatory agent [22,23]. We and others have demonstrated
SNG’s ability to inhibit IL6 secretion, thereby controlling the process of
STATS3 activation [24]. In addition, SNG has also been widely reported
to be used in dental products such as toothpaste and mouthwash to treat
gingivitis and other inflammatory conditions[25]. In the present study,
we explored the anticancer potential of SNG in NSCLC cells and in tumor
xenograft model to decipher the signaling pathways involved therein.

2. Materials and methods
2.1. Reagents and antibodies

Sanguinarine chloride (Tocris, Cat. No. 2302), Cell Counting Kit-8
(Sigma Aldrich, Cat. No. 96992-100TESTS-F), and N-acetylcysteine
(NAC) (Sigma Aldrich, Cat. No. A9165). z-VAD-FMK was purchased
from Tocris, Cat. No. 2163). Antibodies against caspase-9 (Cat. No.
9508), Bcl2 (Cat. No. 15071), phospho-STAT3 Tyr705- Cat. No. 9145,
phospho-STAT3 Ser727- Cat. No. 9134, STAT3 Cat. No.12640, cleaved
caspase-3 Cat. No. 9661, caspase-3 Cat. No. 9662, Bax (Cat. N0.5023),
Cytochrome c (Cat. No.12963), Tubulin (Cat. No.2144), GAPDH (Cat.
No.5174), PARP ( Cat. No0.9542) CLEAVED CASPASE 8 (Cat. N0.9496),
phospho-jak2 (Cat. No.3776), JAK2(Cat. No.3230), PH2AX(Cat.
No.9718), phsopho-Src Tyr416 (Cat. No. 6943) and Src (Cat. No. 2108)
were purchased from Cell Signaling Technologies (Beverly, USA). FITC
Annexin V apoptosis detection kit I, Apo-Direct kit, Fixation/Per-
meabilization solution kit, BD MitoScreen (JC-1), BV421 mouse anti-
yH2AX (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 (Cat.
No. 11875-093), fetal bovine serum (FBS) (Cat. No. 10082-147),
Penicillin Streptomycin (PenStrep) (Cat. No.15140122) were purchased
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from Life Technologies (California, USA). CytoSelect 96-well cell
transformation kit was purchased from Cell Biolab Cat. No CBA-130 and
Comet assay kit (Cat No ADI-900-166) from Enzo Life Sciences. Bio-Plex
Pro™ Human Cytokine 27-plex Assay (Cat. No. M500KCAFQY).

2.2. Cell culture condition

NCI-H-1975 and HCC-827 were procured from ATCC and cultured in
RPMI 1640 culture medium supplemented with 10% (v/v) fetal bovine
serum and 1% penicillin-streptomycin, maintained at 37 °C, in a hu-
midified atmosphere supported with 5% CO,. Normal lung cells LL24
was obtained from ATCC and cultured in McCoy’s 5a culture medium as
per ATCC instructions.

2.3. Cell viability assay

To evaluate the effect of SNG on cell viability, LL24 (normal lung
fibroblast), NCI-H-1975 and HCC-827 cells were seeded separately at a
density of 1 x 10* cells per well in a 96-well plate and were treated with
and without SNG for 24 h. At the end of the experimental time point, the
CCK-8 solution was added as per manufacturer protocol, and plates were
read at 450 nm (absorbance) and plotted as percentcell viability [26].

2.4. Annexin V/propidium iodide dual staining and cell cycle analysis

NCI-H-1975 and HCC-827 cells were exposed to SNG treatment for
24 h. At the end of treatment, cells were washed with PBS and stained
with either Hoechst 33342 or fluorescein-conjugated Annexin V/Pro-
pidium iodide separately and subjected to flow cytometry using BD
LSRFortessa analyzer (BD Biosciences) to analyze the cell cycle fractions
or to quantify the number of cells that have undergone apoptosis or
necrosis respectively [27,28].

