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Abstract: Glycogen synthase kinase-3 (GSK-3) is a regulator of signaling pathways. KRas is frequently
mutated in pancreatic cancers. The growth of certain pancreatic cancers is KRas-dependent and can be
suppressed by GSK-3 inhibitors, documenting a link between KRas and GSK-3. To further elucidate
the roles of GSK-3f3 in drug-resistance, we transfected KRas-dependent MIA-PaCa-2 pancreatic cells
with wild-type (WT) and kinase-dead (KD) forms of GSK-3f3. Transfection of MIA-PaCa-2 cells
with WT-GSK-3f3 increased their resistance to various chemotherapeutic drugs and certain small
molecule inhibitors. Transfection of cells with KD-GSK-3(3 often increased therapeutic sensitivity. An
exception was observed with cells transfected with WT-GSK-3§ and sensitivity to the BCL2/BCLXL
ABT737 inhibitor. WT-GSK-3f3 reduced glycolytic capacity of the cells but did not affect the basal
glycolysis and mitochondrial respiration. KD-GSK-3f3 decreased both basal glycolysis and glycolytic
capacity and reduced mitochondrial respiration in MIA-PaCa-2 cells. As a comparison, the effects
of GSK-3 on MCEF-7 breast cancer cells, which have mutant PIK3CA, were examined. KD-GSK-33
increased the resistance of MCE-7 cells to chemotherapeutic drugs and certain signal transduction
inhibitors. Thus, altering the levels of GSK-33 can have dramatic effects on sensitivity to drugs and
signal transduction inhibitors which may be influenced by the background of the tumor.

Keywords: GSK-3f3; targeted therapy; PDAC; breast cancer; KRas; 3-catenin; BCL2; chemotherapeu-
tic drugs; nutraceuticals

1. Introduction

Glycogen synthase kinase-3 (GSK-3) is a family of kinases consisting of GSK-3a
and GSK-3f3. The GSK-3 family members are highly conserved and expressed in many
different types of cells and tissues [1-4]. They function as kinases and phosphorylate many
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proteins on serine (S) and threonine (T) residues [5-9]. After phosphorylation, their target
proteins are often inactivated. GSK-3 kinases play key roles in many biological processes
including aging, diabetes, inflammation, metabolism, neural transmission, obesity, and
drug-resistance [3,4,10-12]. The abilities of GSK-3f3 to influence the drug-sensitivity of
pancreatic cancer cells and breast cancer cells are the subjects of this manuscript.

GSK-3p is often considered to function in concert with the PI3K/PTEN/AKT/mTORC1
and Wnt/ 3-catenin pathways [10-16]. An overview of the interactions with various signal-
ing pathways and sites of certain small molecule inhibitors action is presented in Figure 1.
One of the best characterized reactions involving GSK-3 is its phosphorylation at S9
by AKT, which results in its inactivation [6]. GSK-3f is then targeted for proteasomal
degradation. Other kinases and phosphatases also regulate GSK-3f3 activity by either
phosphorylation (e.g., protein kinase A (PKA), p70 ribosomal S6 kinase (p70S6K), and p90
ribosomal S6 kinase (p90Rsk) [5,17-20] or dephosphorylation (e.g., protein phosphorylase 1
(PP1) and protein phosphatase 2A (PP2A)) at various regulatory sites [21].
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Figure 1. Illustration of glycogen synthase kinase-3 (GSK-3) interactions with other signaling path-
ways important in regulation of cell growth and sites of interaction for certain signal transduction
inhibitors used in this study.

The PI3K/PTEN/AKT/mTORCI pathway is often deregulated in human cancers due
to mutations at PI3K (PIK3CA), PTEN, AKT, MTOR and tuberous sclerosis complex 2 (TSC2).
Mutations that alter the activity of this pathway can be either activating (PIK3CA, AKT,
and MTOR) or inactivating (PTEN and TSC2). Both types of mutations can lead to pathway
activation [16,22]. In various cancers, including breast, prostate, and brain cancers, the
PTEN tumor suppressor gene is frequently inactivated, which results in constitutive AKT
activity that in turn inhibits GSK-3 activity. In pancreatic cancer, the upstream KRAS gene
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is frequently mutated, which results in the activation of the PI3K/PTEN/AKT/mTORC1
pathway [23,24]. These events can lead to the activation of AKT, which in turn, leads
to inactivation of GSK-33. Thus, one of the converging points in cancer development
is phosphorylation of GSK-3 and its subsequent inactivation. Silencing of GSK-3 can
lead to activation of downstream molecules such as mTOR, which promote cell growth.
Therefore, in many cancers with aberrant AKT activity, subsequent suppression of GSK-3
may prevent its normal negative regulatory effects on cellular proliferation. This may
contribute to altered sensitivity to chemotherapeutic drugs, signal transduction inhibitors
and nutraceuticals and the cancer cells can proliferate in an uncontrolled fashion.

An example of this dysregulation is the effects of GSK-3 on the mechanistic target of
rapamycin (mTORC1) activity. mTORC1 activity is important in cell growth and autophagy.
mTORC1 activity is blocked by the immunosuppressive drug rapamycin and PI3K/mTOR
dual inhibitors [14,15]. Both types of drugs are used to treat patients with various diseases.
AMP-activated protein kinase (AMPK) can phosphorylate TSC2 at 51345, GSK-3f3 can
then phosphorylate the TSC2 protein at T1329, 51333, S1337, and 51345. TSC2 activity is
suppressed and results in inhibition of downstream Ras homolog enriched in brain (RHEB)
which can normally activate mTORC1. In this scenario, mTORC1 is suppressed by GSK-3
and its ability to aid in the translation of growth-regulatory mRNAs which have unique
3’ends, which are normally difficult to translate, is suppressed [10,14,15].

GSK-3f3 can phosphorylate other proteins important in protein translation such as
p70S6K [17,18] and eukaryotic translation initiation factor 4E (elF4E)-binding protein 1
(4E-BP1) [20]. Phosphorylation of p70S6K at S371 by GSK-3f3 positively regulates p70S6K
activity, while phosphorylation of 4E-BP1 at T37/T46 by GSK-33 results in its inhibition [20].
Certain of these GSK-33 phosphorylation events are phosphorylation site specific as phos-
phorylation of p70S6K at T389 results in activation of TSC2 and inactivation of p70S6K [19].
These observations serve to document the fine details of GSK-33 phosphorylation, even on
the same protein.

GSK-3p plays roles in the sensitivity to chemotherapeutic drugs, signal transduction
inhibitors, nutraceuticals, and other small molecule inhibitors [3,4,25-32]. GSK-3f3 plays
important roles by phosphorylating key proteins in the WNT/ 3-catenin complex (e.g., 3-
catenin, APC, Axin, LPR5/6) [10]. This complex is involved in the epithelial-mesenchymal
transition (EMT), which is critical for normal growth and differentiation as well as cancer
progression [10,33]. The roles of GSK-3f3 in cancer may differ according to the cancer
type and the genetic mutations present [3,4]. Suppression of GSK-3 can lead to enhanced
WNT/ B-catenin activity. Some proteins such as 3-catenin may have mutations in the
GSK-33 phosphorylation sites in certain cancer cells, which prevent GSK-33-dependent
phosphorylation and lead to constitutive activation of the Wnt/ 3-catenin pathway and
contribute to cancer development. If -catenin activity is increased due to the inability of
GSK-3f to phosphorylate it and inactivate it, increased proliferation and drug resistance
may occur. Additional studies have shown that GSK-33 may exert positive effects on cell
proliferation and the GSK-3f3 protein is overexpressed in certain tumor types, including
colon, liver, ovarian, and pancreatic cells [34-36]. There are key interactions between NF-kB
and GSK-3f3, which result in important loops that stimulate the growth of certain cancers.

We have shown that inhibition of GSK-3f3 activity may increase the drug-resistance of
breast cancer cells to certain chemotherapeutic drugs [37]. This may result in the activation
of the Wnt/ 3-catenin pathway and cell growth, differentiation, and drug resistance [10].
Moreover, inactivation of GSK-3 prevents phosphorylation of the transcription factor Slug,
which results in promotion of EMT and metastasis [3,4,38,39].

Pancreatic cancer is often diagnosed late in the development of the disease resulting in
poor treatment outcomes. Approximately 80% of pancreatic cancers are pancreatic ductal
carcinomas (PDAC) [40]. Surgery is the most common approach for PDAC treatment,
although patients may also be treated with chemotherapeutic drugs (e.g., 5-fluorouracil
(5FU), gemcitabine, cisplatin, oxaliplatin, paclitaxel, irinotecan, and others). However,
these chemotherapeutic drug treatments are usually not curative and by the time the PDAC
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is diagnosed it is often advanced and nearly impossible to treat [41]. The survival period
after treatment of PDAC patients is quite short, usually less than a year with a 5-year
survival rate of <5% [5,42]. Clearly novel, more effective approaches to treat PDAC are
essential for improved treatment. PDAC patients have mutations at KRAS, TP53, and
various other oncogenes and tumor suppressor genes [43]. Inhibitors specific for mutant
KRas or reactivation of WT-TP53 activity have proven difficult to develop. GSK-3 inhibitors
inhibit the growth of certain PDAC tumors. There are interactions between Kras, GSK-3,
NF-«B, and TP53 [44,45]. Thus, an alternative approach may be to treat PDAC patients,
who are dependent on mutant KRas, with GSK-3 inhibitors [36,46,47].

In the following studies, we investigated the effects of GSK-3f3 expression on the
sensitivity of the MIA-PaCa-2 pancreatic cancer and the MCF-7 breast cancer cell lines to
various chemotherapeutic drugs, signal transduction inhibitors, and nutraceuticals. The
MIA-PaCa-2 PDAC cell line is a good model to examine the effects of GSK-33 on PDAC
drug sensitivity as it contains mutations at KRAS and TP53 [48], two of the most frequently
mutated genes in PDAC. Expression of ectopic WT-GSK-3 often increased the resistance of
MIA-PaCa-2 cells to various chemotherapeutic drugs including: 5FU, paclitaxel, cisplatin,
docetaxel, irinotecan, doxorubicin, daunorubicin, and mitoxantrone in comparison to
cells transfected with either KD-GSK-3f3 or the empty vector pLXSN. In contrast, cells
transfected with WI-GSK-33 were more sensitivity to an inhibitor that targets BCL2 and
BCLXL than cells transfected with KD-GSK-3f3 or pLXSN. WT-GSK-3f3 also had increased
metabolic and glycolytic activities in comparison to cells transfected with KD-GSK-33. We
also examined the effects of introduction WT-GSK-33 and KD-GSK-3f3 on the sensitivity
of MCEF-7 breast cancer cells to chemotherapeutic drugs, signal transduction inhibitors
and a nutraceutical. In contrast to the results observed in MIA-PaCa-2 PDAC cells, where
WT-GSK-34 acted as a tumor promoter and KD-GSK-3f functioned as a tumor suppressor,
in MCF-7 breast cancer cells, KD-GSK-3f3 functioned as a tumor promoter and WT-GSK-3{3
functioned as a tumor suppressor. These results document the complexity of GSK-3f3 in
regulation of therapeutic sensitivity which is likely dependent of the presence of different
mutations in various cell types.

2. Materials and Methods
2.1. Cell Culture and Chemotherapeutic Drugs, Signal Transduction Inhibitors and Nutraceuticals

MIA-PaCa-2 PDAC cells (ATCC CRM-CRL-1420) were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). The cells were recovered from a 65-year old
Caucasian male PDAC patient [48]. MIA-PaCa-2 cells were cultured as described [49].

MCF-7 breast cancer cells (ATCC® HTB-22™) were obtained from the ATCC. They
were derived from a metastatic site pleural effusion of a breast carcinoma from a 69-year
old female [50]. MCF-7 cells were cultured as described [37]. Chemotherapeutic drugs,
signal transduction inhibitors and nutraceuticals were obtained from either Sigma-Aldrich
(Saint Louis, MO, USA) or Selleck Chemicals (Houston, TX, USA).

2.2. WT-GSK-3B, KD-GSK-3B and pLXSN Plasmids

Plasmid DNAs encoding WT-GSK-3p and KD-GSK-3f [7,51] were generously pro-
vided by Dr. James Woodgett (University of Toronto, Toronto, ON, Canada). KD-GSK-33
differs from WT-GSK-3/3 by a substitution of methionine and alanine for lysine at positions
85 and 86, respectively. The KD-GSK-33 inhibits the activity of endogenous GSK-3f [35].
The WT-GSK-33 and KD-GSK-3f3 expression vectors also contain the gene encoding resis-
tance to geneticin (G418). pLXSN is an empty retroviral vector which contains the gene
encoding resistance to G418. pLXSN was generously provided by A. Dusty Miller, Fred
Hutchinson Cancer Center, Seattle, WA, USA) [52].

2.3. Transfection of MIA-PaCa-2 and MCF-7 Cells with GSK-3p Constructs

Next, 5 x 10° MIA-PaCa-2 or MCF-7 cells were plated into 6-well cell culture plates
(BD Biosciences, San Jose, CA, USA) and transfected with the various plasmids as de-
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scribed [37]. Cells were transfected the WT-GSK-33 and KD-GSK-33 DNAs as described [37]
with Lipofectin (Invitrogen) as described by the manufacturer. The generation of MIA-
PaCa-2 + pLXSN cells were previously described [49]. Further, 48 h after transfection, a
selection medium (DMEM + 5% FBS or RPMI-1640 + 5% FBS + 2 mg/mL G418 (Geneticin)
(Invitrogen) was added to isolate stably transfected cells. Cells were fed with a fresh
selection medium every three days. Mock transfections were also performed and did not
generate viable colonies in the presence of selection medium.

2.4. Cell Proliferation Assays in the Presence of Chemotherapeutic Drugs, Signal Transduction
Inhibitors, and Nutraceuticals

MIA-PaCa-2 + WT-GSK-3§3, MIA-PaCa-2 + KD-GSK-3/3, MIA-PaCa-2 + pLXSN, MCE-
7 + WT-GSK-3f3, MCF-7 + KD-GSK-33, and MCF-7 + pLXSN cells were seeded in 96-well
cell culture plates (BD Biosciences, San Jose, CA) at a density of 5000 cells/well in 100 pL
of phenol red free RPMI-1640 containing 1% FBS as described [37,49]. The treatment
medium was prepared by performing 10 two-fold serial dilutions to create a range of
11 concentrations of the different drugs, signal transduction inhibitors, and nutraceuticals.
After 72 h of treatment (four days after seeding), the amount of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich) reduction in each well
was quantified as described [37,49]. The absorbance at 570 nM was determined with
a FL600 microplate fluorescence reader (Bio-Tek Instruments; Winooski, VT, USA) as
described [37,49]. The mean and corresponding standard deviation of normalized adjusted
absorbance was calculated from three replicate wells for each drug concentration. The
inhibitory concentration of 50% (ICsp) is defined in this context as the concentration of the
drug that causes MIA-PaCa-2 or MCF-7 cells to proliferate at a rate that is half as rapid as
cells incubated in the absence of the drug.

