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Abstract

Objective GSK-3 has been reported to be upregu-
lated in malignant diseases, including lung cancers,
thus suggesting it to be a valid target for cancer
treatment. The study elucidates the possible mecha-
nism involved in the ability of GSK-3 inhibitors: BIO
and CHIR 98014 to regulate proteins involved in cell
death of H1975 lung cancer cells.

Results BIO and CHIR 98014 successfully induced
apoptosis at lower concentrations in H1975 cells but
not in H460 lung cancer cells. Moreover, increased
ROS generation and depolarization of mitochondrial
membrane potential were observed in both treatments.
Cleavage of caspase-3 was observed in both BIO and
CHIR 98014-treated cells after 72 h with monolayer
and tumorsphere cell culture models.

Conclusions The use of GSK-3 inhibitors shows
promising apoptotic abilities in clinical cancer treat-
ments, particularly for lung cancer cells. This study is
the first report to describe the significant apoptotic
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effects of BIO and CHIR 98014 through multiple
mechanisms of HI975 NSCLC that are linked to their
proliferative and migratory capacities.
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Introduction

NSCLC (Non-small cell lung cancer) is the most
common type of lung cancer, accounting for 84% of
all lung cancer diagnoses made in the United States of
America (Siegel et al. 2020). Among various muta-
tions that are known to cause lung cancers, KRAS is
considered to be an essential gene that is linked to
aggressive growth and poor prognosis (Adderley et al.
2019). A recent report has suggested that overexpres-
sion of GSK-3 can also be indicative of poor
prognosis, and therefore, its inhibition could reduce
cell proliferation in lung cancers (Kazi et al. 2018).
GSK-3 (Glycogen Synthase Kinase-3) is a serine/
threonine kinase known to be participating in the
regulation of B-catenin signaling (Wnt signaling).
Glycogen Synthase kinase regulates the establishment
of a multi-component destruction complex that initi-
ates the phosphorylation of B-catenin, leading to the
inactivation of Wnt signaling. The role of GSK-3p in
regulating B-catenin signaling and degradation has
been reported in many forms of human cancer (Walz
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et al. 2017). Therefore, GSK-3 inhibitors such as BIO
and CHIR have been reported to produce anti-cancer
effects by inducing apoptosis in melanoma, ovarian,
and pancreatic cancer cells (Yu and Zhao 2016).
While GSK-3 inhibitors are maintaining diverse usage
in regenerative medicine, diabetes, and CNS disor-
ders, their usage in cancer is re-emerging in the form
of combination therapies. Interestingly, GSK-3 inhi-
bitors, in combination with anti-LAG-3 antibody, was
shown to inhibit the metastasis of melanoma in
humans (Rudd et al. 2020). Similarly, GSK-3
inhibitor-9-ING-41 was found to have increased
efficacy in combinations with other anti-cancer drugs
in various cancer types (Anraku et al. 2020). The study
presented here is the first of its kind to show the
efficacy of GSK-3 inhibitors, BIO and CHIR 98014 as
apoptotic inducers in H1975 non-small cell lung
cancer (NSCLC) cells. The primary aim of this study
was to assess the role of ROS (Reactive Oxygen
Species) in disturbing the mitochondrial membrane
potential (A\,,) and triggering apoptosis through the
cleavage of caspases. In addition, the study also aimed
to investigate the concentration-dependent inhibitory
effects of BIO and CHIR 98014 on colony formation
and the migratory abilities of H1975 cells. In sum-
mary, with tangible evidence, we have elucidated the
possible mechanism through which BIO and CHIR
98014 induce apoptosis and ROS generation in H1975
cells, thus facilitating insights into targeted therapies
for NSCLC.

Methods
Materials

GSK-3 inhibitors- BIO (2'Z,3’E)-6-Bromoindirubin-
3-oxime, dimethylsulfoxide (DMSO) were purchased
from Sigma Aldrich (MO, USA) and CHIR 98014 was
purchased from Selleckchem (TX, USA). Phosphate
buffered saline (PBS) with Ca’" and Mg®", 1X
Trypsin-EDTA solution (0.25%), 2,7- dichlorofluo-
rescein diacetate (DCFDA, for ROS detection),
CellEvent™ Caspase-3/7 Green ReadyProbe™,
Bicinchoninic acid (BCA) protein assay, B-27™
(50X) supplement were purchased from Thermo
Fisher (CA, USA). JC-1 dye (mitochondrial mem-
brane potential) was purchased from Abcam (MA,
USA). Bovine serum albumin (BSA) was purchased
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from VWR Life sciences (PA, USA). Thiazolyl Blue
tetrazolium bromide (MTT) was purchased from Alfa
Aesar (MA, USA). 100X Antibiotic Antimycotic
Solution (with penicillin, streptomycin, and ampho-
tericin B) was purchased from (Corning Life Sciences
(MA, USA). RIPA (Radio-Immunoprecipitation
Assay) buffer, protease inhibitor cocktail, and sodium
orthovanadate were purchased from Santa Cruz Inc.
(TX, USA) Unconjugated primary antibodies against
total GSK-3, phospho-GSK-3 (Ser9), phospho-P53,
XIAP, BAX, caspase-3, P21, caspase-9, LC3B, j-
Catenin Antibody Sampler Kit were purchased from
Cell Signaling Technology (MA, USA). Antibodies
against B-actin and HRP conjugated secondary anti-
bodies were purchased from Sigma Aldrich (MO,
USA). The nitrocellulose membranes (0.45 um) used
for western blotting were purchased from GE Health-
care Life Sciences (MA, USA), and the ECL reagent
was purchased from KPL BioSolutions (MA, USA).