2.5. Western blotting

Lysates of SNG -treated NSCLC cells were prepared using 2 X
Laemmli buffer, and for protein quantification, ND-1000 (NanoDrop
Technologies, Thermo Scientific, United States) was used. After quan-
tifying the lysates, the reducing agent (Beta-mercaptoethanol) was
added, and cell lysates were resolved using SDS-PAGE. After resolving,
they were transferred onto polyvinylidene difluoride (PVDF) membrane
(Immobilon, Millipore, Billerica, MA, United States). PVDF membranes
were later probed with antibodies separately and developed using
ChemiDoc System (Amersham, Bio-Rad, United States) [26].

2.6. Mitochondrial membrane potential measurement

NCI-H-1975 and HCC-827 cells after treatment with SNG for 24 h
were harvested and centrifuged. The cell pellet obtained after centrifu-
gation was suspended in the assay buffer provided with the kit. Upon
adding MitoPotential dye working solution to the assay buffer contain-
ing cell suspension, they were incubated at 37 °C for 20 min. The Muse
MitoPotential 7-AAD dye was added to the cell suspension and incu-
bated for 5 min. Change in mitochondrial membrane potential was
assessed using Muse Cell Analyzer [29].

2.7. Colony formation assay

Colony formation assay was conducted to examine the anchorage-
independent growth of NCI-H-1975 and HCC-827 cells following SNG
treatment using CytoSelect 96-well cell transformation assay protocol
[24]. Briefly, both NSCLC cell lines were treated with increasing doses of
SNG (0.5, 1, 2, and 4 pM) and seeded at a density of 4 x 10° cell/ml into
a 0.4% top agar layer poured over 0.6% lower agar layer and incubated
for 11 days at 37° and 5% CO5 and then colonies formed were observed
using EVOS FLC Cell Imaging System (Invitrogen, Thermo Fisher
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Fig. 1. Effect of SNG on cell proliferation, apoptosis, and cell cycle progression in NSCLC and cells. (A,B,C) SNG inhibits the growth of NSCLC cells. NCI-H-1975,
HCC-827 cells, and a normal lung fibroblast cell line (LL24) were treated with increasing doses of SNG for 24 h, and cell proliferation assays were performed using
CCK8 as mentioned under Materials and Methods. GraphPad Prism 7.01 (GraphPad Software, Inc.) was employed to compute nonlinear regression and the half-
maximal inhibitory concentration 50% (IC50). (D) SNG induces apoptosis. NCI-H-1975 and HCC-827 cells were treated with increasing doses of SNG for 24 h
followed by staining with fluorescein-conjugated annexin-V PI at the end of the specified time point. The percentage of apoptotic cells was analyzed by flow
cytometry. (E) Effect of SNG on cell cycle progression. NCI-H-1975 and HCC-827 cells were treated with SNG with increasing doses for 24 h. After that, the cells were
stained with Hoechst 33342 and analyzed for DNA content by flow cytometry. The graph displays the mean + SD of three independent experiments. * P < 0.05, **

P < 0.01, *** P < 0.001.

Scientific).

2.8. Comet assay

Comet assay was performed using a comet SCGE assay kit obtained
from Enzo life sciences. Briefly, after treatment of NSCLC cells with SNG
for 24 h, cells at a ratio of 1:10 were mixed with low melting agarose,
and 75 pL of the mixture was transferred on the comet slides and kept in
the dark for 10 min. At the end of 10 min, slides were immersed first in
lysis solution followed by in alkaline solution and finally into 1X TBE
buffer. The slide was then moved onto a horizontal gel electrophoresis
apparatus with a power supply of 1 volt per cm. Once the electrophoresis
process was completed, the slides were dipped in 70% ethanol and air-
dried. The diluted CYGREEN® nucleic acid dye (100 pL) was added to
each slide and stained in the dark for 30 min. The slides were dried and
visualized using fluorescence microscopy|[24].

2.9. Release of cytochrome c assay

Following treatment of NCI-H-1975 and HCC-827 cells for 24 h with
SNG, cytosolic fractions were separated as mentioned earlier [30].
Briefly, cells collected after treatment were harvested and incubated on
ice-cold hypototic buffer followed by homogenization and centrifuga-
tion to separate cytosolic fraction. Around thirty microgram protein was
loaded, separated by SDS-PAGE, and finally immunoblotted using
anti-cytochrome c antibody [30].