The drug concentrations used in human therapy are usually much higher than those
used to treat tissue culture cells. This is because drug delivery to humans has many more
factors which restrict the effects of the drugs in various human organs (e.g., liver) than
in tissue culture cells in vitro. None of the drugs/nutraceuticals in our studies exceeded
the drug concentrations that are used clinically. Thus, our studies provide a model for the
effects of these drugs in vitro.

2.5. Colony-Formation Assays

MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-3f3, and MIA-PaCa-2 + pLXSN
cells were collected and seeded in 6-well cell culture plates at a density of 500 cells/well
in 2 mL of DMEM + 5% FBS for each well (three replicate wells for each condition) as
described [37,49]. Next, 24 h after seeding, plates were then treated with different concen-
trations of 5FU, gemcitabine, doxorubicin, tideglusib, metformin, or berberine in 2 mL of
DMEM + 5% FBS for each well and incubated for three weeks at 37 °C as described [37,49].
At the end of the three-week treatment period, fixed cells were incubated in Giemsa stain
(Sigma) for 5 min at room temperature as described [37,49]. Colonies consisted of at least
50 cells and the number of colonies present in each well was counted. The mean number of
colonies and corresponding standard deviation was calculated from three replicate wells
for each condition. The colony formation abilities were determined three times for each
cell type and each treatment condition. Statistical significance was calculated using the
GraphPad QuickCalcs software (San Diego, CA, USA) using an unpaired ¢ test with a 95%
confidence interval.

2.6. Real-Time Cell Metabolic Analysis

Mitochondrial activity was measured by performing mitochondrial stress tests and
glycolysis stress tests with the Seahorse instrument (Agilent, Santa Clara, CA, USA) as
described [53]. Briefly, exponentially growing cells in tissue culture flasks were washed
with phosphate buffered saline and then treated with 1X trypsin (Life Technologies) for
5 min. The cells were then briefly centrifuged, and the cell numbers were determined
on an automatic cell counter after staining with trypan blue. 100,000 cells of each cell
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type in a volume of 200 microliters of standard tissue culture medium was then added to
5 wells for each cell type on a Seahorse 24 well plate. The cells were allowed to adhere
to the plate for 1 h at 37 °C. Then, the 24 well plate was placed in the Seahorse instru-
ment and the various agents were added at the indicated time periods on the graphs
(e.g., glucose, oligomycin, 2-deoxyglucose, BAM15, rotenone, and antimycin A). After the
Seahorse experiments were performed, the actual protein concentrations in each well were
determined and standardized. Briefly, the cells were lysed using the RIPA buffer, and total
protein content of each well was determined using the Pierce BCA Protein Assay Kit (Cat#
23227, ThermoFisher Scientific, (Waltham, MA, USA). Then the oxygen consumption rate
(OCR) or the extracellular acidification rate (ECAR) value of each well was divided by the
total protein concentration of that well. The statistical significance was determined by the
Mann-Whitney test with Graph Pad software (San Diego, CA, USA).

3. Results

To determine the effects of GSK-3f3 on the sensitivity of PDAC cancer cells to chemother-
apy, targeted therapy and nutraceuticals, MIA-PaCa-2 PDAC cells were transfected with
wild-type (WT), kinase dead (KD) forms of GSK-33 [7,51]. As controls for these exper-
iments, we also examined the effects of pLXSN, which is an empty vector encoding
NeoR [52]. The effects of various chemotherapeutic drugs on the drug sensitivity of control
empty vector pLXSN and untransfected cells (parental lines) were examined in some cases.
The sensitivities of the empty vector pLXSN and untransfected cells were similar.

3.1. Effects of GSK-3B on Sensitivities of PDAC Cells to Chemotherapeutic Drugs Used to Treat
PDAC Patients

The effects of WT-GSK-33, KD-GSK-3f3, and pLXSN on the sensitivity to MIA-PaCa-2
cells to chemotherapeutic drugs were used to treat PDAC are presented in Figures 2 and 3,
and Table 1. MIA-PaCa-2 cells were used in the following study as they represent an
in vitro model for pancreatic cancer. MIA-PaCa-2 cells have an activating mutation in
KRAS and a gain of function mutation at TP53, as well as some other mutations important
in pancreatic cancer cells. They are also estrogen-receptor (ER) positive and metastatic [48].
These characteristics are often present in pancreatic cancer. Other pancreatic cancer cell
lines lack some of these properties.

Introduction of WT-GSK-3f into MIA-PaCa-2 cells resulted in an increase of the ICs,
values, i.e., decrease of sensitivity, of the cells to all the tested chemotherapeutic drugs used
to treat PDAC patients, as compared to the control. The greatest decrease of sensitivity was
observed with docetaxel and oxaliplatin.

In turn, introduction of KD-GSK-3f into these cells resulted in about 2-fold decreases
of the ICs5 values, i.e., increase of sensitivity, of the cells to almost all the tested chemother-
apeutics. The exception was oxaliplatin to which the sensitivity increased over 13 times.

Comparison of the effects of transfection of the cells with WT-GSK-33 and KD-GSK-343,
the most dramatic decreases in sensitivities to chemotherapeutic drugs were observed after
introduction of the WT-GSK-3 for oxaliplatin (almost 37-fold) and docetaxel (7.5-fold).
For the rest of the tested chemotherapeutics, the sensitivities decreased about 2-4-fold.

3.2. Effects of WT-GSK-3 and KD-GSK-3 on the Sensitivities of MIA-PaCa-2 Cells to
Chemotherapeutic Drugs Used to Treat Patients with Other Types of Cancer

Next we examined the effects of introduction of WT- and KD-GSK-3{ on the chemosen-
sitivities of other drugs frequently used to treat other types of cancer patients as this
may provide additional information important for determining the effects of GSK-3f3 on
chemotherapeutic drug-resistance. Results of these experiments are presented in Figure 4
and Table 1. As in the case of chemotherapeutics used for pancreatic cancer treatment,
introduction of WT-GSK-3f into MIA-PaCa-2 cells resulted in an increase of the ICs values,
i.e., decrease of sensitivity, of the cells to all the tested compounds.
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Table 1. Effects of WT-GSK-33, KD-GSK-33, and pLXSN empty vector on sensitivity of MIA-PaCa-2 pancreatic cancer cells
to chemotherapeutic drugs, signal transduction inhibitors, and nutraceuticals. The concentrations presented in the Table 1

represent the inhibitory concentration 50 (ICsg) values (determined as previously described [37,49] for tested substances).

Fold Fold Change Fold
+WT- +KD- +WT- +KD-
Drug/Agent] +pLXSN -~ Change +pLXSN g KD vs. 3 g Change
GSK-3B W vs. LXSN GSK-3B LXSN GSK-3B GSK-3B Wt vs. KD

SFU 6 uM 12 1M 2%t 6 uM 3uM 2| 12 1M 3uM 4xt
(nucleoside analogue) M K M W K |
Gemcitabine 35nM 5nM 14x71 35nM 2nM 1.8%) 5nM 2nM 25%x7+
(nucleoside analogue)
Paclitaxel
(microtubule binder) 12nM 2.1nM 1.8x1 12nM 1nM 13x| 2.1nM 1nM 2.1x71
Docetaxel
(microtubule binder) 0.15nM 0.6 nM 4xt 0.15nM 0.08 nM 19%| 0.6 nM 0.08 nM 75x+
Cisplatin
(DNA synthesis inh.) 110 uM 200 uM 1.8x71 110 uM 65 UM 1.7x| 200 uM 65 UM 3x7t
Oxaliplatin
(DNA synthesis inh.) 0.4 uM 1.1 uM 287 0.4 uM 0.03 M 133x 1.1 uM 0.03 M 36.7x 1
Irinotecan
(topoisomerase inh.) 3 uM 4 uM 13x71 3 uM 2 uM 15%| 4 M 2 uM 2x1
Doxorubicin 35 nM 55 nM 15%1 35 nM 6nM 58x 55 nM 6nM 9.1+
(topoisomerase inh.)
Daunorubicin 300 nM 800 nM 2.7x1 300 nM 150 nM 2x] 800 nM 150 nM 53x71
(topoisomerase inh.)
Mitoxantrone 18 nM 35 nM 1.9%71 18 nM 6.5nM 2.8% 35 nM 6.5nM 54x7t
(topoisomerase inh.)
Etoposide
(topotsomerase inh.) 800 nM 1uM 13x1 800 nM 550 nM 15%| 1 uM 550 nM 1.8x1
SB415286
(GSK.30c and B inh) 120 nM 300 nM 251 120 nM 15 nM 8x 300 nM 15nM 20x 1
Tideglusib 200 nM 5uM 2554 200 nM 70 "M 29x| 5 uM 70 nM 714xt
(GSK-3p inh.) : :
BIO 300 nM 800 nM 2.7x1 300 nM 150 nM 2x) 800 nM 150 nM 53x7
(GSK-3« and f3 inh.) ) i
CHIR99021
(GSK-30c and B inh) 350 nM 650 nM 1.9x7 350 nM 170 nM 2.1x, 650 nM 170 nM 3.8x71
ARRY-543
(EGFR/HER? inh) 400 nM 2 uM 5x1 400 nM 40 nM 10x 2 uM 40 nM 50x 1
ARS-1620 (KRas inh.) 5nM 30 nM 6x71 5nM 3nM 1.7x4 30 nM 3nM 101
530)325901 (MEK1 125 nM 280 nM 23x1 125 nM 35nM 361 280 nM 35nM 8xt
Rapamycin
(mTORC1 blocker) 0.6 nM 2nM 33x1 0.6 nM 0.28 nM 21%| 2nM 0.28 nM 71xt
ABT-737
(BCL2/BCLXL inh.) 350 nM 7nM 50 350 nM 350 nM 1x 7nM 350 nM 50
Metformin
(Activation of AMPK) 7 uM 9 uM 13x1 7 uM 6 uM 12x| 9uM 6 uM 1.7x1
Berberine (multiple
targets, mTORC1, 1.2 uM 2 uM 1.7x71 1.2 uM 600 nM 2% 2 uM 600 nM 33x7T
NF-kB, AMPK)
Chloroquine
(autophagy inh. 0.9 uM 20 uM 22x71 0.9 uM 0.9 uM 1x 20 uM 0.9 uM 22x1
apoptosis inducer)
OTX008
(Galectin-1 inh.) 1.1 uM 1.3 uM 12x1 1.1 uM 19 nM 57.9x 1.3 uM 19 nM 68% 71
Tiplaxtinin 20 nM 200 nM 101 20 nM 20 nM 1x 200 nM 10 nM 20x 1
(Serpine-1 inh.)
Vismodegib (Hh inh.) 5 uM 8 uM 1.8x1 5 uM 5 uM 1x 8 uM 5 uM 1.8x1
Gilteritinib
(AXL, ALK, FLT3 inh) 550 nM 700 nM 1.3x7 550 nM 400 nM 14x| 700 nM 400 nM 1.8x1
Isoliquiritin 600 nM 3 uM 5% 600 nM 28 nM 214x% | 3 uM 28 nM 1071

(multiple targets)
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Figure 2. Effects of chemotherapeutic drugs on the growth of MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-33,
and MIA-PaCa-2 + pLXSN cells. The effects of 5FU (Panel (A)), gemcitabine (Panel (B)), paclitaxel (Panel (C)), and
docetaxel (Panel (D)) on MIA-PaCa-2 + WT-GSK-3f (solid red boxes), MIA-PaCa-2 + KD-GSK-3 (solid blue triangles),
and MIA-PaCa-2 + pLXSN cells (solid green circles) were examined using MTT analysis. The MIA-PaCa-2 + WT-GSK-3f3,
MIA-PaCa-2 + KD-GSK-3f3, and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period.
These experiments were repeated 6 times and similar results were obtained. Statistical analyses were performed via the

Student’s T test on the means and standard deviations of various treatment groups. ** p < 0.005, * p < 0.05 and NS = not
statistically significant.
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Figure 3. Effects of chemotherapeutic drugs on the growth of MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-33,
and MIA-PaCa-2 + pLXSN cells. The effects of cisplatin (Panel (A)), oxaliplatin (Panel (B)), and irinotecan (Panel (C)) on
MIA-PaCa-2 + WT-GSK-3f (solid red boxes), MIA-PaCa-2 + KD-GSK-3f (solid blue triangles) and MIA-PaCa-2 + pLXSN
Cells (solid green circles) were examined by MTT analysis. The MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-3f3 and
MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period. These experiments were repeated
6 times and similar results were obtained. Statistical analyses were performed via the Student’s T test on the means and
standard deviations of various treatment groups. ** p < 0.005 and * p < 0.05.
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Figure 4. Effects of chemotherapeutic drugs on the growth of MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-
2 + KD-GSK-33 and MIA-PaCa-2 + pLXSN cells. The effects of doxorubicin (Panel (A)), daunorubicin
(Panel (B)), mitoxantrone (Panel (C)), and etoposide (Panel (D)) on MIA-PaCa-2 + WT-GSK-3f3 (solid
red boxes), MIA-PaCa-2 + KD-GSK-3 (solid blue triangles) and MIA-PaCa-2 + pLXSN Cells (solid
green circles) were examined by MTT analysis. The MIA-PaCa-2 + WT-GSK-3(3, MIA-PaCa-2 + KD-
GSK-3f3, and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period.
These experiments were repeated 4 times and similar results were obtained. Statistical analyses were
performed via the Student’s T test on the means and standard deviations of various treatment groups.
*** p <0.0001, ** p < 0.005, and * p < 0.05.

3.3. Effects of WT-GSK-3 and KD-GSK-3p on Sensitivities to GSK-3 Inhibitors

As stated previously, GSK-3 plays various roles in cancer, including tumor promoter
and tumor suppressor activities. Inhibition of GSK-3 activity has been proposed for the
treatment of PDAC [54,55]. Thus, the effects of four structurally diverse GSK-3 inhibitors [3]
were examined: SB415286, tideglusib, 6-bromoindirubin-30-oxime (BIO), and CHIR99021.
Results of these experiments are presented in Figure 5 and summarized in Table 1.