Cell culture

The H1975, H460 and HUVEC cells were obtained
from the American Type Culture Collection (VA,
USA). The H1975 cells are NSCLC type with KRAS
wildtype (wt) gene and H460 cells are large cell lung
cancer type with KRAS mutant (m?) gene. The H460
cells are relatively aggressive in their growth ability
because of KRAS mutation and therefore are widely
used for various studies related to lung cancer
metastasis and drug resistance. Both H1975 and
H460 cells were maintained in a humidified atmo-
sphere at 37 °C with 5% CO,, supplemented with
RPMI-1640, 1% Antibiotic/Antimycotic solution,
10% FBS obtained from Atlanta Biologicals (GA,
USA). The HUVEC cells are derived from the
endothelial veins of umbilical cord and represent a
suitable model to study the cytotoxic effects of drugs
to endothelium (Cao et al. 2017). This cell model can
be used to accurately mimic transendothelial migra-
tion of cancer cells in an in vitro system (Arefi et al.
2020). The HUVEC cells were cultured with EGM™-
2 Endothelial growth medium supplemented with
growth factors from Lonza Inc. (NJ, USA). All
experiments were conducted with 85% to 90% con-
fluency of cells and used from after 3 passages for
stabilization of cells in culture and discarded after a
maximum of 13 passages.
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MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl
tetrazolium bromide) is a salt that is converted by
metabolically active cells to insoluble purple-blue
formazan crystals, which corresponds to the total
number of live cells. Experiments were performed as
three replicates in 96-well culture plates, purchased
from VWR Life sciences (PA, USA). Briefly, 1 x 10*
cells/well were seeded in flat-bottomed 96-well cul-
ture plates under standard culture conditions. Both
H460 and H1975 cells were allowed to attach over-
night and treated with BIO, CHIR 98014 using
concentrations ranging from 1 and 15 pM for 24, 48,
and 72 h. Following drug treatments, MTT dissolved
in PBS at 5 mg/mL was added and incubated at 37°C
for an additional 45 min and then the formazan
crystals were dissolved using 200 pL of DMSO. The
color obtained from the solubilized formazan was
measured at 560 nm in a VersaMax ELISA Microplate
Reader (Molecular Devices Inc., CA, USA). All
experiments were done in triplicates.

BrdU (5-bromo-2'-deoxyuridine) assay

The cell proliferation of H1975 cells was assessed by
measuring the incorporation of BrdU into cellular
DNA using the kit that was purchased from Cell
Signaling Technology (MA, USA) (Wojtowicz and
Kee 2006). Briefly, H1975 cells were treated with
BIO, CHIR 98014 at concentrations of 0.5, 1, and
10 uM for 72 h. Following 24 h of drug treatment,
BrdU was added, and the cells were allowed to
incubate till 48 h. Finally, after 72 h of drug treatment,
the cells were incubated with HRP-linked anti-mouse
IgG antibody to recognize the bound BrdU antibody,
which was further developed by the HRP substrate
TMB (3,3',5,5'-Tetramethylbenzidine). Cell prolifer-
ation was indicated by an increased intensity of color
that was directly proportional to the quantity of BrdU
incorporated into cells. The absorbance was measured
at 450 nm in a VersaMax ELISA Microplate Reader
(Molecular Devices Inc., CA, USA). All experiments
were done in triplicates.

DCFDA staining

Briefly, H1975 cells were treated with BIO, CHIR
98014 at concentrations of 0.5, 1, and 10 pM for 72 h.

Following drug treatments, the cells were washed and
incubated with 10 uM (DCFDA) for 10 min. DCFH-
DA is a cell-permeable dye that can be deacetylated by
cellular esterases to a non-fluorescent compound,
which is later oxidized by ROS into 2’,7’-dichloroflu-
orescein (DCF). The oxidized DCF is a highly
fluorescent compound that can be quantified with
excitation/emission at 495 nm/529 nm (Kalyanara-
man et al. 2012). During the assay, the excess dye was
removed with 1X PBS washes, and cells were
observed at 10X magnification using a Leica micro-
scope (DMI3000B). The fluorescence was further
quantified by spectrofluorimetry analysis with excita-
tion/emission at 495 nm/529 nm in a 96-well plate
format using Victor” 1420 Multilabel Counter (Perkin
Elmer, MA, USA). All experiments were done in
triplicates.

JC-1 staining

Mitochondrial membrane potential (AVs,,) is consid-
ered to be a valuable indicator for metabolically active
cells and has been measured using the JC-1, a
lipophilic cyanine dye, capable of entering the mito-
chondria and forming reversible red fluorescent J
aggregates in healthy cells. Contrastingly, in
unhealthy cells, J aggregates are not formed due to
increased membrane permeability, thus emitting green
fluorescence (Perelman et al. 2012). During our
experiments, the H1975 cells were treated with BIO,
CHIR 98014 at concentrations of 0.5, 1, and 10 uM for
72 h. After drug treatments, the cells were washed
with 1X dilution buffer and incubated with 10 uM of
JC-1 for 30 min at 37 °C. Excess dye was removed
using necessary washes with 1X PBS and then the
fluorescence images were captured at 10X magnifica-
tion under a Leica microscope (DMI3000 B) using a
10-ms exposure time in both the “green” and “red”
emission channels for the fluorescence of monomers
emitted at 527 nm and the aggregates at 590 nm. All
experiments were done in triplicates.