2.10. Determination of mitochondrial superoxide and reactive oxygen
species

After treatment with SNG, NCI-H-1975 and HCC-827 cells for 24 h,
cells were washed using HBSS and stained with either MitoSOX Red
Mitochondrial Superoxide Indicator (5 pM) for 20 min or with Cell-
ROX™ Green Reagent (10 pM) for 30 min at 37 °C separately, to
quantify levels of mitochondrial superoxide and ROS using flow
cytometry [31,32].

2.11. Reduced glutathione measurement

NSCLC cells treated with SNG for 24 h were harvested and washed
with HBSS. After washing, the cells were subjected to staining with 10
pM ThiolTracker™ Violet (Invitrogen, MA, United States) in HBSS for
30 min at 37°. Cells were rewashed with HBSS and analyzed by flow
cytometry (Ex: 405, Em: 525/50) to quantify the levels of reduced glu-
tathion[33].

2.12. Gene silencing of STAT3 using small interference RNA (siRNA)

Using lipofectamine 2000 (Invitrogen), NCI-H-1975 cells were
transfected with STAT3 siRNA, Cat. No. 4390824, Life Technologies,
California, USA) and Control siRNA (Cat No. 1027281, Qiagen) and later
lysed, probed with different antibodies described previously [34].
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Fig. 2. SNG mediates caspase activation. To study the effect of SNG -mediated activation of caspase cascade, NCI-H-1975, and HCC-827 cells were treated with SNG
in a dose-dependent manner and analyzed using (A) western blot and (B) flow cytometry for caspase-3 and PARP. The graph displays the mean =+ SD of three in-
dependent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001. Effect of z-VAD-FMK on SNG induced apoptosis. NCI-H-1975 and HCC-827 cells were pretreated with
z-VAD-FMK for 1 hr followed by SNG treatment (2 pM) for 24 hr and analyzed using (C) western blot for antibodies against caspase-3, cleaved caspase-3, PARP, and
GAPDH and flow cytometry for analysis of (D) % apoptosis induction (E) % Caspase-3 activation and PARP cleavage. The graph displays the mean + SD of three

independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001.

2.13. Cytokine analysis

NCI-H-1975 and HCC-827 cells were treated with SNG for 24 h. At
the end of the experimental time point, cells were washed with PBS,
trypsinized, and centrifuged at 1500 rpm for 5 min to collect the su-
pernatant. Supernatants collected were further used for cytokine anal-
ysis. Standard curves for each cytokine were plotted using reference
values supplied with the kit. Briefly, after pre-wetting the 96-well filter
plate with Bio-Plex wash buffer(100 pL), around 50 pL of beads were
added into each well of the 96 well plates. Next, samples obtained after
treatment were incubated for 30 min with antibody-conjugated beads.
Following the incubational period, detection antibodies and
streptavidin-PE were added to each well for 30 min. Plates were washed
to remove the unbound streptavidin-PE, the beads bound to cytokine
were analyzed using Bio-Plex 200 instrument. The fluorescence intensity
was evaluated using Bio-Plex Manager software (Bio-Rad) [29,35].

2.14. In vivo experiments

NCI-H1975 cells were injected subcutaneously (1 x 107 cells/site)
into the flanks of donor ICR-SCID (Taconic Biosciences). 4-6 weeks
later, when the tumor reached about 1000 mg, the donor mouse was
euthanized, tumor collected, fragmented (~50-70 mg pieces), and
transplanted unilaterally into the right flank of 10 recipients, four-five-
week-old ICR-SCID female mice. One week after transplantation and
once tumors were palpable, mice were randomized, separated, and ear-
tagged into two groups, each with five mice. Group 1: Untreated. Group
2: treated with SNG in 3% DMSO -+ 97% PBS orally at 10 mg/kg QOD for

3 weeks. During treatments, mice were followed daily, and tumor
measurements were recorded using a caliper and calculated using the
formula LXW2 /2 to confirm the size. All mice were euthanized at the
end of the experiment, and their tumors were collected for experimental
analysis. The study was approved by the Institutional Animal Care and
Use Committee of Wayne State University, #: 18-12-0887, and was
carried out in compliance with regulations on the ethical treatment of
animals.