KD-GSK-3p reduced the resistance of MIA-PaCa-2 cells to the GSK-3 inhibitors 8-fold
to SB415286 and about 2-fold for the remaining three compounds, compared with the cells
transfected with the empty vector.

Direct comparison of the effects of the introduction of WT-GSK-3 and KD-GSK-3f3
into MIA-PaCa-2 cells revealed augmented resistance to tideglusib over 70-fold and to
SB415286 20-fold. Thus, the results indicated an inverse correlation between WT-GSK-3f3
and vulnerability of MIA-PaCa-2 cells to chemotherapy and GSK-3 inhibitors.

3.4. Effects of WI-GSK-3B and KD-GSK-38 on Sensitivities of MIA-PaCa-2 to Signal
Trans-Duction Inhibitors Targeting Other Pathways

There are mutations in various genes (e.g., KRAS, TP53, PIK3CA, CTNNBI ([3-catenin),
AXIN, and others) that effect the ability of GSK-3f3 to phosphorylate its substrates. These
mutations may change the sensitivity to signal transduction pathways inhibitors. There
are also interactions between GSK-3, NF-«B, and TP53, which alter the sensitivity to signal
transduction inhibitors [44,56-63]. GSK-3 can affect the activity of NF-«B by phosphoryla-
tion of the IKKy/NEMO substrate [61]. NF-kB is a critical transcription factor involved
in inflammation, cancer and many biological processes. The effects of introduction of WT
and KD-GSK-3§ on the sensitivities of MIA-PaCa-2 cells to various signal transduction
pathway inhibitors were examined (Figure 6, Table 1).
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Figure 5. Effects of GSK-3 inhibitors on the growth of MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-
2 + KD-GSK-3f3 and MIA-PaCa-2 + pLXSN cells. The effects of SB415286 (Panel (A)), Tideglusib
(Panel (B)), BIO (Panel (C)) and CHIR99021 (Panel (D)) on MIA-PaCa-2 + WT-GSK-3f (solid red
boxes), MIA-PaCa-2 + KD-GSK-3 (solid blue triangles) and MIA-PaCa-2 + pLXSN Cells (solid green
circles) were examined by MTT analysis. The MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-3/3
and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period. These
experiments were repeated 3 times and similar results were obtained. Statistical analyses were
performed via the Student’s T test on the means and standard deviations of various treatment groups.
*** p <0.0001 and ** p < 0.005.

ARRY-543 is a pan-EGFR inhibitor [63]. EGFR and HER? are important receptors that
play critical roles in many cancers [23]. MIA-PaCa-2 cells express both EGFR and HER2 [62].
MIA-PaCa-2 cells have a mutant KRAS gene [48]. They have the G12C KRAS mutation on
both alleles [32]. ARS-1620 is an inhibitor which suppresses cells with this mutation [64].
Downstream of KRAS are the Raf/MEK/ERK and the PI3K/PTEN/Akt/mTORC1 path-
ways. PD0325901 is a MEK1 inhibitor and rapamycin is a mTORCI1 blocker [13-16].

Introduction of WT-GSK-3f into MIA-PaCa-2 cells resulted in increases of the ICs,
values (decrease of sensitivity) to all the tested inhibitors, as compared to MIA-PaCa-2
cells transfected with the empty vector. In this context, it was not unexpected that the
introduction of kinase-dead GSK-3f into these cells increased their sensitivities to the
tested inhibitors of diverse pathways.

Direct comparison of the effects of the introduction of WT-GSK-3 and KD-GSK-3f3
to MIA-PaCa-2 cells revealed that increased expression of WI-GSK-33 augmented the
resistance of the cells to EGFR pathway inhibitor ARRY-543 50-fold. The increases in
resistance to remaining pathways inhibitors were lower but still significant.

3.5. Effects of WI-GSK-3 and KD-GSK-3 on Sensitivity to the BCL2/BCLXL ABT-737 Inhibitor

BCL2 and BCLXL play critical roles in apoptosis and cancer development and they can
be regulated by GSK-3 [3]. The ICs( of the BCL2/BCLXL ABT-737 inhibitor in MIA-PaCa-
2 + pLXSN cells was approximately 350 nM (Figure 7). Introduction of WT-GSK-3f into
these cells reduced the ICs to approximately 7 nM, i.e., 50-fold lower than that observed in
MIA-PaCa-2 + pLXSN cells. Upon introduction of KD-GSK-33, the ICsy for ABT-737 was
approximately 350 nM, the same as in MIA-PaCa-2 + pLXSN cells. The ICsq for ABT-737
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was approximately 50-fold lower in MIA-PaCa-2 + WT-GSK-3f than in MIA-PaCa-2 +
KD-GSK-3p cells (Figure 7).

A B
9= MIA-PaCa-2 + pLXSN < MIA-PaCa-2 + WT-GSK-3p @ MIA-PaCa-2 + pLXSN <8 MIA-PaCa-2 + WT-GSK-38
1.00 I"‘i = MIA-PaCa-2 + KD-GSK-3p 1.004 = MIA-PaCa-2 + KD-GSK-3p
- —= s 075
$ 0.751 s
< 9 0.504
V) o
.g 0507 cocececorachboceasoocBgerechonons g 0.25
® =
3 £ 0.00
Q
. [
X 0.25 2 =
i e 0.25-
°-°°'H : r : o.so-ﬂ . . : ;
0 10 100 1000 o~ 1 10 100 1000
ARRY-543 Inhibitor [nM] ARS-1620 [nM]

(9]
o

9 MIA-PaCa-2 + pLXSN - MIA-PaCa-2 + WT-GSK-3p

1.004 -4 MIA-PaCa-2 + KD-GSK-38 1.00 “®- MIA-PaCa-2 + pLXSN
& MIA-PaCa-2 + WT-GSK-3p
0.75 =+ MIA-PaCa-2 + KD-GSK-3p
£ 0.759 £ .
; ;
B 050 crererenneeen e N TN P B I} 0:507i1m1s & 3 PIENE ¢ o T T g
S S 025
§ 0.25 s
[7] Q
74 X 0.001
0.00- —
-0.25- T T T J 0 T T T
0 1 10 100 1000 0.1 1 10

PD0325901 [nM] Rapamycin [nM]

Figure 6. Effects of signal transduction inhibitors on the growth of MIA-PaCa-2 + WT-GSK-33,
MIA-PaCa-2 + KD-GSK-3f3 and MIA-PaCa-2 + pLXSN cells. The effects of the pan EGFR ARRY-
543 inhibitor (Panel (A)), the KRAS ARS-1620 inhibitor (Panel (B)), the MEK1 PD0325901 inhibitor
(Panel (C)), and the mTORC1 blocker rapamycin (Panel (D)) on MIA-PaCa-2 + WT-GSK-3f3 (solid red
boxes), MIA-PaCa-2 + KD-GSK-3f3 (solid blue triangles) and, MIA-PaCa-2 + pLXSN Cells (solid green
circles) were examined by MTT analysis. The MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-3/3
and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period. These
experiments were repeated 4 times and similar results were obtained. Statistical analyses were
performed via the Student’s T test on the means and standard deviations of various treatment groups.
*** p < 0.0001, and ** p < 0.005.
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Figure 7. Effects of the BCL2/BCLXL ABT-737 inhibitor on the growth of MIA-PaCa-2 + WT-GSK-
3B, MIA-PaCa-2 + KD-GSK-3 and MIA-PaCa-2 + pLXSN cells. The effects of the BCL2/BCLXL
inhibitor ABT-737 on MIA-PaCa-2 + WT-GSK-3f (solid red boxes), MIA-PaCa-2 + KD-GSK-34 (solid
blue triangles) and MIA-PaCa-2 + pLXSN Cells (solid green circles) were examined using MTT
analysis. The MIA-PaCa-2 + WI-GSK-33, MIA-PaCa-2 + KD-GSK-33, and MIA-PaCa-2 + pLXSN
cells in each panel were all examined at the same time period. These experiments were repeated
4 times and similar results were obtained. Statistical analyses were performed via the Student’s T
test on the means and standard deviations of various treatment groups. *** p < 0.0001, NS = not
statistically significant.
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3.6. Effects of WT-GSK-3 and KD-GSK-3 on Drugs Used to Treat Diabetes, Malaria, and the
Nutraceutical Berberine

Commonly used drugs such as metformin and chloroquine were originally developed
to treat diseases such as type II diabetes and malaria, respectively. Recently, these drugs
have been shown to have anti-cancer properties [3,11,12,49].

Introduction of WT-GSK-38 into MIA-PaCa-2 cells resulted in about 1.3-fold increase
of ICs5g for metformin compared to MIA-PaCa-2 + pLXSN cells. Upon introduction of
KD-GSK-38, the ICs5) for metformin was decreased approximately by the same amount as
in MIA-PaCa-2 + pLXSN cells. The ICsy for metformin was approximately 1.5-fold higher
in MIA-PaCa-2 + WI-GSK-3f3 than in MIA-PaCa-2 + KD-GSK-33 cells (Figure 8A, Table 1).
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Figure 8. Effects of drugs used to treat diabetes, malaria and the nutraceutical berberine on the growth of MIA-PaCa-2 + WT-
GSK-3f3, MIA-PaCa-2 + KD-GSK-3§3, and MIA-PaCa-2 + pLXSN cells. The effects of the AMPK activator metformin (Panel
(A)), the nutraceutical berberine (Panel (B)), and the anti-malarial drug chloroquine (Panel (C)) on MIA-PaCa-2 + WT-GSK-
3 (solid red boxes), MIA-PaCa-2 + KD-GSK-3f3 (solid blue triangles) and MIA-PaCa-2 + pLXSN Cells (solid green circles)
were examined by MTT analysis. The MIA-PaCa-2 + WT-GSK-3f3, MIA-PaCa-2 + KD-GSK-33, and MIA-PaCa-2 + pLXSN
cells in each panel were all examined at the same time period. These experiments were repeated 4 times and similar results
were obtained. Statistical analyses were performed by the Student T test on the means and standard deviations of various
treatment groups. *** p < 0.0001, ** p < 0.005, * p < 0.05 and NS = not statistically significant

Berberine is used in traditional medicine to treat diabetes and other diseases [49].
Berberine can inhibit cell growth and induce apoptosis in many cells. It can also induce
TP53. Berberine and metformin share some similar effects [49].

Introduction of WT-GSK-3f3 into MIA-PaCa-2 cells resulted in a berberine ICg 1.7-fold
higher than that observed in MIA-PaCa-2 + pLXSN cells. In turn, upon the introduction
of KD-GSK-33, the ICsq for berberine was about 2-fold reduced. Direct comparison of the
effects of the introduction of WT-GSK-33 and KD-GSK-3f3 to MIA-PaCa-2 cells revealed
that increased expression of WT-GSK-3f3 elevated the resistance to berberine over 3-fold
(Figure 8B, Table 1).

The ICsq of chloroquine in MIA-PaCa-2 + pLXSN cells was similar as that observed
in MIA-PaCa-2 + KD-GSK-3f cells, and it was approximately 22-fold lower than in MIA-
PaCa-2 + WT-GSK-34 (Figure 8C, Table 1), which means that introduction of WT-GSK-3f3
increased resistance of the cells to this anti-malarial drug.

Thus, WT-GSK-3f3 increased the resistance of MIA-PaCa-2 to some drugs used to treat
diabetes and malaria.

3.7. Effects of WT-GSK-3 and KD-GSK-3p on the Sensitivities to Drugs Used to Suppress
Cancer Progression and Metastasis

Galectin-1 has been implicated in the metastasis of many cancers, including PDAC [65].
OTX008 is a galectin-1 inhibitor [66]. Introduction of WT-GSK-3 into MIA-PaCa-2 cells
slightly increased the ICs for this compound, as compared to control cells. Introduction of
KD-GSK-33 had a more pronounced effect—it decreased the IC5y almost 60-fold. Thus, in
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Relative Growth

comparison to KD-GSK-3[3-expressing cells, introduction of WT-GSK-3f3 resulted in nearly
70-fold decrease in sensitivity of MIA-PaCa-2 cells to OTX008 (Figure 9A, Table 1).
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Figure 9. Effects of inhibitors which target events involved in metastasis on the growth of MIA-PaCa-2 + WT-GSK-3,
MIA-PaCa-2 + KD-GSK-3/3, and MIA-PaCa-2 + pLXSN cells. The effects of the galectin-1 inhibitor OTX008 (Panel (A)), the
serpine-1 inhibitor tiplaxtinin (Panel (B)) and the Hh pathway inhibitor vismodegib (Panel (C)) on MIA-PaCa-2 + WT-GSK-
33 (solid red boxes), MIA-PaCa-2 + KD-GSK-3 (solid blue triangles), and MIA-PaCa-2 + pLXSN Cells (solid green circles)
were examined via MTT analysis. The MIA-PaCa-2 + WT-GSK-3$3, MIA-PaCa-2 + KD-GSK-33, and MIA-PaCa-2 + pLXSN
cells in each panel were all examined at the same time period. These experiments were repeated 4 times and similar results
were obtained. Statistical analyses were performed by the Student T test on the means and standard deviations of various
treatment groups. ** p < 0.005, and NS = not statistically significant.

Serpine-1, also known as plasminogen activator inhibitor-1 (PAI-1), is a gene impli-
cated in the progression of many cancers [67]. It is regulated by TP53 in many cells. We
have previously shown that serpine-1 is regulated by TP53/miR-34a in MIA-PaCa-2 cells
as well as primary PDAC patient samples [68]. Tiplaxtinin is a serpine-1 inhibitor [69]. The
ICs of tiplaxtinin in MIA-PaCa-2 + pLXSN cells was approximately 20 nM (Figure 8C),
which is similar to MIA-PaCa-2 + KD-GSK-3p cells. Introduction of WT-GSK-3f3 into
MIA-PaCa-2 cells resulted in a 10-fold increase of this value (Figure 9B, Table 1).

The hedgehog (Hh) pathway has been implicated in the progression of PDAC and
other cancer types [70]. GSK-3 interacts with certain components of the Hh pathway.
Vismodegib (Erivedge) inhibits the Hh pathway as it is an antagonist of the smoothened re-
ceptor (SMO), which is a key regulator of the pathway. Its effects in combination with gem-
citabine and nab-paclitaxel have examined in phase 2 studies with PDAC patients [71,72].