Cell event™ caspase-3/7 detection probe

Caspase-3 activation is an essential event in the
induction of apoptosis leading to loss of cell viability.
CellEvent™ Caspase-3/7 probe is designed to bind to
the DNA and emit a bright fluorescence when the
DEVD peptide is cleaved from the conjugate, in
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response to caspase-3/7 activation. Briefly, H1975
cells were treated with 0.5, 1, and 10 uM of BIO,
CHIR 98014 for 72 h. Following treatment, cells were
incubated with 5 uM of cell event caspase-3/7 probe
for 30 min at room temperature. Cells were analyzed
under a Leica microscope (DMI3000 B) at 10X
magnification, using a 10-ms exposure time with
apoptotic cells emitting green fluorescence at excita-
tion 503 nm and emission 530 nm. Spectrofluorimetry
analysis was further performed to quantify the
fluorescence with excitation/emission at 503 nm/
530 nm in a 96-well plate format using Victor® 1420
Multilabel Counter (Perkin Elmer, MA, USA). All
experiments were done in triplicates.

Tumorsphere formation assay—Cell Event™
caspase-3/7 detection probe

Cells growing in 3D cultures have been regarded with
an increasing degree of importance due to greater
biological relevance to the tissues or tumors growing
under the in vivo conditions. Essentially, cells in
colonosphere culture tend to form aggregates through
the secretion of ECM, which fabricates an environ-
ment that is closer to the tumor microenvironment
(TME) of the whole body (Genovese et al. 2020). The
assay was performed to establish the ability of H1975
to form tumorspheres in the presence and absence of
BIO for a duration of 72 h. During this assay, the
H1975 cells supplemented with B27™ were cultured
on ultra-low attachment plates along with BIO, CHIR
98014 at concentrations of 0.5, 1, and 10 uM for 72 h.
Following treatment, cells were incubated with 5 M
of CellEvent ™ Caspase-3/7 Green Detection probe
for 30 min at room temperature. After incubation, the
cells were analyzed at 10X magnification under a
Leica microscope (DMI3000 B) using a “green”
emission channel with 10-ms exposure time and
excitation/emission at 503 nm / 530 nm. To spec-
trofluorimetrically quantify the fluorescence, the
tumorspheres were incubated with 5 uM of CellEvent
™ Caspase-3/7 Green Detection probe for 30 min at
room temperature, and the readings were obtained in a
96-well plate format using Victor” 1420 Multilabel
Counter (Perkin Elmer, MA, USA). All experiments
were done in triplicates.

@ Springer

Trans-well endothelial cell migratory assay
(Boyden chamber assay)

Trans-well endothelial migration assay was performed
to assess the migratory potential of H1975 cells when
treated with GSK-3 inhibitors: BIO and CHIR 98014
for 72 h on a monolayer HUVEC culture. Briefly,
HUVEC cells were seeded on the upper chamber of
the trans-well inserts in a 24-well format with 8 pm
pore size. After 24 h, H1975 cells were introduced to
the upper chamber of the insert along with GSK-3
inhibitors: BIO and CHIR 98014 at concentrations 0.5,
1, and 10 uM for 72 h. Migratory H1975 cells were
able to pass through the HUVEC-seeded polycarbon-
ate membrane and attach to the bottom side while non-
migratory cells remained in the upper chamber. After
the drug treatments, a cotton-tipped applicator was
used to carefully remove cells from the top of the
membrane. Migrated H1975 cells towards the under-
side of the trans-well membrane were stained with
MTT, which was a slight modification to a previously
published method by Muller WA et al. (Muller and
Luscinskas 2008). The MTT stained cells were imaged
at 10X magnification under a Leica microscope
(DMI3000 B). Additionally, the viability of the
migrated H1975 cells stained with MTT was quanti-
fied by solubilizing formazan crystals and measuring
the absorbance at 560 nm in a VersaMax ELISA
Microplate Reader (Molecular Devices Inc., CA,
USA). The cell viability was calculated by using the
following equation: Cell viability (%) = (Absorbance
of sample/Absorbance of control) x 100. All exper-
iments were done in triplicates.

Clonogenic (cfu) assay

Clonogenic assay was performed to assess the ability
of H1975 cells to form colonies under the influence of
GSK-3 inhibitors: BIO and CHIR 98014 (Mathuram
et al. 2017). Briefly, 4 x 10 cells were seeded onto
60 mm Tissue Culture-treated dish (Corning Life
Sciences (MA, USA) overnight and incubated with
BIO, CHIR 98014 at concentrations of 0.5, 1, and
10 uM for 3 weeks. Following 3 weeks of treatment,
MTT, which stains the metabolically viable cells, was
added and incubated for 30 min. Images were cap-
tured with a Nikon DSLR camera, H1975 colonies
were manually counted and graphed with PRISM V7.
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Western blotting

The H1975 cells treated with 0.5, 1, and 10 uM of
BIO, CHIR 98014, were lysed with RIPA buffer
containing the protease inhibitor cocktail. Super-
natants were collected by centrifugation at
10,000 rpm for 30 min at 4 °C. The protein concen-
trations were determined using the bicinchoninic acid
(BCA) protein assay method, according to the man-
ufacturer’s protocol. After normalization of protein
concentrations, 30 pg of protein samples were sub-
jected to electrophoresis using 7.5%, 10%, 12% SDS-
PAGE, and blotted onto nitrocellulose membranes.
The transferred membranes were probed for (GSK-3,
phospho-GSK-3, phospho-P53, P21, XIAP, BAX,
LC3B, caspase-3, and caspase-9). The protein bands
were visualized using the LumiGLO Reserve Chemi-
luminescent substrate, and the luminescent images
were captured using the LI-COR Odyssey Fc Imaging
System (2800) and ImageJ was used to perform
densitometric analysis.

