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Abstract
Introduction—ZM336372 is small molecule tyrosine kinase modulator. It has been shown to
inhibit glycogen synthase kinase-3β (GSK-3β) through phosphorylation of GSK-3β at Ser 9.
GSK-3β has previously been shown to mediate cell survival in pancreatic cancer cells. Here we
determine the effects of ZM336372 on GSK-3β phosphorylation, apoptosis, and growth in
pancreatic adenocarcinoma cell lines.

Methods—Panc-1 and MiaPaCa-2 cells were treated with ZM336372 or lithium chloride (LiCl)
and compared to solvent control. The effects on proliferation for each cell line were determined
using the MTT assay. Western blot analysis was performed to examine the effects of treatment on
the phosphorylation of GSK-3β. In addition, western blot was utilized to examine the cleavage of
PARP, a marker of apoptosis.

Results—A dose-dependent increase in phosphorylation of GSK-3β was observed after
treatment with both ZM336372 and LiCl. Growth inhibition due to treatment with ZM336372 and
LiCl also occurred in a dose-dependent fashion. An increase in cleaved PARP was demonstrated
after treatment with both agents, as was seen previously with GSK-3β inhibition in pancreatic
adenocarcinoma cells.

Conclusion—This is the first description of growth inhibition and apoptosis in pancreatic cancer
cells related to GSK-3β inhibition through treatment with ZM336372.
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Introduction
Glycogen synthase kinase-3β (GSK-3β) is a multi-functional serine/threonine kinase that
regulates numerous cellular functions, including glycogen metabolism, apoptosis, cell cycle
regulation, and neuronal functions among others [1,2,3]. In addition, GSK-3β has been
shown to regulate cell survival and proliferation in pancreatic cancer cells [4]. The GSK-3β
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pharmacologic inhibitors, AR-A014418 and SB-216763, and depletion of GSK-3β by
siRNA in pancreatic cancer cells have resulted in suppression of cellular proliferation [4].
Furthermore, it has been suggested that GSK-3β mediates its anti-proliferative effects
through its interaction with nuclear factor-κB (NF-κB) [4]. Previous studies examining the
pharmacologic inhibition of GSK-3β have targeted the ATP-binding site. GSK-3β is also
inhibited through phosphorylation at the Ser9 position [5].

LiCl, which is commonly used to treat mood disorders, has been shown to inhibit GSK-3β.
This GSK-3β inhibition secondary to LiCl has been shown to occur via two mechanisms [6].
LiCl can directly inhibit GSK-3β by reversibly competing with Mg2+ and can also inhibit
GSK-3β through Ser9 phosphorylation [7,8]. LiCl has been shown to cause GSK-3β
inhibition and growth suppression in neuroendocrine tumors [9].

ZM336372 is a small molecule kinase modulator whose effects on GSK-3β have not been
investigated before in pancreatic cancer cells. ZM336732 has previously been shown to have
anti-neoplastic effects in neuroendocrine and hepatocellular carcinoma cell lines [10,11].

The aim of this study is to determine if ZM336372 is able to inhibit GSK-3β activity in
pancreatic cancer cells through Ser9 phosphorylation and determine the potential for
ZM336372 as a new chemotherapeutic agent for pancreatic adenocarcinoma by measuring
its effects on cellular proliferation and apoptosis.

Methods
Cell Culture

Panc-1, and MiaPaCa-2 cell lines (American Type Culture Collection, Manassas, VA) were
incubated in a humified 5% CO2 atmosphere at 37°C in Dulbeco's modified eagles medium
(Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (Hyclone, Logan,
VT), 100 IU/mL of penicillin, and 100 pg/mL of streptomycin (Gibco).

Pharmacologic Treatment
ZM336372 (Tocris, Ellisville, MO) or LiCl (Sigma) were dissolved in 100% dimethyl
sulfoxide, DMSO, (Sigma, St. Louis, MO) to the appropriate concentration and added
directly to the culture media to treat the cells. For the duration of each experiment, the media
and drug were exchanged every two days. Experimental conditions were kept constant for
the ZM336372 and LiCl treated cells.

Cellular Proliferation Assay
MTT reagent, 3,4-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliμM bromide, (Sigma) was
reconstituted in 1 × PBS to a final concentration of 5 mg/ml. The culture media was replaced
with phenol free media prior to MTT reagent addition equaling one tenth the original culture
volume. Cultures were then incubated for 3 hours at 37°C. The medium was then removed
and the dye was solubilized with 200 μL of 0.1 N HCl in isopropanol. The absorbance was
then measured at a wavelength of 540 nm with background subtraction at 630-690 nm.