The tyrosine kinase AXL has been implicated in cancer metastasis [73]. AXL/ALK/FLT3
inhibitors (e.g., gilteritinib) have shown promise as anti-cancer agents [74]. The ICs of
gilteritinib in MIA-PaCa-2 + pLXSN cells was approximately 500 nM and increased about
1.3-times in cells overexpressing WT-GSK-3f3 (Figure 10A, Table 1). In contrast, the gilteri-
tinib ICsg in MIA-PaCa-2 + KD-GSK-33 cells was approximately 400 nM, 1.4- and 1.8-fold
lower than that that observed in MIA-PaCa-2 + pLXSN and MIA-PaCa-2 + WT-GSK-
3P cells.

Isoliquiritin is a natural product derived from licorice (Figure 10B). Itis a flavonoid and
has broad effects including anti-oxidant, anti-inflammatory, and anti-cancer properties [75].
It can activate TP53 in lung cancer cells [76]. Isoliquiritin has been shown to inhibit the
in vitro invasiveness of PDAC cells [77]. The ICs of isoliquiritin in MIA-PaCa-2 + pLXSN
cells was approximately 600 nM, it was increased about 5-times in cells overexpressing WT-
GSK-3f3 (Figure 10B, Table 1). In contrast, the gilteritinib ICsy in MIA-PaCa-2 + KD-GSK-3f3
cells was approximately 28 nM.

Introduction of KD-GSK-3f to MIA-PaCa-2 cells resulted in decreases of I1Cs, values
(increases in sensitivities) of the cells to all the tested chemotherapeutics.

The highest increase of sensitivity was observed for isoliquiritin (over 21-fold) and
doxorubicin (~6-fold).
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In summary, comparing the effects of transfection of the cells with WT-GSK-3 to
KD-GSK-38, there was over 100-fold decrease of WT-GSK-33-transfected MIA-PaCa-2
cells sensitivity to isoliquiritin, about 9-fold to doxorubicin, and much lower to other
tested drugs.
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Figure 10. Effects of inhibitors which target events involved in metastasis on the growth of MIA-
PaCa-2 + WT-GSK-3f3, MIA-PaCa-2 + KD-GSK-3§, and MIA-PaCa-2 + pLXSN cells. The effects of
the ALK/AXL/FLT3 gilteritinib (Panel (A)) and the nutraceutical isoliquiritin (Panel (B)) on MIA-
PaCa-2 + WT-GSK-3f3 (solid red boxes), MIA-PaCa-2 + KD-GSK-33 (solid blue triangles), and MIA-
PaCa-2 + pLXSN Cells (solid green circles) were examined via MTT analysis. The MIA-PaCa-2 + WT-
GSK-383, MIA-PaCa-2 + KD-GSK-33 and MIA-PaCa-2 + pLXSN cells in each panel were all examined
at the same time period. These experiments were repeated 4 times and similar results were obtained.
Statistical analyses were performed by the Student T test on the means and standard deviations of
various treatment groups. *** p < 0.0001, ** p < 0.005, and NS = not statistically significant.

3.8. Effects of WI-GSK-3B and KD-GSK-3 on Colony Formation in the Presence of
Chemotherapeutic Drugs

To determine whether the changes in chemotherapeutic drug sensitivity observed
by MTT analysis in MIA-PaCa2 + WT-GSK-33, MIA-PaCa-2 + KD-GSK-33, and MIA-
PaCa-2 + pLXSN cells were also observed in larger scale cultures, the effects of three
chemotherapeutic drugs were examined using colony formation analysis (Figure 11). We
chose to examine the effects of 5FU, gemcitabine, and doxorubicin on colony formation as
they are both used in therapy of PDAC patients, and doxorubicin is a commonly prescribed
chemotherapeutic drug to treat various cancers including breast and leukemia patients.
The data for each cell line and each drug treatment were normalized to the untreated
control samples and compared. When MIA-PaCa-2 + WI-GSK-3f3 were plated in 5FU
(Figure 11A), gemcitabine (Figure 11B), or doxorubicin (Figure 11C) more colonies were
observed when MIA-PaCa-2 + pLXSN cells or MIA-PaCa-2 + WT-GSK-3f3 were plated
under the same conditions than with MIA-PaCa-2 +KD-GSK-3f cells. Thus, WT-GSK-3f3
and KD-GSK-33 elicited positive and negative effects, respectively, on the sensitivity of
MIA-PaCa-2 cells to chemotherapeutic drugs as determined by both MTT analysis and
colony formation.

3.9. Effects of WI-GSK-3B and KD-GSK-3 on Colony Formation in Presence of a GSK-3
inhibitor, the AMPK Activator Metformin, and the Nutraceutical Berberine

The abilities of MIA-PaCa-2 + WT-GSK-3f3, MIA-PaCa-2 + KD-GSK-33, and MIA-
PaCa-2 + pLXSN to form colonies in the presences of a GSK-3 inhibitor, the type II diabetes
drug metformin, and the nutraceutical berberine were also determined (Figure 12, Panels
A, B, and C). We examined the effects of these three compounds on colony formation.
Tideglusib is a GSK-3 inhibitor, which has been used in clinical studies; metformin is a
common type-II diabetes drug; and berberine is a nutraceutical used in traditional medicine
for various ailments. In general, more colonies were observed in MIA-PaCa-2 + WT-GSK-
3P cells than either MIA-PaCa-2 + KD-GSK-3f3 or MIA-PaCa-2 + pLXSN cells, and less
colonies were observed at higher drug concentrations. Thus, the MTT and colony formation



Cells 2021, 10, 816

15 of 27

assays yielded similar results indicating that expression of WT-GSK-33 enhanced resistance
to a GSK-3 inhibitor, the type-II diabetes drug metformin, and the nutraceutical berberine.
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Figure 11. Effects of 5FU, gemcitabine and doxorubicin on colony formation of MIA-PaCa-2 + pLXSN, MIA-PaCa-2 + WT-
GSK-3, and MIA-PaCa-2 + KD-GSK-3p3 cells. The effects on colony formation in response to 5-FU (Panel (A)), gemcitabine
(Gem), (Panel (B)) and doxorubicin (Dox) (Panel (C)) treatment on MIA-PaCa-2 + pLXSN (solid green bars), MIA-PaCa-2 +
WT-GSK-3f (solid red bars), and MIA-PaCa-2 + KD-GSK-3{ (solid blue bars). The MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-
2 + KD-GSK-3f3, and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period. In each condition,
the cells were plated in 3 wells of a 6 well plate. The colony formation abilities were determined three times for each cell

type and each treatment condition and similar results were observed. *** p < 0.0001, ** p < 0.005, and * p < 0.05.
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Figure 12. Effects of tideglusib, metformin and berberine on colony formation of MIA-PaCa-2 + pLXSN, MIA-PaCa-2 + WT-
GSK-3f3, and MIA-PaCa-2 + KD-GSK-3f cells. The effects on colony formation in response to tideglusib (Panel (A)),
metformin (Panel (B)), and berberine (Panel (C)) treatment of MIA-PaCa-2 + pLXSN (solid green bars), MIA-PaCa-2 + WT-
GSK-3f (solid red bars), and MIA-PaCa-2 + KD-GSK-3f (solid blue bars). The MIA-PaCa-2 + WT-GSK-33, MIA-PaCa-
2 + KD-GSK-33, and MIA-PaCa-2 + pLXSN cells in each panel were all examined at the same time period. In each condition,
the cells were plated in 3 wells of a 6 well plate. The colony formation abilities were determined three times for each cell

type and each treatment condition and similar results were observed. *** p < 0.0001, ** p < 0.005, and * p < 0.05.

3.10. Effects of Introduction of WT-GSK-35 and KD-GSK-3p on Metabolic Activity in
MIA-PaCa-2 Cells

Cancer cells require a large amount of adenosine triphosphate (ATP) to grow rapidly.
ATP is generated by glycolysis and mitochondrial oxidative phosphorylation. To determine
the effects of GSK-3f3 on mitochondrial activity and metabolism, glycolysis and mitochon-
drial stress tests were performed on the various cells on the Seahorse instrument. The
Seahorse instrument measures mitochondrial oxidative phosphorylation on the basis of
the oxygen consumption rate (OCR), by performing real-time and live cell analysis. The
instrument can also measure glycolysis by analyzing the extracellular acidification rate
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(ECAR). The effects of WT-GSK-33, KD-GSK-33 on respiratory capacity were determined
on MIA-PaCa-2 + pLXSN, MIA-PaCa-2 + WT-GSK-3f3, and MIA-PaCa-2 + KD-GSK-3f3 cells.

GSK-3 has been shown to be a mitochondria oxidative metabolism regulator in studies
with B cells obtained from GSK-3 o and 3 knock-out mice [78], and Mv1Lu lung epithelial
cells [79]. Studies have revealed that reduction of GSK-3 activity decreased cellular O,
consumption rate and it has been suggested that this may be a result of inhibition of
respiratory complex IV activity in the absence of active GSK-3 [79].

On the other hand, it has been also shown that GSK-3 can down-regulate mitochon-
drial respiration by inhibition of pyruvate dehydrogenase and oxidative phosphorylation,
by inhibiting respiratory chain complex I [80]. However, the effects of GSK-33 on PDAC
mitochondprial activity are not well elucidated. The results presented here demonstrated
that in MIA-PaCa-2 + pLXSN and MIA-PaCa-2 + WT-GSK-3f3 cells, all parameters of mito-
chondrial respiration were practically identical (Figures 13 and 14) and differences between
these cells were statistically insignificant. However, there was a significant difference
between these cells and MIA-PaCa-2 + KD-GSK-34 cells.
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Figure 13. Effects of presence of WT-GSK-3f3, KD-GSK-3f3, and pLXSN on glycolysis and mitochon-
drial respiration.

A Respiratory Capacity B Respiratory Capacity
MIA-PaCa-2+pLXSN [l MIA-PaCa-2+WT-GSK-33 [} MIA PaCa-2+pLXSN [l MIA-PaCa-2+WT-GSK-3p
44 l MIA-PaCa-2+KD-GSK-3p B MIA-PaCa-2+KD-GSK-3p

w
1
o
i

=
it

3.}
1

ECAR (mpH/min/ug of protein) H
N N

OCR (pmol/min/ug of protein)

IS}
@

Figure 14. Effects of presence of WI-GSK-3(3, KD-GSK-3(3, and pLXSN on respiratory capacity.

The basal mitochondrial respiration was significantly lower in MIA-PaCa-2 + KD-GSK-
33 cells than in MIA-PaCa-2 + WT-GSK-33 and MIA-PaCa-2 + pLXSN. Transfection of the
cells with KD-GSK-3f3 reduced their maximal respiratory and respiratory capacity levels
as compared to cells transfected with pLXSN or GSK-3 (MIA-PaCa-2 + pLXSN or MIA-
PaCa-2 + WT-GSK-3p3 cells) (Figures 13 and 14). Furthermore, MIA-PaCa-2 + KD-GSK-3f3
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exhibited not only lower levels of mitochondrial oxidation but also many-fold reduced
glycolytic activity compared to MIA-PaCa-2 + WI-GSK-33 or MIA-PaCa-2 + pLXSN cells
(Figures 14 and 15). The reduction of all glycolytic parameters (basal glycolysis, glycolytic
capacity and the reserve) in MIA-PaCa-2 + KD-GSK-3f3 cells, presumably reflects the lower
levels of glycolytic enzymes—a result of weaker stimulation of glycolysis by NF-«B which
transcriptional activity is known to be regulated in GSK-33-dependent manner (Figure 15).
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Figure 15. Effects of presence of WT-GSK-33, KD-GSK-33 and pLXSN on glycolysis. Glycolysis for STAT, glycolytic capacity,
and glycolytic reserve for STAT were measured by the Seahorse instrument. STAT is an abbreviation for statistics used in

study which was the Mann-Whitney test.

In contrast to downregulation of GSK-3 (MIA-PaCa-2 + KD-GSK-3p cells), the over-
expression of WI-GSK-3f had practically no effect on metabolic parameters of MIA-
PaCa-2 cells except glycolytic capacity which was lower in these cells than in MIA-PaCa-
2 + pLXSN cells.

Inhibition of GSK-3 activity can decrease the metabolic properties of the cells reducing
both glycolysis and mitochondrial respiration. An overview of the effects of GSK-3 on
metabolic properties and the development of PDAC is presented in Figure 16.
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Figure 16. Interactions between the GSK-33 and glycolysis, metabolism, respiratory capacity, and

drug sensitivity.
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3.11. Effects of Introduction of WI-GSK-3p, KD-GSK-3, and pLXSN on Therapeutic Sensitivity
of MCF-7 Breast Cancer Cells

To ascertain whether GSK-3f3 may play different roles in various cancer types, we
examined the effects of WT-GSK-33, KD-GSK-3f3, and pLXSN on the therapeutic sensitivity
of MCEF-7 breast cancer cells. Previously, we determined that introduction of KD-GSK-3f3
increased the resistance of MCF-7 cells to doxorubicin and tamoxifen, drugs which are
used to treat ER+ breast cancers [37].

We examined the effects of WT-GSK-3/3 and pLXSN on the sensitivity of MCF-7 breast
cancer cells to the chemotherapeutic drug docetaxel, and the GSK-3 inhibitors CHIR99021,
SB415286, and tideglusib (Figure 17 and Table 2). Introduction of WI-GSK-33 into MCE-7
cells decreased the ICs) to docetaxel, CHIR99021, SB415286 and tideglusib 5.8-, 6-, 8-, and
44 4-fold, respectively, in comparison to MCF-7 + pLXSN cells.

Table 2. Effects of introduction of pLXSN, WT-GSK-3§, and KD-GSK-3f3 on therapeutic sensitivity of MCF-7 breast cancer
cells determined by MTT analysis (as described previous and [49]).

Drug, Signal Fold Difference Fold Difference
Transduction Inhibitor +pLXSN +WT-GSK-3p3 Compared to +KD-GSK-3f3 Compared to
or Nutraceutical | pLXSN pLXSN

Docetaxel 0.7 nM 0.12nM 5.8x] 1.3nM 1.9x71
CHIR99021 600 nM 100 nM 6% 1900 nM 3.1x7T
SB415286 160 nM 20 nM 8x{ 500 nM 3.1x7T
Tideglusib 800 nM 18 nM 444x | 600 nM 1.3x]
Metformin 2000 nM 2000 nM 1 x 400 nM 5x4

Berberine 1200 nM 550 nM 24x| 1800 nM 1.5x71
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Figure 17. Docetaxel and GSK-3 inhibitors titrations on MCF-7 + pLXSN (green circles), MCF-7 + WT-
GSK-3p3 (red squares), and MCF-7 + KD-GSK-3f3 (blue triangles) cells. (A) Docetaxel; (B) CHIR99021;
(C) SB415286; and (D) Tideglusib. These experiments were all done on the same day and repeated
3 times and similar results were observed. *** p < 0.0001 and ** p < 0.005.