Statistical analysis

Data was presented with error bars representing
mean + S.D and values representing *P < 0.05,
**P < 0.01 were considered as statistically significant
with one-way analysis of variance (ANOVA) and
Bonferroni analysis.

Results

BIO and CHIR 98014 reduces cell viability/
proliferation in H1975 cells

BIO and CHIR 98014 were experimentally observed
for their ability to reduce cell viability in H1975 and
H460 cells. The dose response curve generated using
the cell viability data revealed 85% =+ 3.3 and
75% =+ 3.5 cell viability, respectively, after 24 and
48 h of treatment with 3 pM concentration of BIO.
Similarly, 75% =+ 4.2 and cell viability was observed
with CHIR 98014 (3 uM) for 24 and 48 h of treatment.
However, 1 uM concentration of BIO showed only
78% £ 8.5 reduction in cell viability after 72 h
(Fig. 1a) of treatment. Whereas a higher reduction in
cell viability (65% =+ 5.7 (**P < 0.01) was observed
after 72 h of treatment with CHIR 98014 (1 pM)

concentration (Fig. 1b). Interestingly, H460 cells
showed no significant reduction in cell viability after
24, 48, and 72 h of treatment with lower concentra-
tions (1-10 pM). However, a statistically significant
reduction in cell viability of H460 was observed at
concentrations beyond 10 uM with BIO or CHIR
(Fig. 1c, d). While measurable cell death responses
were observed after GSK-3 inhibition, it appears that
cell cycle arrest reflected by reduction in cell prolif-
eration appears to be preceding the cell death events
following the inhibition of GSK-3 by BIO or CHIR.
Treatment of BIO (0.5 uM) and CHIR 98014
(0.5 uM) demonstrated 83.17% + 3.4 and
53.9% =+ 2.2 (**P < 0.01) reduction in cell prolifer-
ation, respectively (Fig. le, f). A further decrease in
cell proliferation was observed, 48.4% =+ 1.8
(**P < 0.01) and 34.4% =+ 2.5 (**P < 0.01) respec-
tively in BIO (1 pM) and CHIR 98014 (1 pM)
treatments. However, after treatment of cells with
10 uM concentrations of BIO and CHIR 98014 the
percentage of cell proliferation were greatly reduced
to 24.1% + 3.21 (**P < 0.01) and 18.7% =+ 2.11
(**P < 0.01), respectively.

BIO and CHIR 98014 induces ROS in H1975 cells

The possibilities of ROS production mediating the
apoptosis signals following BIO and CHIR 98014
treatments in H1975 cells were explored (Fig. 2).
Increased ROS generation was observed when cells
treated with 1 and 10 pM of BIO (Fig. 2c, d) as well as
CHIR 98014 (Fig. 2g, h). Spectrofluorimetric quan-
tification of DCHF-DA  staining exhibited
14.6% =+ 5.0 increase in fluorescence due to oxidation
by ROS generated by BIO (0.5 pM) treatment for 72 h
while CHIR 98014 (0.5 uM) exhibited no significant
increase in the fluorescence for 72 h compared to
untreated controls (Fig. 2i). However, a marginal
increase in fluorescence intensity was observed with
BIO (1 puM) after 72 h of treatment, while CHIR
98014 (1 uM) exhibited 64.1% + 17.4 increase in
fluorescence was observed due to ROS mediated
oxidation of the probe. As anticipated (10 pM)
concentration of BIO and CHIR 98014 demonstrated
the highest ROS generation at (69.1% =+ 10.4 and
83.9% + 8.2) (**P < 0.01), respectively.
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Fig. 1 MTT assay for BIO (a, ¢) treated H1975 cells (1—
15 puM for 24, 48, 72 h), CHIR 98014 (b, d) treated H1975 cells
(1—15 pM for 24, 48, 72 h). A significant reduction in cell
viability was observed after treatment with 1 M of CHIR

BIO and CHIR 98014 induces mitochondrial
membrane potential damage in H1975 cells

JC-1 staining confirmed the mitochondrial damage
caused by BIO and CHIR 98014 treatments in H1975
cells (Fig. 3). Control cells exhibited bright red
fluorescence with low green fluorescence indicating
that the mitochondria membrane potential was normal,
whereas 10 pM BIO-treated cells emitted more green
fluorescence with low red fluorescence indicating a

@ Springer

Control 0.5 1 10
Concentration (uM)

98014 and BIO for 72 h. e BrdU assay of 10 pM BIO and CHIR
98014-treated H1975 cells demonstrated significant reduction
(**P < 0.01) in cell proliferation. All experiments were done in
triplicates

decrease in the mitochondria membrane potential
(Fig. 3d). Thus, due to alteration in the mitochondria
membrane potential, the red fluorescence was chang-
ing to green in H1975 cells treated with 0.5, 1, and
10 uM BIO and CHIR 98014 (Fig. 3d, h).