2.15. Statistical analysis

Data were expressed as mean + standard deviation (S.D.) and
analyzed using paired student’s t-test. Graph pad prism was used for
statistical analysis and figure generation. * P < 0.05, * * P < 0.001 were
considered statistically significant [36].

3. Results

3.1. SNG inhibits cell growth, causes cellular DNA damage and induces
apoptosis in NSCLC cells

To evaluate cellular damage induced by SNG, NCI-H-1975 and HCC-
827 cells were treated with different concentrations of SNG for 24 h. A
normal fibroblast lung cell line (LL24) was also treated with SNG to
confirm that SNG-mediated toxicity is specific to cancer cells. Interest-
ingly, SNG demonstrated considerable growth inhibition against NCI-H-
1975 and HCC-827 cells, as evident from their IC50 of 0.92 and 0.898,
respectively, whereas LL24 demonstrated IC50 of 4.36 uM, which is



Kirti.S. Prabhu et al.

NCI-H-1975 HCC-827
SNG 0 0.5 1 2 4 0 0.5 1 2 4  (um)
| - = =5
Blot:anti-cleaved caspase-8
| - e . - e SN e we |
Blot:anti-Bid
Blot:anti-Bax
|—‘.-_~- u....“‘-—..-'"'|
Blot:anti-Bcl2
Blot:anti-GAPDH
C
100
—_ Hm NCI-H-1975 B3 HCC-827
2 Hrk
k=)
=~ 80
K
©
© 60
'D LR
a -
= 404
3 KRk
2
2 20
(a]
0- 1 'T' T T
0051 2 4 0051 2 4
SNG (uM)

Biomedicine & Pharmacotherapy 144 (2021) 112358

B
10—~ W NCI-H-1975 (3 HCC-827
S
& 8
<
(&)
T 6
S
w
o~ 44
|
a
= 27
©
m
0_
0051 2 4 0051 2 4
SNG (uM)
D
Cytosol
NCI-H-1975 HCC-827
SNG 0 05 1 2 4 0 05 1 2 4 (uM)
| . ——|w._,,.,...-

Blot: anti-cytochrome c

Blot: anti-GAPDH

Fig. 3. SNG mediates mitochondrial signaling pathways in NSCLC cells. (A) SNG induces the activation of caspase 8 and Bid in lung cancer cell lines. NCI-H-1975 and
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(relative density normalized to GAPDH) were plotted as Bax/Bcl-2 ratio. (C) SNG treatment causes loss of mitochondrial membrane potential in NSCLC cells. NCI-H-
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significantly higher, thus confirming the specificity of SNG mediated
effects (Fig. 1A-C). SNG also inhibited colony-forming ability and dis-
played a significant increase in the percentage of total apoptotic phase
from 19% to 97% and 18-92% in NCI-H-1975 and HCC-827 cells,
respectively(Fig. 1D, Supplementary Fig. S1A,B). Cell growth and inhi-
bition are known to be tightly regulated by cell cycle mechanisms [37].
We observed the predominance of cells in the sub-G0O/G1 phase with an
exponential decrease in the percentage of S-phase cell population in
both cell lines following SNG treatment (Fig. 1E), further signifying that
SNG triggers apoptosis. These results are thus highly suggestive of
apoptosis-mediated suppression of cell growth by SNG.

Caspases are the primary drivers of apoptosis and are categorized as
the initiator (such as pro-caspase-9, which activates executioner cas-
pases) and executor (such as pro-caspase-3, which on activation gets
cleaved and executes a process of apoptosis) caspases [38]. Treatment of
NSCLC with SNG resulted in a decline in the expression levels of
pro-caspase-9 and pro-caspase-3, coupled with an increase in the
cleaved form of caspase-3 as analyzed using western blot, indicating
activation of caspases in NSCLC cells. Moreover, a dose-dependent in-
crease in the band intensity of cleaved PARP and PH2AX, markers for
DNA double-strand breaks, as well as DNA fragmentation was observed
(Fig. 2A, Supplementary Fig. S2). Flow cytometry data also supported
the findings described above (Fig. 2B). To further confirm the role of
caspase in SNG-mediated apoptosis, NCI-H-1975 and HCC-827 cells
were pretreated for 1 h with z-VAD-FMK, a membrane-permeable, and

irreversible pan-caspase inhibitor. SNG mediated increase in sub-G0/G1
fraction and apoptosis was abolished by z-VAD-FMK pretreatment.
SNG-induced caspase activation and PARP cleavage was also nullified by
z-VAD-FMK as shown in western blot analysis, indicating the caspase
involvement in SNG-mediated apoptosis. (Fig. 2C-E, Supplementary
Fig. S3A,B).