We next examined the effects of KD-GSK-3f3 and pLXSN on the sensitivity of MCF-
7 breast cancer cells. Introduction of KD-GSK-3f into MCF-7 cells increased the ICs
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to docetaxel, CHIR99021, and SB415286, 1.9-, 3.1, and 3.1-fold, respectively (Figure 17,
Table 2). In contrast, introduction of KD-GSK-3f decreased the ICs to tideglusib 1.3-fold
in MCF-7 + KD-GSK-3 in comparison to MCF-7 + pLXSN cells (Figure 17, Table 2).

3.12. Effects of the Introduction of WI-GSK-38, KD-GSK-38, and pLXSN on Sensitivity of MCF-7
Breast Cancer Cells to the Type-1I Diabetes Drug Metformin and the Nutraceutical Berberine

The effects of the type II diabetes drug metformin and the nutraceutical berberine
were examined on the MCEF-7 breast cancer cell line (Figure 18, Table 2). Suppression of
GSK-3 has been observed to increase AMPK activity and autophagy in some cells [81].
Introduction of WT-GSK-3f3 into MCF-7 cells did not change the ICsy to metformin but it
did increase the sensitivity to berberine 2.4-fold in comparison to MCF-7 + pLXSN cells
(Table 2).
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Figure 18. Metformin and Berberine titrations on MCF-7 + pLXSN (green circles), MCF-7 + WT-GSK-
33 (red squares), and MCF-7 + KD-GSK-3f (blue triangles) cells. (A) Metformin; (B) Berberine. These
experiments were all done on the same day and repeated 3 times and similar results were observed.
*** p < 0.0001.

We next examined the effects of KD-GSK-3f3 and pLXSN, on the sensitivity of MCF-7
breast cancer cells to metformin and berberine. Introduction of KD-GSK-3§ into MCF-7
cells decreased the ICsg to metformin 5-fold (Figure 18, Table 2). In contrast, introduction
of KD-GSK-3 increased the ICs to tideglusib 1.5-fold in comparison to MCF-7 + pLXSN
cells (Figure 18, Table 2).

3.13. Effects of the Introduction of WI-GSK-38, KD-GSK-38, and pLXSN on Sensitivity of
MCEF-7 Breast Cancer Cells to Tideglusib in Combination with Low Doses of Chemotherapeutic,
Anti-Diabetes Drugs, and the Nutraceutical Berberine

As an alternative approach to examine the roles that GSK-33 may play in regulation
of chemosensitivity, we investigated the effects of combination of the GSK-3 inhibitor
tideglusib with low concentrations of docetaxel, SB415286, metformin, and berberine on
MCE-7 + pLXSN, MCF-7 + WT-GSK-3f3, and MCF-7 + KD-GSK-3p cells (Figures 19-22
and Table 3). Addition of a low dose of docetaxel reduced the ICsg for tideglusib 77-, 4.5-,
and 500-fold in MCF-7 + pLXSN, MCF-7 + WT-GSK-3f3, and MCF-7 + KD-GSK-3 cells,
respectively (Figure 18 and Table 3).

In contrast, the addition of a suboptimal concentration of the GSK-3 inhibitor SB415286
had more moderate effects on ICsy concentration of GSK-3 inhibitor tideglusib in both
MCEF-7 + pLXSN (1.6 x]) and MCF-7 + KD-GSK-3f3 (2.4x 1) cells but it did increase the
tideglusib ICsp in MCF-7 + WT-GSK-3 cells 19.4-fold indicating that GSK-3 was playing a
tumor suppressor role in these cells, and suppression of its activity increased therapeutic
resistance (Figure 20, Table 3).
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Figure 19. Effects of combining a constant concentration of 0.1 nM docetaxel on the tideglusib ICsq. Tideglusib by itself (red
squares) or tideglusib and a constant dose of 0.1 nM docetaxel (blue triangles on: (A) MCF-7 + pLXSN; (B) MCF-7 + WT-

GSK-38; and (C) MCF-7 + KD-GSK-3p cells). The experiments in (A—-C) were all performed on the same day. They were
repeated 3 times and similar results were observed. *** p < 0.0001.
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Figure 20. Effects of combining a constant concentration of 10 nM SB415286 on the tideglusib ICs. Tideglusib by itself (red
squares) or tideglusib and a constant dose of 10 nM SB415286 (blue triangles on: (A) MCF-7 + pLXSN; (B) MCE-7 + WT-
GSK-3; and (C) MCF-7 + KD-GSK-3p cells). The experiments in (A—-C) were all performed on the same day. They were
repeated 3 times and similar results were observed. *** p < 0.0001.

The addition of a suboptimal concentration of metformin did reduce the ICs5y concen-
tration of the GSK-3 inhibitor tideglusib in both MCF-7 + pLXSN and MCEF-7 + KD-GSK-3f3
cells, 5.1- and 10-fold, respectively, but increased the ICs, of tideglusib in MCF-7 + WT-
GSK-3f3 cells 5.6-fold, indicating that GSK-3 was playing a tumor suppressor role in these
cells, and suppression of its activity increased therapeutic resistance (Figure 21, Table 3).
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Figure 21. Effects of combining a constant concentration of 250 nM metformin on the tideglusib ICsy. Tideglusib by itself
(red squares) or tideglusib and a constant dose of 250 nM metformin (blue triangles on: (A) MCF-7 + pLXSN; (B) MCF-

7 + WTI-GSK-3; and (C) MCF-7 + KD-GSK-3p cells). The experiments in (A—C) were all performed on the same day. They
were repeated 3 times and similar results were observed. *** p < 0.0001.
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Addition of a suboptimal concentration of berberine reduced the IC5y concentration
of tideglusib in both MCF-7 + pLXSN and MCF-7 + KD-GSK-3f cells, 2.3- and 333-fold,
respectively, but increased the ICsy in MCF-7 + WT-GSK-3f3 cells 111-fold indicating that
GSK-3 was playing a tumor suppressor role in these cells, and berberine could not function
to decrease cell growth in the presence of WT-GSK-3f3 expression (Figure 22, Table 3).
Indeed, in MCF-7 + KD-GSK-33 cells, berberine was able to significantly inhibit cell growth
at suboptimal concentrations. Thus, GSK-3 could play key roles in sensitivity of breast

cancer cells to drugs, signal transduction inhibitors and nutraceuticals.

A B o MCF-7 + KD-GSK-3
MCF-7 + WT-GSK- . ~G5K-3p
MCF-7 + pLXSN 1.00 B2 :BT.d s 1.00
1.00 . . ideglusi 4% Tideglusib
: I!:eg:us!: - =& Tideglusib = 0.75 e Tideglusib
ideglusi | i .75 :
_§ 0.754 + Barbering ?3 0.75 + Berberine g + Berberine
g S e 0.50
o we £ 8 3 8 3 oo DA ¥ FPRCECEN § S ¢ PR [ Bdi sl I R S
.g 050 ccrercececerersonncodossor\eros 2 0.50 .%
= ]
K| 9 8 0.254
& g.25 = .25 «
xkk L Fekk
hl 0.00- v ok
o.oo-ﬂ y , . o.oo-ﬂ . , . . . .
10 100 1000 10 100 1000 10 100 1000
Tideglusib + 250 nM Metformin Tideglusib [nM] + 250 nM Berberine

Tideglusib [nM] + 250 nM Berberine

Figure 22. Effects of combining a constant concentration of 250 nM berberine on the tideglusib ICs. Tideglusib by itself (red
squares) or tideglusib and a constant dose of 250 nM berberine (blue triangles on: (A) MCF-7 + pLXSN; (B) MCF-7 + WT-
GSK-38; and (C) MCF-7 + KD-GSK-3p cells). The experiments in (A—-C) were all performed on the same day. They were
repeated 3 times and similar results were observed. *** p < 0.0001.

Table 3. Effects of pLXSN, WT-GSK-3§, and KD-GSK-33 on sensitivity of MCF-7 breast cancer cells to treatment with the

GSK-3 inhibitor tideglusib in combination with drugs, signal transduction inhibitors, and a nutraceutical as determined by
MTT analysis (as described previous and [49]).

Tideglusib in Combination

with Drugs, Sienal Fold Difference Fold Difference Fold Difference
85, 218 +pLXSN Compared to +WT-GSK-3f3 Compared to +KD-GSK-33 Compared to
Transduction Tideelusib Al Tideelusib Al Tideelusib Al

Inhibitor or Nutraceutical | 1deglust one 1deglust one 1deglust one

None 800 nM - 18 nM - 600 nM -

0.1 nM Docetaxel 6 nM 77x] 4 nM 45x] 4nM 150 |

250 nM SB415286 500 nM 1.6x] 350 nM 19.4x71 1300 nM 2.2x1

Metformin 100 nM 8x] 100 nM 5.6x7T 200 nM 3x]

Berberine 200 nM 4x| 2000 nM 111 %1 6 nM 100% |

4. Discussion

MIA-PaCa-2 cells have an activating mutation in the KRAS gene and a mutant TP53
gene that encodes a gain of function (GOF) activity. Recently, regulatory loops have
been observed in cells with mutant TP53 and mutant KRAS genes, which result in ele-
vated KRAS activity [47]. GSK-33 is a downstream signaling protein important in KRas-
dependent growth and survival in mutant KRas-dependent cells such as MIA-PaCa-2
cells [47]. Thus, increased GSK-3f activity upon introduction of the WT-GSK-3f3 plasmid
into MIA-PaCa-2 should make the cells more resistant to most drugs and signal transduc-
tion inhibitors. Suppression of GSK-3 activity with the KD-GSK-3[3 plasmid could decrease
KRas-dependent proliferation.

Previously, we observed that introducing KD-GSK-3f3 into MCF-7 breast cancer cells
increased their resistance to the chemotherapeutic drug doxorubicin and the hormonal
based drug tamoxifen in comparison to MCE-7 cells that inherited WT-GSK-3f3 [37]. MCF-7
cellshave WT KRAS and TP53 and mutant PIK3CA genes. The presence of certain mutations
in some cells may explain the ability of WI-GSK-3f3 to act like a tumor suppressor in some
cells (e.g., MCF-7) but also act like a tumor promoter in other cells (e.g., MIA-PaCa-2). We
have recently summarized the tumor promoter and tumor suppressor roles of GSK-3 [34].
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In our previous studies with MCF-7 breast cancer cells, we compared the levels of GSK-
3 protein and the extent of S9-phosphorylated GSK-3f3 protein, which is an indicator of
its activity, by western blot analysis [37]. GSK-33 was dephosphorylated MCF-7 and MCF-
7 + WT-GSK-3p cells upon treatment with doxorubicin indicating activation of GSK-33.
In contrast, GSK-33 was not activated in the MCF-7 +KD-GSK-33 cells upon doxorubicin
treatment, and the cells were in fact more resistant to doxorubicin treatment [37].

In this study, we examined the effects of WT-GSK-33 and KD-GSK-3f on the sensitivity
of MIA-PaCa-2 cells pancreatic cancer cells and MCF-7 breast cancer cells to a panel of
chemotherapeutic drugs, signal transduction inhibitors, and nutraceuticals. Introducing
WT-GSK-3 increased the IC5ps of MIA-PaCa-2 pancreatic cancer cells to many drugs
commonly used to treat PDAC, while WT-GSK-3 increased the sensitivity of MCF-7 breast
cancer cells to certain drugs, signal transduction inhibitors, and nutraceuticals. MIA-PaCa-
2 transfected with the pLXSN empty vector often displayed an intermediate sensitivity in
comparison to cells transfected with either WT-GSK-33 or KD-GSK-3f3. Thus, WT-GSK-3f3
was promoting resistance to these chemotherapeutic drugs and serving a tumor promoter
role in MIA-PaCa-2 cells but a tumor suppressor in MCF-7 breast cancer cells. In contrast,
KD-GSK-3/3 was promoting sensitivity (decreased the ICsgs) to these drugs in MIA-PaCa-2
cells and serving a tumor suppressor role. KD-GSK-3f3 served a tumor promotor role
(increased the ICs5gs) in MCF-7 cells.

Interestingly, introducing WT-GSK-3f3 increased the resistance to certain signal trans-
duction inhibitors. MIA-PaCa-2 + WT-GSK-3p cells were more resistant to the EGFR/HER2,
ALK/AXL/FLT3, KRAS, MEK1, GSK-3 inhibitors, and the mTORC1 blocker rapamycin,
than MIA-PaCa-2 + KD-GSK-3f3 cells.

Suppression of either mutant KRas or MEK1 also decreased the downstream effects of
mutant KRas signaling. MIA-PaCa-2 cells with introduced WT-GSK-33 were more resistant
to the PD0325901 MEK inhibitor than cells with the KD-GSK-33 or pLXSN. Thus, augment-
ing the level of WT-GSK-3f3 could increase the resistance of cells which contain mutant
KRAS to MEK1 inhibitors. Treatment with MEK inhibitors have been shown to increase
autophagy in pancreatic cancer with mutant KRAS genes. Suppression of autophagy was
observed to synergize with MEK inhibitors [82]. Downstream of MEK is ERK. ERK can
prime substrates for GSK-3f [83]. Some of substrates GSK-33 phosphorylates may alter
the proliferation of the cells. Thus, WI-GSK-3 can alter the sensitivity to MEK inhibitors in
PDAC cells with mutant KRAS. In contrast, we did not observe a significant difference in
sensitivity to MEK inhibitors in MCF-7 breast cancer cells which have WT-KRAS upon treat-
ment with MEK inhibitors by themselves [37]. However, treatment with MEK inhibitors
did relieve the doxorubicin- and 4HT-resistance of the MCF-7 + KD-GSK-34 cells.

MIA-PaCa-2 cells with introduced WT-GSK-33 were also more sensitive to the BCL2/BCLXL
inhibitor ABT-737 than cells transfected with KD-GSK-33 or pLXSN. Some of the targets of
GSK-3 are BCL2-family members [84]. Thus, elevated expression of WT-GSK-3(3 made the
cells more sensitive to the induction of apoptosis induced by ABT-737.

Similar observations have been observed in hematopoietic cells with a combination of
small molecule inhibitors that target BCL2/BCLXL and PI3K/AKT signaling pathways [85].
Interactions between GSK-3 and the pro-apoptotic Bim molecule have been shown to
increase the pro-apoptotic effects of BCL2/BCLXL inhibitors in human myeloid leukemia
cells which were also treated with PI3K inhibitors.