Biotechnol Lett (2020) 42:1351-1368

1357

Control BIO (0.5 uM)

CHIR 98014 (0.5 uM)

BIO (1 pM) BIO (10 pM)

40000 1

30000 1

20000 1

10000 1 d

Fluorescence intensity (Ex/Em: 492-495/517-527 nm)

Control 0.5 1 10

Hl BIO (72h)
CHIR 98014 (72 h)

Control 0.5 1 10

Concentration (uM)

Fig. 2 Reactive Oxygen Species (ROS) detection in 0.5, 1, and
10 pM of BIO (a—d) CHIR 98014 (e-h) treated H1975 cells by
DCHF-DA staining. i Spectrofluorimetric quantification of
10 uM BIO and CHIR 98014 for 72 h exhibited green

BIO and CHIR 98014 induces activation
of Caspase-3/7 in H1975 cells

Both BIO and CHIR 98014 were able to activate
caspase-3/7 by proteolytic cleavage of the DEVD
conjugated dye in H1975 cells that were measured
using a fluorescent microscope (Fig. 4). The Cell
Event™ staining showed increased fluorescence
indicative of caspase-3 mediated cleavage after treat-
ing the cells with 10 uM of BIO and CHIR 98014
(Fig. 4d, h). Spectrofluorimetric quantification of
fluorescence following treatment of cells with
0.5 uM BIO for 72 h exhibited no changes compared

fluorescence indicative of ROS generation due to the conversion
of DCFDA to DCF accompanied by enlarged phenotypic
changes. Images were taken at 10X magnification. All
experiments were done in triplicates

to controls (Fig. 4i) while treatment with 0.5 pM of
CHIR 98014 exhibited 53.2 + 2.6 increase in fluo-
rescence indicating activation of caspase-3/7. Also,
treatment with 1.0 uM of BIO and CHIR 98014
exhibited 15.5% =+ 3.5 and 57.0% =+ 8.2 increases
respectively in fluorescence intensity and 10 uM BIO
exhibited 32.8% =+ 4.1 increase while CHIR 98014
(10 uM)  exhibited 77.0% + 2.2 (**P < 0.01)
increase in fluorescence intensity compared to
untreated controls after 72 h treatments, suggesting
stronger activation of caspase-3/7 at higher concen-
trations which was further confirmed by western
blotting analysis.
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Control BIO (0.5 uM)

BIO (1 uM)

BIO (10 pM)

Control CHIR 98014 (0.5 uM)

CHIR 98014 (1 uM) CHIR 98014 (10 uM)

Fig. 3 Mitochondrial membrane potential (AV,,) detection in
0.5, 1, and 10 uM of BIO (a—-d) CHIR 98014 (e-h) treated
H1975 cells by JC-1 staining. Untreated controls exhibited an
increase in red fluorescence. 10 uM of BIO and CHIR 98014

BIO and CHIR 98014 reduces the migratory
potential of H1975 cells

Cell migration is an important feature of aggressive
tumors. The assay was performed to assess the trans-
endothelial migratory potential of cancer cells in
response to treatments with BIO and CHIR 98014
(Fig. 5). The H1975 cells were plated onto HUVEC-
coated cell culture inserts of a trans-well system and
treated with 0.5, 1, 10 uM of BIO and CHIR 98014 for
72 h. Control H1975 cells exhibited significant via-
bility of migratory cells at 95.2% + 5.3 (Fig. 5a).
However, treatment with 0.5, 1 uM of BIO, and CHIR
98014 (Fig. 5b, f) exhibited a reduction in migrated
cells, indicating the ability of GSK-3 inhibitors in
reducing the migratory potential of H1975 cells.
Reduction in migrated cells with 8.2% £ 2.5
(**P < 0.01) cell viability was observed in with
10 pM of BIO and 10.4% £ 1.9 (**P < 0.01) CHIR
98014 (Fig. 51) treated cells compared to untreated
controls.
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exhibited green fluorescence with elongated phenotypic
changes. Images were taken at x 10 magnification. All
experiments were done in triplicates

Effects of BIO and CHIR 98014 on tumorsphere
formation and Caspase-3/7 activation in H1975
cells

The tumorsphere formation was assessed following
BIO and CHIR 98014 (0.5, 1, and 10 pM) treatments
of H1975 cells cultured in a serum-free RPMI medium
for 72 h (Shaheen et al. 2016). Control tumorspheres
exhibited a size range of 98-123 um before drug
treatments (Fig. 6). On the other hand, treatments with
1 uM of BIO exhibited 79-88 um tumorspheres,
while CHIR 98014 (1 pM) treated cells resulted in
74-85 um tumorspheres (Fig. 6¢, g, i). However,
following 10 uM treatments the tumorsphere sizes
were significantly reduced to 41-47 pm (**P < 0.01)
and 30-38 pm (**P < 0.01) respectively for BIO and
CHIR (Fig. 6d, h, i). In the tumorspheres, the cleavage
of caspase-3/7 was also observed following treatments
with BIO and CHIR 98014 for 72 h (Fig. 7). Interest-
ingly, significant cleavage of caspase-3/7 and imma-
ture formation of tumorspheres were observed in
10 uM BIO and CHIR 98014 treated cells (Fig. 7d, h).
BIO (10 uM) exhibited 64.0% + 6.6 increase in
fluorescence intensity while CHIR 98014 (10 pM)
exhibited 87.5% = 1.9 increase in fluorescence inten-
sity compared to untreated controls (Fig. 7i). At lower
concentrations of BIO (0.5 and 1.0 uM) and CHIR
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Fig.4 Caspase-3/7 detection of 0.5, 1, and 10 uM of BIO (a-d)
CHIR 98014 (e-h) treated HI1975 cells by caspase-3/7
molecular probe. i Spectrofluorimetric quantification of
10 uM BIO and CHIR 98014 for 72 h exhibited caspase-3/7