3.2. SNG modulated expression levels of pro-apoptotic and anti-apoptotic
molecules and induced mitochondria-mediated cell death in NSCLC cells

Caspase-8 is implicated in apoptosis [39], and to investigate this
notion, we treated NCI-H-1975 and HCC-827 cells with SNG for 24 h.
Treatment with SNG induced caspase-8 activation and activated
caspase-8 is known to cleave bid and cleaved bid gets translocated into
mitochondria and regulates Bcl-2 family members, Bax and Bcl-2, which
plays a significant role in controlling the process of apoptosis [40].
Pro-apoptotic molecule Bax supports apoptosis, while Bcl-2 interferes
with this process causing imbalance and inducing resistance to chemo
and radiation therapy [41-43]. Following 24 h SNG treatment, a
dose-dependent decreased- Bcl-2 and increased Bax expression was
exhibited in both the cell lines (Fig. 3A). Densitometric analysis revealed
an increased Bax/Bcl-2 ratio suggesting the involvement of
mitochondrial-mediated pathway in the apoptotic process (Fig. 3B).

The ability of SNG to induce mitochondrial membrane depolariza-
tion was examined using flow cytometry. Treatment of NCI-H-1975 and
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Fig. 4. SNG downregulates constitutively activated JAK/STAT3 signaling pathway and IL6 mediated STAT3 activation in NCI-H-1975 and HCC-827 cellS (A). After
24 h of SNG treatment, NCI-H-1975 and HCC-827 cells were lysed, and western blotting was performed for antibodies against p-Jak2, Jak2, GAPDH, p-Src, Src, p-
STAT3 (Try705 and ser727), and STAT3. (B) siRNA knockdown of STAT3. NCI-H-1975 were transfected with control (100 pM) and STAT3 siRNA (50 and 100 pM).
Cells were lysed and separated, transferred on the PVDF membrane, and immunoblotted with antibodies against STAT3, Bcl-xL, caspase-3, cleaved caspase-3 and
HSP60. (C) SNG inhibits IL 6 secretion in NCI-H-1975 and HCC-827 cells. The cells mentioned above were exposed to SNG for 24 h, as indicated. Using supernatant
from the treated and untreated group, levels of IL 6 were determined using multiplex biometric ELISA-based immunoassay. (D) SNG inhibits IL6-induced STAT3
activation. NCI-H-1975 and HCC-827 cells were pretreated with 2.0 pM SNG for 1 h and then stimulated with IL6 (100 ug/ml). At the end of the treatment, cells were

lysed and immunoblotted against p-STAT3 (Try705) and STAT3(ser727).

HCC-827 with SNG for 24 h resulted in the loss of mitochondrial
membrane potential (Fig. 3C). Damage to the mitochondrial membrane
causes cytochrome c release, a critical step in the apoptotic pathway
[44]. To evaluate the effect of SNG on cytochrome c release from
mitochondria, NCI-H-1975 and HCC-827 cells were treated with SNG for
24 h and subjected to western blot analysis. SNG treatment caused a
dose-dependent increase in the expression of cytochrome c in the cyto-
solic fraction (Fig. 3D). Cytochrome c, thus released, is known to trigger
activation of caspase cascade, a hallmark of programmed cell death
[45-471].