Our results point to the effects that both WT-GSK-33 and KD-GSK-3§3 can have on
sensitivity of certain pancreatic and breast cancer cells to chemotherapy and targeted
therapy. These results are important as chemotherapeutic drugs can alter the activity of
GSK-3p [3,86]. Therefore, without knowing the downstream consequences, suppression
or activation of GSK-3f3 may change the sensitivity to targeted therapeutics. Clearly the
role of GSK-3f3 in sensitivity to various drugs and signal transduction inhibitors should be
further examined.

GSK-3 is an established therapeutic target and many compounds (e.g., lithium-chlo
ride, tideglusib, and others) have been shown to suppress GSK-3 activity. Treatment with
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various GSK-3 inhibitors could influence the sensitivity to various drugs used to treat
cancer patients.

The inhibition of GSK-3 activity can also render PDAC cells more sensitive to chemother-
apeutic drugs, signal transduction inhibitors, and nutraceuticals. In addition, we have
previously observed that treatment of PDAC cells with low doses of metformin increases
the sensitivity to multiple chemotherapeutic drugs and signal transduction inhibitors [87].

Predicting and determining which cancers will be sensitive to GSK-3 inhibition is very
complicated. ER-negative breast cancers often have mutations in TP53 and other tumor
suppressor and oncogenes such as KRAS which could influence GSK-3 beta expression and
sensitivity to GSK-3 inhibitors. Often ER-negative breast cancers, especially triple-negative
breast cancers (TNBC), are very drug resistant and may have EMT. GSK-3 plays critical roles
in EMT due to interactions with the Wnt/3-catenin pathway. Inhibiting GSK-3 expression
in certain TNBC decreased resistance to therapeutic drugs [88]. NF-«B is overexpressed
and KRAS is mutant in certain TNBC (e.g., MDA-MB-231 cells), which may result in their
sensitivity to GSK-3 inhibitors [89]. GSK-3 inhibitors have been proposed to regulate the
cancer stem cell properties in TNBC [90]. Thus, further elucidation of the role of GSK-3
and its effective targeting may increase breast as well as pancreatic cancer therapy.

Author Contributions: Conceptualization and data acquisition: S.L.A.,, AK.M.,SM.A, LSS, AG,,
PD,DR,AMM,SR,LC,GM,MC,PR,ML, LE,S.C, and ].A.M. performed the experiments
and researched the various topic areas, in addition to writing multiple sections. J.A.M. and L.C. were
involved with funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: ].A.M., S.L.A., and L.S.S. were supported in part by grants from East Carolina Univer-sity
Grants (#111104 and #111110-668715-0000). A. K. M. was supported in part by a grant from the US
National Institutes of Health R01-HL146685. L.C. and S.R. were supported in part by grants from the
Fondazione del Monte di Bologna e Ravenna Research and the Fondazione CARISBO Grant 2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Embi, N.; Rylatt, D.B.; Cohen, P. Glycogen synthase kinase-3 from rabbit skeletal muscle. Separation from cyclic-:AMP-dependent
protein kinase and phosphorylase kinase. Eur. |. Biochem. 1980, 107, 519-527. [CrossRef] [PubMed]

2. Woodgett, J.R. Molecular cloning and expression of glycogen synthase kinase-3/factor A. EMBO ]. 1990, 9, 2431-2438. [CrossRef]
[PubMed]

3. Duda, P; Akula, S.M.; Abrams, S.L.; Steelman, L.S.; Martelli, A.M.; Cocco, L.; Ratti, S.; Candido, S.; Libra, M.; Montalto, G.; et al.
Targeting GSK3 and associated signaling pathways involved in cancer. Cells 2020, 9, 1110. [CrossRef] [PubMed]

4. Duda, P; Akula, S.M.; Abrams, S.L.; Steelman, L.S.; Gizak, A.; Rakus, D.; McCubrey, ].A. GSK-3 and miRs: Master regulators of
therapeutic sensitivity of cancer cells. Biochim. Biophy. Acta Mol. Cell Res. 2020, 1867, 118770. [CrossRef] [PubMed]

5. Fang, X.; Yu, S.X,; Lu, Y.; Bast, R.C., Jr.; Woodgett, ].R.; Mills, G.B. Phosphorylation and inactivation of glycogen synthase kinase 3
by protein kinase A. Proc. Natl. Acad. Sci. USA 2000, 97, 11960-11965. [CrossRef] [PubMed]

6. Cross, D.A.; Alessi, D.R.; Cohen, P.; Andjelkovich, M.; Hemmings, B.A. Inhibition of glycogen synthase kinase-3 by insulin
mediated by protein kinase B. Nature 1995, 378, 785-789. [CrossRef] [PubMed]

7. Stambolic, V.; Woodgett, J.R. Mitogen inactivation of glycogen synthase kinase-3 beta in intact cells via serine 9 phosphorylation.
Biochem. J. 1994, 303, 701-704. [CrossRef]

8.  Sutherland, C.; Leighton, I.A.; Cohen, P. Inactivation of glycogen synthase kinase-3 beta by phosphorylation: New kinase
connections in insulin and growth-factor signalling. Biochem. ]. 1993, 296, 15-19. [CrossRef] [PubMed]

9.  Kockeritz, L.; Doble, B.; Patel, S.; Woodgett, ].R. Glycogen synthase kinase-3—an overview of an over-achieving protein kinase.
Curr. Drug Targets 2006, 7, 1377-1388. [CrossRef]

10. McCubrey, ]J.A.; Steelman, L.S.; Bertrand, EE.; Davis, N.M.; Abrams, S.L.; Montalto, G.; D"Assoro, A.B.; Libra, M.; Nicoletti, F.;

Maestro, R.; et al. Multifaceted roles of GSK-3 and Wnt/3-catenin in hematopoiesis and leukemogenesis: Opportunities for
therapeutic intervention. Leukemia 2014, 28, 15-33. [CrossRef]


http://doi.org/10.1111/j.1432-1033.1980.tb06059.x
http://www.ncbi.nlm.nih.gov/pubmed/6249596
http://doi.org/10.1002/j.1460-2075.1990.tb07419.x
http://www.ncbi.nlm.nih.gov/pubmed/2164470
http://doi.org/10.3390/cells9051110
http://www.ncbi.nlm.nih.gov/pubmed/32365809
http://doi.org/10.1016/j.bbamcr.2020.118770
http://www.ncbi.nlm.nih.gov/pubmed/32524999
http://doi.org/10.1073/pnas.220413597
http://www.ncbi.nlm.nih.gov/pubmed/11035810
http://doi.org/10.1038/378785a0
http://www.ncbi.nlm.nih.gov/pubmed/8524413
http://doi.org/10.1042/bj3030701
http://doi.org/10.1042/bj2960015
http://www.ncbi.nlm.nih.gov/pubmed/8250835
http://doi.org/10.2174/1389450110607011377
http://doi.org/10.1038/leu.2013.184

Cells 2021, 10, 816 24 of 27

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

McCubrey, J.A.; Rakus, D.; Gizak, A.; Steelman, L.S.; Abrams, S.L.; Lertpiriyapong, K.; Fitzgerald, T.L.; Yang, L.V.; Montalto, G.;
Cervello, M.; et al. Effects of mutations in Wnt/ 3-catenin, hedgehog, Notch and PI3K pathways on GSK-3 activity-Diverse effects
on cell growth, metabolism and cancer. Biochim Biophy. Acta Mol. Cell Res. 2016, 1863, 2942-2976. [CrossRef] [PubMed]
McCubrey, ].A.; Fitzgerald, T.L.; Yang, L.V.,; Lertpiriyapong, K.; Steelman, L.S.; Abrams, S.L.; Montalto, G.; Cervello, M.; Neri, L.M.;
Cocco, L.; et al. Roles of GSK-3 and microRNAs on epithelial mesenchymal transition and cancer stem cells. Oncotarget 2017,
8, 14221-14250. [CrossRef]

Chappell, WH.; Steelman, L.S.; Long, ].M.; Kempf, R.C.; Abrams, S.L.; Franklin, R.A.; Basecke, J.; Stivala, F.; Donia, M.;
Fagone, P; et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: Rationale and importance to inhibiting these
pathways in human health. Oncotarget 2011, 2, 135-164. [CrossRef] [PubMed]

Martelli, A.M.; Evangelisti, C.; Chappell, W.; Abrams, S.L.; Basecke, J.; Stivala, F.; Donia, M.; Fagone, P; Nicoletti, F.; Libra, M.; et al.
Targeting the translational apparatus to improve leukemia therapy: Roles of the PI3K/PTEN/Akt/mTOR pathway. Leukemia
2011, 25, 1064-1079. [CrossRef] [PubMed]

Steelman, L.S.; Chappell, WH.; Abrams, S.L.; Kempf, R.C.; Long, J.; Laidler, P.; Mijatovic, S.; Maksimovic-Ivanic, D.; Stivala, F.;
Mazzarino, M.C.; et al. Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity
to therapy-implications for cancer and aging. Aging 2011, 3, 192-222. [CrossRef]

McCubrey, J.A.; Steelman, L.S.; Chappell, WH.; Abrams, S.L.; Franklin, R.A.; Montalto, G.; Cervello, M.; Libra, M.; Candido, S.;
Malaponte, G.; et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR Cascade Inhibitors: How mutations can result in therapy
resistance and how to overcome resistance. Oncotarget 2012, 3, 1068-1111. [CrossRef]

Shin, S.; Wolgamott, L.; Yu, Y.; Blenis, J.; Yoon, S.0. Glycogen synthase kinase (GSK)-3 promotes p70 ribosomal protein S6 kinase
(p70S6K) activity and cell proliferation. Proc. Natl. Acad. Sci. USA 2011, 108, E1204-E1213. [CrossRef] [PubMed]

Shin, S.; Wolgamott, L.; Yoon, S.O. Glycogen synthase kinase (GSK)-3 and mammalian target of rapamycin complex 1 (mTORC1)
cooperate to regulate protein S6 kinase 1 (S6K1). Cell Cycle 2012, 11, 1053-1054. [CrossRef] [PubMed]

Wang, H.; Brown, J.; Gu, Z; Garcia, C.A.; Liang, R.; Alard, P.; Beurel, E.; Jope, R.S.; Greenway, T.; Martin, M. Convergence
of the mammalian target of rapamycin complex 1- and glycogen synthase kinase 3-3-signaling pathways regulates the innate
inflammatory response. J. Immunol. 2011, 186, 5217-5226. [CrossRef] [PubMed]

Shin, S.; Wolgamott, L.; Tcherkezian, J.; Vallabhapurapu, S.; Yu, Y.; Roux, PP; Yoon, S.0. Glycogen synthase kinase-3§3 positively
regulates protein synthesis and cell proliferation through the regulation of translation initiation factor 4E-binding protein 1.
Oncogene 2014, 33, 1690-1699. [CrossRef]

Hernandez, F; Langa, E.; Cuadros, R.; Avila, J.; Villanueva, N. Regulation of GSK3 isoforms by phosphatases PP1 and PP2A.
Mol. Cell. Biochem. 2010, 344, 211-215. [CrossRef] [PubMed]

McCubrey, J.A.; Steelman, L.S.; Chappell, WH.; Abrams, S.L.; Franklin, R.A.; Montalto, G.; Cervello, M.; Libra, M.; Candido, S.;
Malaponte, G.; et al. Mutations and deregulation of Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR cascades which alter
therapy response. Oncotarget 2012, 3, 954-987. [CrossRef] [PubMed]

Fitzgerald, T.L.; Lertpiriyapong, K.; Cocco, L.; Martelli, A.M.; Libra, M.; Candido, S.; Montalto, G.; Cervello, M.; Steelman, L.;
Abrams, S.L.; et al. Roles of EGFR and KRAS and their downstream signaling pathways in pancreatic cancer and pancreatic
cancer stem cells. Adv. Biol. Regul. 2015, 59, 65-81. [CrossRef] [PubMed]

Waters, A.M.; Der, C.J. KRAS: The critical driver and therapeutic target for pancreatic cancer. Cold Spring Harb. Perspect. Med.
2018, 8, a031435. [CrossRef]

Fu, Y,; Hu, D,; Qiu, J.; Xie, X.; Ye, E; Lu, W.G. Overexpression of glycogen synthase kinase-3 in ovarian carcinoma cells with
acquired paclitaxel resistance. Int. |. Gynecolog. Cancer 2011, 21, 439-444. [CrossRef] [PubMed]

Kawazoe, H.; Bilim, V.N.; Ugolkov, A.V.; Yuuki, K.; Naito, S.; Nagaoka, A.; Kato, T.; Tomita, Y. GSK-3 inhibition in vitro and
in vivo enhances antitumor effect of sorafenib in renal cell carcinoma (RCC). Biochem. Biophys. Res. Commun. 2012, 42, 490—495.
[CrossRef] [PubMed]

Thamilselvan, V.; Menon, M.; Thamilselvan, S. Anticancer efficacy of deguelin in human prostate cancer cells targeting glycogen
synthase kinase-3 beta/beta-catenin pathway. Int. J. Cancer 2011, 129, 2916-2927. [CrossRef] [PubMed]

Luo, J. Glycogen synthase kinase 3beta (GSK3beta) in tumorigenesis and cancer chemotherapy. Cancer Lett. 2009, 273, 194-200.
[CrossRef]

Shakoori, A.; Ougolkov, A.; Yu, ZW.; Zhang, B.; Modarressi, M.H.; Billadeau, D.D.; Mai, M.; Takahashi, Y.; Minamoto, T.
Deregulated GSK3beta activity in colorectal cancer: Its association with tumor cell survival and proliferation. Biochem. Biophys.
Res. Commun. 2005, 334, 1365-1373. [CrossRef] [PubMed]

Ougolkov, A.V,; Billadeau, D.D. Targeting GSK-3: A promising approach for cancer therapy? Future Oncol. 2006, 2, 91-100.
[CrossRef] [PubMed]

Zhou, W.; Wang, L.; Gou, S.M.; Wang, T.L.; Zhang, M.; Liu, T.; Wang, C.Y. ShRNA silencing glycogen synthase kinase-3 beta
inhibits tumor growth and angiogenesis in pancreatic cancer. Cancer Lett. 2012, 316, 178-186. [CrossRef]