Western Blot Analysis
Cellular extracts were prepared as described previously [10]. 40 μg of cellular extract from
ZM336372 treated cells and controls were loaded onto precast 10% polyacrylamide gels
(Pierce). The gels were run at 100 volts for 60 minutes and then transferred to PVDF
Immobilon-P membranes (Millipore, Bedford, MA) at 40 volts for 90 minutes. The
membranes were blocked with a 5% milk solution for one hour and the primary antibodies,
GSK-3β, pGSK-3β, cPARP (Cell Signaling Technology, Beverly, MA), were incubated
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overnight in bovine serum albumin (Sigma) at a 1:1000 ratio. Following incubation with the
primary antibody, membranes were washed in TBS-T wash buffer (Tris buffered saline,
0.05% Tween 20). Next, goat anti-rabbit horseradish peroxidase labeled antibody (Pierce)
was added at ratio of 1:7000 in milk solution and incubated for 1-2 hours. The membranes
were then washed again with TBS-T. SuperSignal West Pico Chemiluminescent Substrate
(Pierce) was added according to manufacturer's instructions and incubated for five minutes.
Following removal of the substrate the membranes were placed in plastic sleeves and
exposed to film. Anti-G3PDH antibody (Pierce) was utilized as a loading control at a ratio
of 1:7500.

Results
ZM336372 Causes Growth Inhibition in Pancreatic Cancer Cells

ZM336372 has been shown to posses antineoplastic properties previously. Here we utilize
the MTT assay to determine if there is a difference in cellular proliferation in response to
treatment with ZM336372 in pancreatic adenocarcinoma cells. (Figure 1A and 1B). The two
pancreatic cancer cell lines displayed a decrease in growth only after treatment with the 50
μM concentration of ZM336372. There was little observable difference between the control
cells and the 25 μM concentration in the Panc-1 and MiaPaCa-2 cell lines. Complete growth
suppression was seen using the 100 μM concentration of ZM336372.

The growth inhibition of ZM336372 was cooberated with the treatment of pancreatic
adenocarcinoma cells with LiCl treatment, a GSK-3β inhibitor. (Figure 2A and 2B). A dose-
dependent decrease in growth was observed in both the MiaPaCa-2 and Panc-1 cell lines. At
a concentration of 20 mM complete growth suppression was observed. No significant
change in growth was noted with the 5 mM concentration, corresponding to low levels of
pGSK-3β at this dose.

ZM336372 Causes Phosphorylation of GSK-3β at Ser9
The effect of ZM336372 on the level of phosphorylation of GSK-3β at Ser9 was examined.
The Panc-1 and MiaPaCa-2 pancreatic cancer cell lines both show minimal pGSK-3β at
baseline. Following two days of treatment with ZM336372 there is a significant increase in
the level of pGSK-3β. (Figure 3A and 3B). No change in the level of the non-
phosphorylated form of GSK-3β was observed.

LiCl has previously been shown to inhibit GSK-3β. Here the effects of LiCl treatment on the
phosphorylation of GSK-3β at Ser9 were investigated in pancreatic adenocarcinoma cells.
After treatment of Panc-1 and MiaPaCa-2 cells with LiCl for two days, cellular extracts
were isolated. A dose-dependent increase in pGSK-3β after treatment with LiCl was
observed in both cell lines. (Figure 4A and 4B). As with ZM336372, no observable change
in the level of non-phosphorylated GSK-3β was seen with LiCl treatment.

ZM336372 Induces Cleavage of PARP, a Marker of Apoptosis
Previously it has been shown that GSK-3β inhibition leads to apoptosis through NF-κB [4].
Here we examined the cleavage of PARP to determine if ZM336372 treatment will induce
apoptosis. PARP is a nuclear enzyme that binds DNA strand breaks and is a caspase
substrate, which are activated in the early stages of apoptosis [12]. For this reason cPARP is
used as a marker of apoptosis. Cleavage of PARP was observed after treatment with
ZM336372 for 48 hours in MiaPaCa-2 and Panc-1 cell lines. (Figure 5A and B). Minimal
cleavage of PARP was observed at baseline. LiCl also induced cleavage of PARP in the
MiaPaCa-2 cell line (figure 5C) after 2 days of treatment. These results correlate with the
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MTT assays for the various treatments. Cleavage of PARP is seen at concentrations where
growth inhibition is observed.

Discussion
Pancreatic adenocarcinoma is a significant health problem, with more than 30,000 cases
diagnosed in the United States each year and almost as many deaths. Although gemcitabine
and recently approved erlotinib have shown to improve survival times by a few weeks, the
prognosis remains poor [13]. New therapies, and more importantly, a better understanding of
the cellular mechanisms of this disease are desperately needed. We, therefore, have
investigated the effects of GSK-3β manipulation on two human pancreatic cancer cell lines.