3.3. SNG causes inactivation of JAK2/STAT3 pathway in NSCLC cells

Receptor tyrosine kinase JAK2 and Src regulate STAT3, and aberrant
activation of STAT3 is linked with a poor prognosis of lung cancer [48].
We, therefore, explored the effect of SNG on constitutively activated
JAK2, Src, and STAT3 in NCI-H1975 and HCC-827 cells by immuno-
blotting technique. SNG inhibited the phosphorylated expression of
-JAK2, Src, and STAT3 (Tyr 705 and Ser 727) in a
concentration-dependent manner without affecting the total levels of
these proteins (Fig. 4A, Supplementary Fig. S4 A). Besides, siRNA
knockdown of STAT3 supported our results wherein down-regulation of
STATS3, procaspase-3, and Bcl-x] was observed in NCI-H-1975 cells.
Based on these results, we conclude that targeting constitutively acti-
vated STAT3 helped inhibit cell growth and apoptosis in lung cancer
cells (Fig. 4B, Supplementary Fig. S4B(A)).

3.4. SNG inhibits IL6 induced STAT3 activation

IL6 plays a crucial role in maintaining normal cell growth through
STATS3 activation, and an aberrant activation results in the proliferation
of cancer cells [49]. SNG treatment prevented IL6 secretion into culture
media of NCI-H-1975 and HCC-827 cells measured by a Multiplexing kit
described in Material and Methods (Fig. 4C). We further investigated
whether SNG treatment in NCI-H-1975 and HCC-827 cells could prevent
IL6 mediated STAT3 phosphorylation as STAT3 is known to be activated
by IL6 [50]. As shown in Fig. 4D and Supplementary Fig. S4B(B), pre-
treatment of cells with SNG blocked IL6-mediated STAT3 phosphory-
lation, indicating that SNG can inhibit IL6 induced STAT3 activation in
both the cell lines.

3.5. SNG mediated ROS generation in NSCLC cells

ROS plays an essential role in maintaining and regulating cell pro-
liferation and differentiation in normal cells [51]. Nonetheless,
increased ROS concentration leads to loss of mitochondrial membrane
potential with subsequent seepage of apoptosis-inducing factors result-
ing in caspase activation and nuclear condensation [52]. To investigate
the ability of SNG to generate ROS, NCI-H-1975 and HCC-827 cells were
treated with increasing concentrations of SNG for 24 h and analyzed for
ROS generation. A significant dose-dependent increase in ROS genera-
tion at both cellular and mitochondrial level was observed in both the
cell lines exposed to SNG (Fig. 5A,C). In contrast, pretreatment of these
cells with a ROS scavenger, N-acetyl-L-cysteine (NAC), nullified SNG
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Fig. 5. SNG-mediated generation of ROS in NCI-H-1975 and HCC-827 cells. (A) NCI-H-1975 and HCC-827 cells were treated with increasing doses of SNG as
indicated for 24 h. Cellrox-based flow cytometric assays were performed to quantify the levels of ROS. (B) NCI-H-1975 and HCC-827 cells were pretreated with
10 mM NAC for 2 h followed by treatment with 2 pM SNG for 24 h and level ROS determined by Cellrox-based flow cytometric assays. (¢) NCI-H-1975 and HCC-827
cells were treated with increasing doses of SNG as indicated for 24 h. Mitosox-based flow cytometric assays were performed to quantify the levels of ROS. NCI-H-1975
and HCC-827 cells were pretreated with 10 mM NAC for 2 h followed by treatment with 2 pM SNG for 24 h and level ROS determined by Mitosox-based flow
cytometric assays.(E) NCI-H-1975 and HCC-827 cells were treated with increasing doses of SNG as indicated for 24 h. Glutathione levels were measured using
ThioTracker assay kit. (F) NCI-H-1975 and HCC-827 cells were pretreated with 10 mM NAC for 2 h followed by treatment with 2 pM SNG for 24 h and level of
Glutathione was measured using ThioTracker assay kit. ROS, and GSH levels were quantified and represented as bar graphs and are expressed as mean + SD (*
P <0.05, ** P < 0.01, *** P < 0.001).

mediated ROS generation (Fig. 5B, D).
3.6. SNG depletes glutathione levels in NSCLC cells

Glutathione (GSH) is an antioxidant that helps to scavenge free
radicals and acts as a detoxifying agent in cells. GSH plays a dual role in
cancer progression wherein higher levels support tumor progression,
metastasis, and chemoresistance [24,51,53-55], and lower levels
sensitize cells towards cell death [56]. To investigate the effect of SNG
on GSH, we exposed both lung cancer cells to increasing doses of SNG for
24 h and analyzed GSH levels by flow cytometry. SNG-treatment dis-
played significant dose-dependent depletion in GSH levels (Fig. 5E).
Pretreatment of cells with ROS scavenger NAC, a cysteine and GSH
precursor[57] abrogated SNG induced GSH depletion in both the cell
lines (Fig. 5F).