98014 (0.5 and 1.0 uM) increased caspase activation
was evident along with the impact on the formation of
tumorspheres. For example, 1 uM of BIO (Fig. 7c)
exhibited 31.7% =+ 2.7 increase in fluorescence inten-
sity while 1 uM of CHIR 98014 (Fig. 7g) exhibited
86.3% =+ 10.6 increase in fluorescence intensity com-
pared to untreated controls. Treatment with 0.5 uM of
CHIR 98014 showed changes that were non-
significant.

Control 0.5 1 10

Concentration (uM)

cleavage evidenced by green fluorescence due to DEVD peptide
cleavage. Images were taken at x 10 magnification. All
experiments were done in triplicates

BIO and CHIR 98014 reduces colony formation
of H1975 cells

Colony formation is a key factor in assessing tumori-
genesis. CFU assay was performed on 0.5, 1, and
10 uM BIO and CHIR 98014 treated H1975 cells
(Fig. 8). Significant reduction in the formation of
colonies were observed in both 10 pM BIO (82
colonies + 16) (**P < 0.01) and CHIR 98014 (85
colonies + 14) (**P < 0.01) at 72 h (Fig. 8a, b)
compared to untreated controls (240 colonies + 23).
However, no significant changes were observed in 0.5
and 1 pM of BIO (Fig. 8a, c) and CHIR 98014
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Fig. 5 Trans-endothelial migratory assay of 0.5, 1, and 10 pM
of BIO (a—d) CHIR 98014 (e-h) treated H1975 cells. Untreated
H1975 cells reported the highest potential for migration.
i 10uM of BIO and CHIR 98014 treatment exhibited

(Fig. 8b, c), treated cells, implying the ability of CHIR
and BIO to reduce colony formation at higher
concentrations.

BIO and CHIR 98014 phosphorylates GSK-3
(Ser9) and P53 in H1975 cells

GSK-3 is a serine-threonine kinase, which is respon-
sible for multiple cellular processes were studied to
identify the effect of BIO and CHIR 98014 on H1975
cells (Fig. 9). GSK-3 inhibitors are known to inhibit
GSK-3 activity through activation of protein phos-
phorylation and thereby regulating the wnt pathway
(Zhang et al. 2003). BIO and CHIR 98014 (Fig. 9a, b)
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82% £+ 2.5 (**P <0.01) and 1041% = 1.9 (**P < 0.01),
respectively. Images were taken at x 10 magnification. All
experiments were done in triplicates

were evidenced to significantly increase the phospho-
rylation of GSK-3 (Ser9) in a concentration-dependent
manner. No significant changes were observed in total
GSK-3 of all treated groups. Phosphorylation of P53 at
the Serl5 position is reported to be critical for the
transactivation of P53 (Loughery et al. 2014). An
increase in phosphorylation of P53 was exhibited
when cells were treated with 10 pM of BIO and CHIR
98014 (Fig. 9b, e). The levels of P21, which is a
cyclin-dependent kinase (CDK) inhibitor and regula-
tor of cell cycle progression were also investigated to
observe the regulatory potential of BIO and CHIR
98014 through P21 activation (Abbas and Dutta 2009).
Interestingly, a threefold increase (**P < 0.01) in P21
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Control 0.5 1 10

Concentration (uM)

Fig. 6 Tumorsphere formation of 0.5, 1, and 10 uM of BIO (a-
d) CHIR 98014 (e-h) treated H1975 cells. Untreated tumor-
sphere formation reported a size of (98-123 uM). i 10 uM of
BIO and CHIR 98014 exhibited (41-47 pM) (**P < 0.01), and

was level was observed in 1 and 10 uM of CHIR
98014-treated cells (Fig. 9¢). However, a 6.7-fold
increase (**P < 0.01) in P21 expression was observed
in BIO-treated cells with concentrations of 1 and
10 uM (Fig. 9b). Taken together, these results indi-
cate an active involvement of P53 and P21 in BIO and
CHIR 98014-mediated cell death.

BIO and CHIR 98014 downregulates XIAP
while upregulating BAX and LC3B in H1975 cells

XIAP (X-linked inhibitor of apoptosis) is an inhibitor
of caspases, which can lead to a significant increase in
the cancer cell invasion (Chaudhary et al. 2016). The

(4147 uM) (**P < 0.01) tumorsphere sizes, respectively.
Images were taken at x 10 magnification. All experiments
were done in triplicates