Here we describe GSK-3β inhibition by ZM336372 through phosphorylation of GSK-3β at
Ser9 in pancreatic cancer cells. In addition, growth suppression and induction of a marker of
apoptosis were observed. This corroborates with the previously reported results with the
GSK-3β ATP-binding site inhibitors and siRNA [4]. ZM336372 was originally discovered
as a raf-1 inhibitor [14], however we have found it to activate raf-1 in cell culture [10,11].
This agent has been shown to decrease cellular growth in numerous cell types, including
neuroendocrine tumor, hepatocellular carcinoma and now pancreatic adenocarcinoma cells
[10,11,15]. Recently in addition to raf-1 activation, ZM33672 has also been shown to inhibit
GSK-3β [15]. Further investigation has been performed to determine the significance of
these ZM336372 induced kinase phosphorylations. We have shown in neuroendocrine cell
lines that down-regulation of neuroendocrine markers is independent of the raf-1/MEK/ERK
pathway [15]. Most importantly, the GSK-3β inhibition by ZM336372 was shown to be
required for neuroendocrine phenotype reduction [15]. This suggests that the GSK-3β
inhibition has greater significance in relation to the suppression of cellular proliferation due
to ZM336372 treatment.

In pancreatic cancer cells, GSK-3β mediates regulation of NF-κB, controlling cellular
survival and proliferation [4,16,17,18]. NF-κB is a ubiquitously expressed transcription
factor that is associated with a wide spectrum of cellular functions, including mediation of
cell cycle progression, adaptations to stress, response to inflammation, and regulation of
apoptosis [19]. In pancreatic cancer cell lines, GSK-3β inhibition leads to decreased
expression of NF-κB target genes involved in cellular proliferation and survival [4]. In
addition, a dose dependent decrease in cell proliferation of pancreatic cancer cell lines have
been observed with GSK-3P RNA interference and the GSK-3P inhibitors, AR-AO14418
and SB216763, which inhibit GSK-3P via targeting the ATPase binding site [4,20,21].
GSK-3P acts distal to the IKK, as the growth suppression of GSK-3P inhibition were able to
be rescued by p65/p50 over expression, and not constitutively active mutant IKK [4].
Interestingly, the NF-κB pathway has been shown to mediate cellular survival through anti-
apoptotic mechanisms and is associated with chemotherapy resistance in pancreatic cancer
cell lines [22,23]. Therefore, inhibition of NF-κB activity could result in apoptosis and also
sensitize pancreatic cancer cells to chemotherapeutic agents.

Further analysis into these and other GSK-3P inhibitors is warranted in order to determine
their ability to be used as anti-neoplastic agents. Specifically, if NF-κB inhibition sensitizes
pancreatic cancer cells to chemotherapy, then combination chemotherapeutic regimens of
ZM336372 with cytotoxic agents, such as gemcitabine, would be warranted. It is possible
that these agents are performing these actions via other mechanisms than GSK-3P inhibition,
therefore further mechanistic studies examining the downstream interactions of GSK-3P and
NF-κB after ZM336372 treatment are required. This is the first description of ZM336372 as
a possible agent for the treatment of pancreatic adenocarcinoma.
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Figure 1.
MTT assay of pancreatic adenocarcinoma cells treated with ZM336372 every other day for
8 days. A. MiaPaCa-2 cells treated with ZM336372 demonstrated complete growth
suppression at a concentration of 100μM. No significant decrease in growth was observed at
the 25μM concentration. B. Panc-1 cells also displayed complete growth suppression at the
100μM concentration of ZM336372. However, no change in growth was observed with the
25μM concentration.
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Figure 2.
MTT assay of pancreatic adenocarcinoma cells treated with LiCl for 8 days. A. MiaPaCa-2
cells displayed a dose-dependent decrease in cellular proliferation. Complete growth
inhibition was observed at a concentration of 20mM. B. LiCl treatment of Panc-1 cells
resulted in no significant change in growth at the 5mM concentration. A dose-dependent
decrease in growth was then seen with complete growth suppression at the 20mM
concentration.
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Figure 3.
Mia PaCa-2 (A.) and Panc-1 (B.) cells treated with ZM336372 for 2 days were extracted. An
increase in pGSK-3β was observed in cells treated with ZM336372. No change in GSK-3β
was observed. G3PDH was used as a loading control.
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Figure 4.
Treatment of MiaPaca-2 (A.) and Panc-1 (B.) cells with LiCl for 2 days was performed.
Extracts show an increase in pGSK-3β in those cells treated with LiCl. No significant
change in GSK-3β was observed.
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Figure 5.
Growth inhibition is accompanied by cleavage of PARP, a marker of apoptosis. A.
MiaPaCa-2 cells were treated with ZM336372 for 48 hours. A dose-dependent increase in
cleaved PARP (cPARP) was observed. No observable cPARP at the 25μM concentration. B.
Panc-1 cells treated with ZM336372 for 48 hours also resulted in PARP cleavage. Minimal
cPARP was observed at the 25μM concentration and increases in a dose-dependent manner.
A and B were performed using a specific cleaved PARP antibody. C. LiCl treatment of
MiaPaCa-2 cells was performed. PARP cleavage occurred with the 20mM concentration.
This correlates with the MTT growth assay.
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