3.7. Effect of SNG on ROS generation and apoptotic cell death

As SNG-induced ROS generation, we were keen to investigate if ROS
plays a role in SNG-induced cell death. As displayed in Supplementary
Figs. SSA(A,B) ¢, S3B, SNG induced increase in the annexin V/PI staining
and the level of SubG0/G1 fraction was abolished by NAC. Further, as
depicted in Fig. 6A-D and Supplementary Fig. S5B, NAC pretreatment
prevented SNG-induced apoptosis, caspase cascade activation, and
PARP cleavage. These observations strongly suggest that SNG-induced
apoptosis is mediated through ROS generation.

3.8. SNG inhibits xenograft tumor growth in ICR-SCID mice

As our in vitro observations showed promising findings, we further
investigated SNG’s potential in an in vivo study. NCI-H1975 cells were
inoculated subcutaneously in the right flank of ICR-SCID female mice,
and after one week of transplantation, SNG was given orally at 10 mg/kg
QOD for 3 weeks. As depicted in Fig. 7A,B SNG administration caused



Kirti.S. Prabhu et al.

A

NCI-H-1975 HCC-827
SNG - + - - + - +
NAC - - + + - - + +

Blot: anti-cleaved caspase-3

- . G— —
- -

Blot: anti-PARP

|—.-——-—-— |-———|

Blot: anti-GAPDH

C
W NCI-H-1975 (3 HCC-827

2 80+ - s

w *x

g ka: II |

w

© 60

(&)

(]

=

S 40

(1]

£

2 204

QL

?’: 0 1 o

X T T T
0 O LU O N 0 o O

& &

Biomedicine & Pharmacotherapy 144 (2021) 112358

B
mm NCI-H-1975 = HCC-827
100_ I *hx II x=xKk I
80-‘ xt*l t::*
g e
L 60
73
L
8- 40
<
20 ﬂ rl
0- T T l
O © O ©  © O 0
4 e
D
Hm NCI-H-1975 (3 HCC-827
100+
% *hx kel :
% 80 I"_‘ —I ‘
° FTT S I KKK
g 60-
o
£ 404
HS
2 20-
[
Qo
X o L B
O © O © Q 0 (SIKC)
O
& &

Fig. 6. SNG-induced ROS generation is involved in caspase activation and apoptotic cell death in NSCLC cells. NCI-H-1975 and HCC-827 cells were pretreated with
10 mM NAC followed by treatment with 2 uM SNG for 24 h and later subjected for analysis using (A) western blot against antibodies for cleaved caspase-3, PARP, and
GAPDH and flow cytometric analysis for (B) apoptosis (C,D) Caspase-3 and PARP cleavage as described in Material and Methods. Data are expressed as mean =+ SD of

three independent experiments. * P < 0.05, * * P < 0.01, * ** P < 0.001.
significant repression in tumor growth and size compared to the control
group. At the end of the treatment, tumor remnants were processed to
study the effect of SNG on STAT3 phosphorylation. As shown in Fig. 7C
and D, the control group displayed increased phospho and total STAT3
compared to the SNG treatment group, suggesting that SNG effectively
inhibited tumor growth at the given dose. These results validate our in
vitro findings and corroborate with previously published studies [58].

4. Discussion

Despite the availability of several well-known chemotherapeutic
agents for lung cancer treatment, chemotherapeutic resistance remains a
problem [59]. Natural compounds are considered promising candidates
for cancer treatment, and we, therefore, extensively investigated the
molecular mechanisms underlying the anticancer potential of SNG in
NSCLC cells.