Padavano, J.; Henkhaus, R.S.; Chen, H.; Skovan, B.A.; Cui, H.; Ignatenko, N.A. Mutant K-RAS promotes invasion and metastasis
in pancreatic cancer through GTPase signaling pathways. Cancer Growth Metastasis 2015, 8, 95-113. [CrossRef] [PubMed]
McCubrey, ]J.A ; Steelman, L.S.; Bertrand, F.E.; Davis, N.M.; Sokolosky, M.; Abrams, S.L.; Montalto, G.; D’Assoro, A.B.; Libra, M.;
Nicoletti, F.; et al. GSK-3 as potential target for therapeutic intervention in cancer. Oncotarget 2014, 5, 2881-2911. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.bbamcr.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27612668
http://doi.org/10.18632/oncotarget.13991
http://doi.org/10.18632/oncotarget.240
http://www.ncbi.nlm.nih.gov/pubmed/21411864
http://doi.org/10.1038/leu.2011.46
http://www.ncbi.nlm.nih.gov/pubmed/21436840
http://doi.org/10.18632/aging.100296
http://doi.org/10.18632/oncotarget.659
http://doi.org/10.1073/pnas.1110195108
http://www.ncbi.nlm.nih.gov/pubmed/22065737
http://doi.org/10.4161/cc.11.6.19784
http://www.ncbi.nlm.nih.gov/pubmed/22391205
http://doi.org/10.4049/jimmunol.1002513
http://www.ncbi.nlm.nih.gov/pubmed/21422248
http://doi.org/10.1038/onc.2013.113
http://doi.org/10.1007/s11010-010-0544-0
http://www.ncbi.nlm.nih.gov/pubmed/20652371
http://doi.org/10.18632/oncotarget.652
http://www.ncbi.nlm.nih.gov/pubmed/23006971
http://doi.org/10.1016/j.jbior.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26257206
http://doi.org/10.1101/cshperspect.a031435
http://doi.org/10.1097/IGC.0b013e31820d7366
http://www.ncbi.nlm.nih.gov/pubmed/21436692
http://doi.org/10.1016/j.bbrc.2012.05.147
http://www.ncbi.nlm.nih.gov/pubmed/22683636
http://doi.org/10.1002/ijc.25949
http://www.ncbi.nlm.nih.gov/pubmed/21472727
http://doi.org/10.1016/j.canlet.2008.05.045
http://doi.org/10.1016/j.bbrc.2005.07.041
http://www.ncbi.nlm.nih.gov/pubmed/16043125
http://doi.org/10.2217/14796694.2.1.91
http://www.ncbi.nlm.nih.gov/pubmed/16556076
http://doi.org/10.1016/j.canlet.2011.10.033
http://doi.org/10.4137/CGM.S29407
http://www.ncbi.nlm.nih.gov/pubmed/26512205
http://doi.org/10.18632/oncotarget.2037
http://www.ncbi.nlm.nih.gov/pubmed/24931005

Cells 2021, 10, 816 25 of 27

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Ma, C.; Wang, J.; Gao, Y.; Gao, T.W.; Chen, G.; Bower, K.A.; Odetallah, M.; Ding, M.; Ke, Z.; Luo, J. The role of glycogen synthase
kinase 3beta in the transformation of epidermal cells. Cancer Res. 2007, 67, 7756-7764. [CrossRef] [PubMed]

Ngamsiri, P.; Watcharasit, P.; Satayavivad, J. Glycogen synthase kinase-3 (GSK3) controls deoxyglucose-induced mitochondrial
biogenesis in human neuroblastoma SH-SY5Y cells. Mitochondrion 2014, 14, 54-63. [CrossRef] [PubMed]

Ougolkov, A.V.; Fernandez-Zapico, M.E,; Bilim, V.N.; Smyrk, T.C.; Chari, S.T; Billadeau, D.D. Aberrant nuclear accumulation
of glycogen synthase kinase-3beta in human pancreatic cancer: Association with kinase activity and tumor dedifferentiation.
Clin. Cancer Res. 2006, 12, 5074-5081. [CrossRef] [PubMed]

Sokolosky, M.; Chappell, W.H.; Stadelman, K.; Abrams, S.L.; Davis, N.M.; Steelman, L.S.; McCubrey, ].A. Inhibition of GSK-3f3
activity can result in drug and hormonal resistance and alter sensitivity to targeted therapy in MCF-7 breast cancer cells. Cell Cycle
2014, 13, 820-833. [CrossRef]

Bachelder, R.E.; Yoon, S.O.; Franci, C.; de Herreros, A.G.; Mercurio, A.M. Glycogen synthase kinase-3 is an endogenous inhibitor
of Snail transcription: Implications for the epithelial-mesenchymal transition. J. Cell Biol. 2005, 168, 29-33. [CrossRef]

Wang, Y.; Lam, ].B.; Lam, K.S,; Liu, J.; Lam, M.C.; Hoo, R.L.; Wu, D.; Cooper, G.]J.; Xu, A. Adiponectin modulates the glycogen
synthase kinase-3beta/beta-catenin signaling pathway and attenuates mammary tumorigenesis of MDA-MB-231 cells in nude
mice. Cancer Res. 2006, 66, 11462-11470. [CrossRef]

Rawla, P,; Sunkara, T.; Gaduputi, V. Epidemiology of pancreatic cancer: Global trends, etiology and risk factors. World J. Oncol.
2019, 10, 10-27. [CrossRef]

Hidalgo, M.; Cascinu, S.; Kleeff, J.; Labianca, R.; Lohr, ].M.; Neoptolemos, J.; Real, F.X.; Van Laethem, ].L.; Heinemann, V.
Addressing the challenges of pancreatic cancer: Future directions for improving outcomes. Pancreatology 2015, 5, 8-18. [CrossRef]
[PubMed]

Fitzgerald, T.L.; McCubrey, J.A. Pancreatic cancer stem cells: Association with cell surface markers, prognosis, resistance,
metastasis and treatment. Adv. Biol. Reg. 2014, 56, 45-50. [CrossRef] [PubMed]

Morton, J.P.; Timpson, P; Karim, S.A.; Ridgway, R.A.; Athineos, D.; Doyle, B.; Jamieson, N.B.; Oien, K.A.; Lowy, AM,;
Brunton, V.G.; et al. Mutant p53 drives metastasis and overcomes growth arrest/senescence in pancreatic cancer. Proc. Nat. Acad.
Sci. USA 2010, 107, 246-251. [CrossRef] [PubMed]

Bang, D.; Wilson, W.; Ryan, M.; Yeh, J.].; Baldwin, A.S. GSK-3x promotes oncogenic KRAS function in pancreatic cancer via
TAKI1-TAB stabilization and regulation of noncanonical NF-«B. Cancer Discov. 2013, 3, 690-703. [CrossRef] [PubMed]

Kim, N.H.; Cha, Y.H.; Kang, S.E; Lee, Y.; Lee, I.; Cha, S.Y.; Ryu, ] K.; Na, ].M.; Park, C.; Yoon, H.G.; et al. p53 regulates nuclear
GSK-3 levels through miR-34-mediated Axin2 suppression in colorectal cancer cells. Cell Cycle 2013, 12, 1578-1587. [CrossRef]
[PubMed]

Ougolkov, A.V,; Fernandez-Zapico, M.E.; Savoy, D.N.; Urrutia, R.A.; Billadeau, D.D. Glycogen synthase kinase-3beta participates
in nuclear factor kappaB-mediated gene transcription and cell survival in pancreatic cancer cells. Cancer Res. 2005, 65, 2076-2081.
[CrossRef] [PubMed]

Kazi, A,; Xiang, S.; Yang, H.; Delitto, D.; Trevino, J.; Jiang, RH.Y.; Ayaz, M.; Lawrence, H.R.; Kennedy, P.; Sebti, S.M. GSK3
suppression upregulates (3-catenin and c-Myc to abrogate KRas-dependent tumors. Nat. Commun. 2018, 9, 5154. [CrossRef]
Deer, E.L.; Gonzalez-Hernandez, J.; Coursen, J.D.; Shea, ].E.; Ngatia, J.; Scaife, C.L.; Firpo, M.A.; Mulvihill, S.J. Phenotype and
genotype of pancreatic cancer cell lines. Pancreas 2010, 39, 425-435. [CrossRef]

Akula, SM.; Candido, S.; Libra, M.; Abrams, S.L.; Steelman, L.S.; Lertpiriyapong, K.; Ramazzotti, G.; Ratti, S.; Follo, M.Y.;
Martelli, A.M.; et al. Abilities of berberine and chemically modified berberines to interact with metformin and inhibit proliferation
of pancreatic cancer cells. Adv. Biol. Regul. 2019, 73, 100633. [CrossRef]

Soule, H.D.; Vazguez, ].; Long, A.; Albert, S.; Brennan, M. A human cell line from a pleural effusion derived from a breast
carcinoma. J. Natl. Cancer Inst. 1973, 51, 1409-1416. [CrossRef]

He, X; Saint-Jeannet, ].P.; Woodgett, ].R.; Varmus, H.E.; Dawid, I.B. Glycogen synthase kinase-3 and dorsoventral patterning in
Xenopus embryos. Nature 1995, 374, 617-622. [CrossRef] [PubMed]

Miller, A.D.; Rosman, G.J. Improved retroviral vectors for gene transfer and expression. Biotechniques 1989, 7, 980-982. [PubMed]
Zhang, J.; Zhang, Q. Using Seahorse machine to measure OCR and ECAR in cancer cells. In Methods in Molecular Biology; Humana
Press: New York City, NY, USA, 2019; Volume 128, pp. 353-363.

Ding, L.; Billadeau, D.D. Glycogen synthase kinase-33: A novel therapeutic target for pancreatic cancer. Expert Opin. Ther. Targets
2020, 24, 417-426. [CrossRef] [PubMed]

Ding, L.; Liou, G.Y.; Schmitt, D.M.; Storz, P.; Zhang, ].S.; Billadeau, D.D. Glycogen synthase kinase-33 ablation limits pancreatitis-
induced acinar-to-ductal metaplasia. J. Pathol. 2017, 243, 65-77. [CrossRef] [PubMed]

Zhang, ].S.; Koenig, A.; Harrison, A.; Ugolkov, A.V.; Fernandez-Zapico, M.E.; Couch, FJ.; Billadeau, D.D. Mutant K-Ras increases
GSK-33 gene expression via an ETS-p300 transcriptional complex in pancreatic cancer. Oncogene 2011, 34, 3705-3715. [CrossRef]
[PubMed]

Hoesel, B.; Schmid, J.A. The complexity of NF-«B signaling in inflammation and cancer. Mol. Cancer 2013, 12, 86. [CrossRef]
[PubMed]

Vaseva, A.V,; Blake, D.R.; Gilbert, T.S.K.; Ng, S.; Hostetter, G.; Azam, S.H.; Ozkan-Dagliyan, I.; Gautam, P.; Bryant, K.L.;
Pearce, K.H.; et al. KRAS suppression-induced degradation of MYC is antagonized by a MEK5-ERK5 compensatory mechanism.
Cancer Cell 2018, 34, 807-822. [CrossRef] [PubMed]


http://doi.org/10.1158/0008-5472.CAN-06-4665
http://www.ncbi.nlm.nih.gov/pubmed/17699780
http://doi.org/10.1016/j.mito.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24316184
http://doi.org/10.1158/1078-0432.CCR-06-0196
http://www.ncbi.nlm.nih.gov/pubmed/16951223
http://doi.org/10.4161/cc.27728
http://doi.org/10.1083/jcb.200409067
http://doi.org/10.1158/0008-5472.CAN-06-1969
http://doi.org/10.14740/wjon1166
http://doi.org/10.1016/j.pan.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25547205
http://doi.org/10.1016/j.jbior.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24925031
http://doi.org/10.1073/pnas.0908428107
http://www.ncbi.nlm.nih.gov/pubmed/20018721
http://doi.org/10.1158/2159-8290.CD-12-0541
http://www.ncbi.nlm.nih.gov/pubmed/23547054
http://doi.org/10.4161/cc.24739
http://www.ncbi.nlm.nih.gov/pubmed/23624843
http://doi.org/10.1158/0008-5472.CAN-04-3642
http://www.ncbi.nlm.nih.gov/pubmed/15781615
http://doi.org/10.1038/s41467-018-07644-6
http://doi.org/10.1097/MPA.0b013e3181c15963
http://doi.org/10.1016/j.jbior.2019.04.003
http://doi.org/10.1093/jnci/51.5.1409
http://doi.org/10.1038/374617a0
http://www.ncbi.nlm.nih.gov/pubmed/7715701
http://www.ncbi.nlm.nih.gov/pubmed/2631796
http://doi.org/10.1080/14728222.2020.1743681
http://www.ncbi.nlm.nih.gov/pubmed/32178549
http://doi.org/10.1002/path.4928
http://www.ncbi.nlm.nih.gov/pubmed/28639695
http://doi.org/10.1038/onc.2011.90
http://www.ncbi.nlm.nih.gov/pubmed/21441955
http://doi.org/10.1186/1476-4598-12-86
http://www.ncbi.nlm.nih.gov/pubmed/23915189
http://doi.org/10.1016/j.ccell.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30423298

Cells 2021, 10, 816 26 of 27

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Escobar-Hoyos, L.E; Penson, A.; Kannan, R.; Cho, H.; Pan, C.H.; Singh, R.K.; Apken, L.H.; Hobbs, G.A ; Luo, R.; Lecomte, N.; et al.
Altered RNA splicing by mutant p53 activates oncogenic RAS signaling in pancreatic cancer. Cancer Cell 2020, 38, 198-211.
[CrossRef]

Baumgart, S.; Chen, N.M.; Zhang, ].S.; Billadeau, D.D.; Gaisina, LN.; Kozikowski, A.P; Singh, S.K.; Fink, D.; Strobel, P.;
Klindt, C.; et al. GSK-3f3 governs inflammation-induced NFATc2 signaling hubs to promote pancreatic cancer progression.
Mol. Cancer Ther. 2016, 15, 491-502. [CrossRef]

Medunjanin, S.; Schleithoff, L.; Fiegehenn, C.; Weinert, S.; Zuschratter, W.; Braun-Dullaeus, R.C. GSK-3§ controls NF-kappaB
activity via IKKy/NEMO. Sci. Rep. 2016, 6, 38553. [CrossRef]

Komoto, M.; Nakata, B.; Nishii, T.; Kawajiri, H.; Shinto, O.; Amano, R.; Yamada, N.; Yashiro, M.; Hirakawa, K. In vitro and in vivo
evidence that a combination of lapatinib plus S-1 is a promising treatment for pancreatic cancer. Cancer Sci. 2010, 101, 468—473.
[CrossRef] [PubMed]

Lee, PA.; Anderson, D.; Avrutskaya, A.; White, A.; Pheneger, T.; Winkler, ].D. In vivo activity of ARRY-543, a potent, small
molecule inhibitor of EGFR/ErbB-2 in combination with trastuzumab or docetaxel. Cancer Res. 2009, 69, 2150.