level of XIAP was studied to explore the effects of
BIO and CHIR 98014 treatments on H1975 cells
(Fig. 9a). XIAP exhibited no significant change in
control, 0.5, 1 uM of BIO, and CHIR 98014-treated
HI1975 cells, but the levels were significantly
decreased with 10 uM of BIO and CHIR 98014
treatments (Fig. 9c, f). BAX, a nuclear-encoded
protein responsible for mitochondrial membrane dam-
age, also showed significant upregulation of 1.96-fold
change (**P < 0.01) with 10 pM of BIO and 2.3-fold
change (**P < 0.01) with 10 pM of CHIR 98014
treatments (Fig. 9c, f). The results obtained with BAX,
in addition to the changes in the MMP, demonstrates
the ability of BIO and CHIR 98014 in inducing
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Fig.7 Caspase-3/7 cleavage of 0.5, 1, and 10 uM of BIO (a—-d) fluorescence indicative of caspase-3/7 cleavage due to DEVD
CHIR 98014 (e-h) treated H1975 tumorspheres. i 10 uM of BIO cleavage. Images were taken at x 40 magnification. All
and CHIR 98014 exhibited a significant increase in green experiments were done in triplicates
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«Fig. 9 Protein expression studies of 0.5, 1, and 10 uM of BIO
(a—c) CHIR 98014 (d-f) treated H1975 cells. BAX, showed a
significant upregulation of 1.96-fold change (**P < 0.01) and
2.3-fold change (**P < 0.01) with 10 pM of BIO and CHIR
98014, respectively. The LC3B protein exhibited significant
upregulation of 1.9-fold change (**P < 0.01) and 3.3-fold
(**P < 0.01) with 10 uM of BIO and CHIR 98014, respec-
tively, compared to untreated controls. All experiments were
done in triplicates

mitochondrial membrane damage. A similar effect
was reported after treating the cancer cells with GSK-3
inhibitors, which led to increased oxidative stress and
mitochondrial dysfunction (Guidotti et al. 2017).
LC3B, ubiquitin-like protein present at the autophago-
somal membranes, was analyzed to identify the
autophagic response following BIO and CHIR 98014
treatments. The LC3B protein exhibited a significant
upregulation by 1.9-fold change (**P < 0.01) in BIO-
treated H1975 cells at10 uM concentrations (Fig. 9c).
On the other hand, H1975 cells treated with 10 uM of
CHIR 98014 exhibited 3.3-fold (**P < 0.01) upreg-
ulation compared to untreated controls (Fig. 9f).
These results indicate the ability of BIO and CHIR
98014 to induce autophagy while regulating apopto-
sis-related proteins.

BIO and CHIR 98014 induces the activation
of caspases in H1975 cells

Membrane blebbing and cell shrinkage leading to
apoptosis are mediated by effector caspase-9, which is
also required for ROS (Zuo et al. 2009). Caspase-9,
which is a regulator of intrinsic apoptosis, exhibited
significant cleavage after treating the cells with 10 uM
of BIO and CHIR 98014 (Fig. 10a, d). Though cleaved
caspase-9 (37 kDa) was observed in 0.5, and 1 uM of
BIO and CHIR 98014 treated cells significant cleav-
age of caspase-9 (35 kDa) was observed following
10 uM of CHIR 98014 treatments (Fig. 10c, f).
Caspase-3 is responsible for normal development
and cell death, leading to apoptotic chromatin con-
densation and DNA fragmentation (Porter and Jdnicke
1999). Total caspase-3 (47 kDa) exhibited a 1.5-fold
increase with 10 uM of BIO (**P < 0.01) (Fig. 10b)
and 2.4-fold (**P < 0.01) increase with 10 uM of
CHIR 98014 treated cells (Fig. 10e). These results
together suggest the ability of BIO and CHIR 98014 to
activate caspases 9 and 3, leading to apoptosis.
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Discussion

GSK-3 inhibitors are emerging tools for clinical
interventions in cancer and represent a niche area in
combinational and differentiation therapy (Mathuram
et al. 2018). Previous studies on BIO, a highly
selective GSK-3 inhibitor has been reported to reduce
cell viability in neuroblastoma cells (Duffy et al.
2014), and also inhibit epithelial-mesenchymal tran-
sition in triple-negative breast cancer cells (Vijay et al.
2019), while enhancing TRAIL-mediated apoptosis in
human gastric adenocarcinoma cells (Wu et al. 2018).
Interestingly, BIO has been reported to be protective
to normal cells by activating antioxidant responses
against DNA damage inducing agents (Sklirou et al.
2017). CHIR 98014, a highly selective GSK-3
inhibitor, has been reported to reduce oxygen—glucose
deprivation (OGD) and simulated reperfusion-induced
cell injury in human neuron-like cells (Lin et al. 2011).
CHIR 98014 was also reported to enhance insulin-
stimulated glucose transport in both in vitro and
in vivo systems (Ring et al. 2003). Based on these
previous reports, our investigations elucidate the
possible mechanism of cell death as a consequence
of GSK-3 inhibition using BIO and CHIR 98014.
Incidentally, BIO and CHIR 98014 generated ROS,
leading to subsequent mitochondrial distress, demon-
strating their role in organelle damage. Our results also
demonstrate significant cell death following treatment
with BIO and CHIR 98014 in a concentration-
dependent manner. On the contrary, the proliferation
of lung cancer cells has been reported to be correlated
with the overexpression of GSK-3f, and experimental
evidence has shown that GSK-3 inhibition leads to a
reduction of cell survival (Xie and Wang 2017; Zeng
et al. 2014). In our study, notable cell death was
observed even at lower concentrations in both BIO and
CHIR 98014-treated H1975 cells after 72 h. However,
no significant cell death was observed in H460 cells
after 24, 48, and 72 h of treatments with lower
concentrations of BIO and CHIR 98014. This could be
attributed to the KRAS mutations found in H460 cells,
which might be conferring drug resistance (Pao et al.
2005). Additionally, a significant increase in the anti-
proliferative activity of BIO and CHIR 98014 was
observed in H1975 cells, which could be due to the
upregulation of P21 (Chen et al. 2015). Our observa-
tions confirmed the generation of ROS as one of the
major contributors for BIO and CHIR 98014-mediated
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(19 kDa) at 1.5-fold (**P < 0.01) and 2.4-fold (**P < 0.01),
respectively. All experiments were done in triplicates