The results showed that SNG suppressed the proliferation of lung
cancer cells through the activation of apoptosis. Further, our results are
in concordance with previous studies, which have shown that SNG
suppresses colony formation in both multiple myeloma and pre-ALL
cells. [24,60]. The evidence for pro-apoptotic activity of SNG was
revealed by increased annexin-V/PI positive cells, increased expression
of cleaved caspase-3, and PARP cleavage following its treatment. It is
well-documented that members of the Bcl-2 family play a significant role

in maintaining mitochondrial membrane integrity [61]. Bax supports
apoptosis while Bcl-2 interferes with this process, causing imbalance
and resistance to chemotherapy., The current study showed that SNG
treatment increased the Bax/Bcl-2 ratio in a concentration-dependent
manner and caused significant changes in mitochondrial membrane
potential. Our findings are consistent with previously published studies
[24,26]. SNG treatment triggered the release of cytochrome c, followed
by caspase cascade activation, thereby inducing apoptosis [24].
z-VAD-FMK, a pan-caspase inhibitor, negated SNG-mediated apoptosis
and caspase activation as analyzed by western blot and flow cytometry,
thus confirming caspase-mediated cell death induced by SNG.

Reactive oxygen species (ROS) are metabolic by-products known to
have harmful and beneficial effects. Accumulation of ROS above
threshold level leads to loss of cellular integrity and functions [7,8]. GSH
is considered one of the key antioxidants due to its ability to scavenges
ROS, thereby maintaining an intracellular redox state [62]. Several at-
tempts have been made to increase intracellular ROS levels to suppress
tumor growth through the inhibition of GSH. SNG treatment in
NCI-H-1975 and HCC-827 cells increased both cellular and mitochon-
drial ROS in a dose-dependent manner, followed by depletion of GSH,
suggesting ROS involvement in SNG-mediated apoptosis. To further
confirm this, pretreatment of NCI-H-1975 and HCC-827 cells with ROS
scavenger NAC abrogated SNG-induced caspase activation and PARP
cleavage, indicating the role of SNG in ROS generation. Several other
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studies have also documented similar findings [24,53,60,63]. Funding

Janus kinase 1 and 2 are transducers of heteromeric receptors of IL-6
and IL-10 that activate STAT3 and regulates cellular growth, apoptosis,
and autophagy [64,65]. Aberrant activation of STAT3 is associated with
poor prognosis, cancer cell proliferation, and resistance to chemo-
therapy in lung cancer patients [65]. Activated STAT3 controls tran-
scription of various anti-apoptotic genes, and dysregulated expression of
these genes confers chemotherapeutic resistance [24]. SNG inhibited
phosphorylation of JAK2, Src, STAT3 (Tyr 705 and Ser 727) thereby,
preventing dimerization, nucleocytoplasmic shuttling, and transcrip-
tional activity in NSCLC cells [66,67]. Interestingly, our data showed
that STAT3 silencing using siRNA decreased the expression of STAT3,
Bcl-xL, and caspase-3, resulting in inhibition of tumor growth. These
findings are in concert with previously published results in solid and
hematological tumors [68]. It has also been shown that IL-6/JAK/STAT3
signaling axis plays a major role in the growth and proliferation of
cancer cells. Increased IL-6 levels in the serum can cause hyperactivation
of STAT3 in tumors/cancer cells and correlate with poor prognosis and
reduced survival rates [50]. In this study, we found decreased expression
of IL-6 and phosphorylated STAT3 (Y705). We also confirmed ours in
vitro findings in in vivo model. The in vivo results demonstrated that
SNG treatment not only decreased tumor volume and weight but also
prevented STAT3 phosphorylation, indicating that blocking transcrip-
tion factors could be an effective way to treat cancer [69].

5. Conclusion

In conclusion, we demonstrated that SNG inhibited proliferation, cell
cycle progression and induced apoptosis in NSCLC cells by altering the
expression of STAT3. Our in vitro results are strengthened by vivo data
showing STAT3 inhibition regulated the tumor progression in the
treatment group. Based on the previously published studies and our
results, we believe that SNG could be a promising anticancer compound.
The results from this study would serve as the basis for carrying future
in-depth investigations in delineating the potential of SNG in cancer
treatment.
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