Janes, M.R.; Zhang, J.; Li, L.S.; Hansen, R.; Peters, U.; Guo, X.; Chen, Y.; Babbar, A.; Firdaus, S.J.; Darjania, L.; et al. Targeting
KRAS mutant cancers with a covalent G12C-specific inhibitor. Cell 2018, 172, 578-589. [CrossRef] [PubMed]

Tang, D.; Zhang, J.; Yuan, Z.; Gao, J.; Wang, S.; Ye, N.; Li, P; Gao, S.; Miao, Y.; Wang, D.; et al. Pancreatic satellite cells derived
galectin-1 increase the progression and less survival of pancreatic ductal adenocarcinoma. PLoS ONE 2014, 9, e90476. [CrossRef]
[PubMed]

Shih, T.C.; Liu, R,; Fung, G.; Bhardwaj, G.; Ghosh, PM.; Lam, K.S. A novel galectin-1 inhibitor discovered through one-bead
two-compound library potentiates the antitumor effects of paclitaxel in vivo. Mol. Cancer Ther. 2017, 16, 1212-1223. [CrossRef]
[PubMed]

Pavon, M.A.; Arroyo-Solera, I.; Céspedes, M.V,; Casanova, I.; Leén, X.; Mangues, R. uPA /uPAR and SERPINE1 in head and neck
cancer: Role in tumor resistance, metastasis, prognosis and therapy. Oncotarget 2016, 57351-57366. [CrossRef]

Akula, S.M.; Ruvolo, P.P.; McCubrey, ].A. TP53/miR-34a-associated signaling targets SERPINE1 expression in human pancreatic
cancer. Aging 2020, 12, 2777-2797. [CrossRef] [PubMed]

Seker, E; Cingoz, A.; Sur-Erdem, i; Erguder, N.; Erkent, A.; Uyulur, F; Esai Selvan, M.; Glimtis, Z.H.; Gonen, M.; Bayraktar, H.; et al.
Identification of SERPINELI as a regulator of glioblastoma cell dispersal with transcriptome profiling. Cancers 2019, 11, 1651.
[CrossRef]

Gu, D.; Schlotman, K.E.; Xie, J. Deciphering the role of hedgehog signaling in pancreatic cancer. J. Biomed. Res. 2016, 30, 353-360.
De Jesus-Acosta, A.; Sugar, E.A.; O'Dwyer, PJ.; Ramanathan, R.K.; Von Hoff, D.D.; Rasheed, Z.; Zheng, L.; Begum, A.; Anders, R,;
Maitra, A.; et al. Phase 2 study of vismodegib, a hedgehog inhibitor, combined with gemcitabine and nab-paclitaxel in patients
with untreated metastatic pancreatic adenocarcinoma. Br. J. Cancer 2020, 122, 498-505. [CrossRef]

van Mackelenbergh, M.G; Stroes, C.I; Spijker, R.; van Eijck, C.; Wilmink, ].W.; Bijlsma, M.E,; van Laarhoven, H. Clinical trials
targeting the stroma in pancreatic cancer: A systematic review and meta-analysis. Cancers 2019, 11, 588. [CrossRef] [PubMed]
Zhu, C.; Wei, Y.; Wei, X. AXL receptor tyrosine kinase as a promising anti-cancer approach: Functions, molecular mechanisms
and clinical applications. Mol. Cancer 2019, 18, 153. [CrossRef] [PubMed]

Shen, Y.; Chen, X.; He, J.; Liao, D.; Zu, X. Axl inhibitors as novel cancer therapeutic agents. Life Sci. 2018, 198, 99-111. [CrossRef]
Tang, Z.H.; Li, T.; Tong, Y.G.; Chen, X.J.; Chen, X.P.; Wang, Y.T,; Lu, J.J. A systematic review of the anticancer properties of
compounds isolated from licorice (Gancao). Planta Med. 2015, 81, 1670-1687. [CrossRef] [PubMed]

Zhou, Y,; Ho, W.S. Combination of liquiritin, isoliquiritin and isoliquirigenin induce apoptotic cell death through upregulating
p53 and p21 in the A549 non-small cell lung cancer cells. Oncol. Rep. 2014, 31, 298-304. [CrossRef] [PubMed]

Kim, A.; Ma, ].Y. Isoliquiritin apioside suppresses in vitro invasiveness and angiogenesis of cancer cells and endothelial cells.
Front. Pharmacol. 2018, 9, 1455. [CrossRef]

Jellusova, J.; Cato, M.H.; Apgar, ].R.; Ramezani-Rad, P.; Leung, C.R.; Chen, C.; Richardson, A.D.; Conner, E.M.; Benschop, R.J.;
Woodgett, ].R.; et al. Gsk3 is a metabolic checkpoint regulator in B cells. Nat. Immunol. 2017, 18, 303-312. [CrossRef]

Byun, H.O,; Jung, H.J.; Seo, Y.H.; Lee, Y.K.; Hwang, S.C.; Hwang, E.S.; Yoon, G. GSK3 inactivation is involved in mitochondrial
complex IV defect in transforming growth factor (TGF) f1-induced senescence. Exp. Cell Res. 2012, 318, 1808-1819. [CrossRef]
[PubMed]

Chiara, F; Rasola, A. GSK-3 and mitochondpria in cancer cells. Front. Oncol. 2013, 3, 16. [CrossRef]

Weikel, K.A.; Cacicedo, ].M.; Ruderman, N.B.; Ido, Y. Knockdown of GSK3 increases basal autophagy and AMPK signalling in
nutrient-laden human aortic endothelial cells. Biosci. Rep. 2016, 36, e00382. [CrossRef] [PubMed]

Bryant, K.L.; Stalnecker, C.A.; Zeitouni, D.; Klomp, J.E.; Peng, S.; Tikunov, A.P; Gunda, V.; Pierobon, M.; Waters, A.M.;
George, S.D.; et al. Combination of ERK and autophagy inhibition as a treatment approach for pancreatic cancer. Nat. Med. 2019,
25, 628-640. [CrossRef] [PubMed]

Woodard, C.; Liao, G.; Goodwin, C.R.; Hu, J.; Xie, Z.; Dos Reis, T.F.; Newman, R.; Rho, H.; Qian, J.; Zhu, H.; et al. A screen for
extracellular signal-regulated kinase-primed glycogen synthase kinase 3 substrates identifies the p53 i3hibitor iASPP. J. Virol.
2015, 89, 9232-9241. [CrossRef] [PubMed]

Ricciardi, M.R.; Mirabilii, S.; Licchetta, R.; Piedimonte, M.; Tafuri, A. Targeting the Akt, GSK-3, Bcl-2 axis in acute myeloid
leukemia. Adv. Biol. Regul. 2017, 65, 36-58. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ccell.2020.05.010
http://doi.org/10.1158/1535-7163.MCT-15-0309
http://doi.org/10.1038/srep38553
http://doi.org/10.1111/j.1349-7006.2009.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/19925494
http://doi.org/10.1016/j.cell.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29373830
http://doi.org/10.1371/journal.pone.0090476
http://www.ncbi.nlm.nih.gov/pubmed/24595374
http://doi.org/10.1158/1535-7163.MCT-16-0690
http://www.ncbi.nlm.nih.gov/pubmed/28396365
http://doi.org/10.18632/oncotarget.10344
http://doi.org/10.18632/aging.102776
http://www.ncbi.nlm.nih.gov/pubmed/31986125
http://doi.org/10.3390/cancers11111651
http://doi.org/10.1038/s41416-019-0683-3
http://doi.org/10.3390/cancers11050588
http://www.ncbi.nlm.nih.gov/pubmed/31035512
http://doi.org/10.1186/s12943-019-1090-3
http://www.ncbi.nlm.nih.gov/pubmed/31684958
http://doi.org/10.1016/j.lfs.2018.02.033
http://doi.org/10.1055/s-0035-1558227
http://www.ncbi.nlm.nih.gov/pubmed/26695708
http://doi.org/10.3892/or.2013.2849
http://www.ncbi.nlm.nih.gov/pubmed/24247527
http://doi.org/10.3389/fphar.2018.01455
http://doi.org/10.1038/ni.3664
http://doi.org/10.1016/j.yexcr.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22652454
http://doi.org/10.3389/fonc.2013.00016
http://doi.org/10.1042/BSR20160174
http://www.ncbi.nlm.nih.gov/pubmed/27534430
http://doi.org/10.1038/s41591-019-0368-8
http://www.ncbi.nlm.nih.gov/pubmed/30833752
http://doi.org/10.1128/JVI.01072-15
http://www.ncbi.nlm.nih.gov/pubmed/26109723
http://doi.org/10.1016/j.jbior.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28549531

Cells 2021, 10, 816 27 of 27

85.

86.

87.

88.

89.

90.

Rahmani, M.; Aust, M.M.; Attkisson, E.; Williams, D.C., Jr.; Ferreira-Gonzalez, A.; Grant, S. Dual inhibition of Bcl-2 and Bcl-xL
strikingly enhances PI3K inhibition-induced apoptosis in human myeloid leukemia cells through a GSK3- and Bim-dependent
mechanism. Cancer Res. 2013, 73, 1340-1351. [CrossRef] [PubMed]

Kuroki, H.; Anraku, T.; Kazama, A.; Bilim, V.; Tasaki, M.; Schmitt, D.; Mazar, A.P; Giles, FJ.; Ugolkov, A.; Tomita, Y. ING-41, a
small molecule inhibitor of GSK-3beta, potentiates the effects of anticancer therapeutic.s in bladder cancer. Sci. Rep. 2019, 9, 19977.
[CrossRef] [PubMed]

Candido, S.; Abrams, S.L.; Steelman, L.S.; Lertpiriyapong, K.; Martelli, A.M.; Cocco, L.; Ratti, S.; Fulollo, M.Y.; Murata, R.M.;
Rosalen, P.L.; et al. Metformin influences drug sensitivity in pancreatic cancer cells. Adv. Biol. Regul. 2018, 68, 13-30. [CrossRef]
Ugolkov, A.; Gaisina, I.; Zhang, ].S.; Billadeau, D.D.; White, K.; Kozikowski, A.; Jain, S.; Cristofanilli, M.; Giles, F;
O’Halloran, T.; et al. GSK-3 inhibition overcomes chemoresistance in human breast cancer. Cancer Lett. 2016, 380, 384-392.
[CrossRef]

Poma, P; Labbozzetta, M.; D’ Alessandro, N.; Notarbartolo, M. NF-«B is a potential molecular drug target in triple-negative breast
cancers. OMICS 2017, 21, 225-231. [CrossRef]

Vijay, G.V.,; Zhao, N.; Den Hollander, P.; Toneff, M.J.; Joseph, R.; Pietila, M.; Taube, J.H.; Sarkar, T.R.; Ramirez-Pena, E.;
Werden, S.J.; et al. GSK33 regulates epithelial-mesenchymal transition and cancer stem cell properties in triple-negative breast
cancer. Breast Cancer Res. 2019, 21, 37. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-12-1365
http://www.ncbi.nlm.nih.gov/pubmed/23243017
http://doi.org/10.1038/s41598-019-56461-4
http://www.ncbi.nlm.nih.gov/pubmed/31882719
http://doi.org/10.1016/j.jbior.2018.02.002
http://doi.org/10.1016/j.canlet.2016.07.006
http://doi.org/10.1089/omi.2017.0020
http://doi.org/10.1186/s13058-019-1125-0

	Introduction 
	Materials and Methods 
	Cell Culture and Chemotherapeutic Drugs, Signal Transduction Inhibitors and Nutraceuticals 
	WT-GSK-3, KD-GSK-3 and pLXSN Plasmids 
	Transfection of MIA-PaCa-2 and MCF-7 Cells with GSK-3 Constructs 
	Cell Proliferation Assays in the Presence of Chemotherapeutic Drugs, Signal Transduction Inhibitors, and Nutraceuticals 
	Colony-Formation Assays 
	Real-Time Cell Metabolic Analysis 

	Results 
	Effects of GSK-3 on Sensitivities of PDAC Cells to Chemotherapeutic Drugs Used to Treat PDAC Patients 
	Effects of WT-GSK-3 and KD-GSK-3 on the Sensitivities of MIA-PaCa-2 Cells to Chemotherapeutic Drugs Used to Treat Patients with Other Types of Cancer 
	Effects of WT-GSK-3 and KD-GSK-3 on Sensitivities to GSK-3 Inhibitors 
	Effects of WT-GSK-3 and KD-GSK-3 on Sensitivities of MIA-PaCa-2 to Signal Trans-Duction Inhibitors Targeting Other Pathways 
	Effects of WT-GSK-3 and KD-GSK-3 on Sensitivity to the BCL2/BCLXL ABT-737 Inhibitor 
	Effects of WT-GSK-3 and KD-GSK-3 on Drugs Used to Treat Diabetes, Malaria, and the Nutraceutical Berberine 
	Effects of WT-GSK-3 and KD-GSK-3 on the Sensitivities to Drugs Used to Suppress Cancer Progression and Metastasis 
	Effects of WT-GSK-3 and KD-GSK-3 on Colony Formation in the Presence of Chemotherapeutic Drugs 
	Effects of WT-GSK-3 and KD-GSK-3 on Colony Formation in Presence of a GSK-3 inhibitor, the AMPK Activator Metformin, and the Nutraceutical Berberine 
	Effects of Introduction of WT-GSK-3 and KD-GSK-3 on Metabolic Activity in MIA-PaCa-2 Cells 
	Effects of Introduction of WT-GSK-3, KD-GSK-3, and pLXSN on Therapeutic Sensitivity of MCF-7 Breast Cancer Cells 
	Effects of the Introduction of WT-GSK-3, KD-GSK-3, and pLXSN on Sensitivity of MCF-7 Breast Cancer Cells to the Type-II Diabetes Drug Metformin and the Nutraceutical Berberine 
	Effects of the Introduction of WT-GSK-3, KD-GSK-3, and pLXSN on Sensitivity of MCF-7 Breast Cancer Cells to Tideglusib in Combination with Low Doses of Chemotherapeutic, Anti-Diabetes Drugs, and the Nutraceutical Berberine 

	Discussion 
	References