treatments while high mitochondrial membrane poten-
tial due to accumulation of JC-1 polymer was
observed in untreated control cells. The dysregulation
of mitochondrial membrane function could be due to
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the ability of BIO and CHIR 98014 to alter the
oxidative metabolism of the mitochondria leading to
cell death processes such as autophagy or apoptosis
(Van Houten et al. 2016). Several genetic regulators of
mitochondrial membrane depolarization, such as Cck
(cholecystokinin), Alox12, (arachidonate 12-lipoxy-
genase), Dcn (decorin) can play important roles in the
fate of cells undergoing oxidative stress (Chirichigno
et al. 2002). The cellular levels of ROS and the
consequent alterations of MMP have clinical rele-
vance because of their ability to induce DNA strand
breakage in cancer cells but not in normal cells
(Marrocco et al. 2017). Additionally, cleavage of
caspase-3/7 following BIO and CHIR 98014 treat-
ments confirm the involvement of caspases in induc-
ing cell death of H1975 cells. The activation of
caspase-3 appears to be due to the generation of ROS,
which in turn leads to mitochondrial damages in
H1975 cells (Chen et al. 1998). ROS, an
inevitable byproduct of redox reaction has been
reported to activate the transcription factor NF-xB
(nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) through regulation of MAP kinase
cascades (Perkins 2000). Interestingly, increased
oxidative stress could also inactivate transcription
factor AP-1 (activator protein-1) through reversible
oxidation of their SH-group (Morel and Barouki
1999). Thus, it is evident that accumulation of ROS
due to elevated oxidative stress could play an impor-
tant role in the genetic regulation of cancer cell death
(Yang et al. 2018). In addition, the reduction in the
invasive and migratory potential of H1975 cells
suggests that the GSK-3 inhibitors can be good drug
candidates for preventing metastasis (van Zijl et al.
2011). To further substantiate these findings, our
results show that BIO and CHIR 98014 can reduce the
formation of tumorspheres, which is another indicator
of anti-metastatic ability (Klameth et al. 2017). The
reduction in the formation of tumorspheres was
evidently accompanied by caspase 3/7 cleavage in
BIO and CHIR 98014-treated tumorspheres, which
further portrays the ability of GSK-3 inhibition
impacting diverse mechanisms leading to cell cycle
arrest and cell death. Our results are the first-time
evidence that confirms the reduction in tumorsphere
formation when H1975 cells are treated with BIO and
CHIR 98014. Interestingly, a loose aggregation of
cells was also observed following BIO and CHIR
98014 treatments, while clearly defined aggregation of
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cells was observed in non-treated cells. Altogether,
these results indicate that inhibition of cell adhesion
could lead to a decrease in cancer cell survival due to
increased exposure to the anticancer drug effects. Our
CFU experiments also showed a significant reduction
in the formation of colonies after BIO and CHIR
98014 treatments indicating the ability of GSK-3
inhibitors to reduce colony forming ability of cancer
cells. Furthermore, increased phosphorylation of
GSK-3 (Ser9) that was observed in western blotting
analysis suggests that phosphorylation-mediated inhi-
bition of GSK-3 activity by BIO and CHIR 98014
treatments (Zhang et al. 2003). In addition to the
changes in GSK-3, the phosphorylation of P53 was
also increased following BIO and CHIR 98014
treatments, which is suspected to be due to ROS
generation and mitochondrial dysfunction leading to
activation of target specific kinases (Yogosawa and
Yoshida 2018). The phosphorylation of P53 has also
been reported to induce cell cycle arrest (Chen et al.
2015), which is evidenced in our studies when
treatments with BIO and CHIR 98014 exerted signif-
icant upregulation of P21, a well-known mediator of
CDK inhibition and cell cycle arrest (Lee et al. 2007).
Furthermore, XIAP was downregulated in a concen-
tration-dependent manner following GSK-3 inhibi-
tion, suggesting a caspase-mediated cell death (Suzuki
et al. 2001). Upregulation of BAX, along with the
activation of caspases 3 and 9, confirms their partic-
ipation in executing apoptosis following treatment of
HI1975 cells with GSK-3 inhibitors. Intriguingly,
LC3B, a known marker of autophagy, was also
significantly elevated when the H1975 cells were
treated with BIO and CHIR 98014 suggesting a
possible involvement of autophagic response also as a
result of pharmacological inhibition of GSK-3 (Parr
et al. 2016). Similar regulation of both apoptotic and
autophagic cell fate were observed when GSK-3 was
inhibited with MG132 in human breast epithelial cell
(Choi et al. 2012). Taking together these findings, our
results provide strong evidence that GSK-3 inhibitors
can induce cell death through both autophagy as well
as apoptotic mechanisms.

Conclusion

The biological relevance of GSK-3 is increasingly
evident, and recent studies are exposing the growing
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roles of this enigmatic kinase. Our study concludes by
stressing the importance of GSK-3 as an important
drug-target for initiating pharmacological interven-
tions, with emphasis on CHIR 98014 as a more potent
inhibitor compared to BIO in inducing apoptotic cell
death in H1975 cells. Further research is needed to
establish the differences of mechanisms exerted by
BIO and CHIR 98014 in other cancer cells.
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