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GSK3p and p-Catenin Modulate
Radiation Cytotoxicity in
Pancreatic Cancer’

Abstract

BACKGROUND: Knowledge of factors and mechanisms contributing to the inherent radioresistance of pancreatic cancer may
improve cancer treatment. Irradiation inhibits glycogen synthase kinase 33 (GSK3[) by phosphorylation at serine 9. In turn, release
of cytosolic membrane [3-catenin with subsequent nuclear translocation promotes survival. Both GSK3[3 and [3-catenin have been
implicated in cancer cell proliferation and resistance to death. METHODS: We investigated pancreatic cancer cell survival after
radiation /n vitro and /in vivo, with a particular focus on the role of the function of the GSK3[B/B-catenin axis. RESULTS: Lithium
chloride, RNAi-medicated silencing of GSK3, or the expression of a kinase dead mutant GSK3[3 resulted in radioresistance of
Panc1 and BxPC3 pancreatic cancer cells. Conversely, ectopic expression of a constitutively active form of GSK3[3 resulted in radio-
sensitization of Panc1 cells. GSK3 silencing increased radiation-induced [-catenin target gene expression as measured by studies
of AXIN2 and LEF1 transcript levels. Western blot analysis of total and phosphorylated levels of GSK3[ and -catenin showed that
GSK3 inhibition resulted in stabilization of B-catenin. Xenografts of both BxPC3 and Panc1 with targeted silencing of GSK3f3
exhibited radioresistance in vivo. Silencing of 3-catenin resulted in radiosensitization, whereas a nondegradable 3-catenin construct
induced radioresistance. CONCLUSIONS: These data support the hypothesis that GSK3B modulates the cellular response to
radiation in a 3-catenin—dependent mechanism. Further understanding of this pathway may enhance the development of clinical
trials combining drugs inhibiting B-catenin activation with radiation and chemotherapy in locally advanced pancreatic cancer.
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Introduction

Roughly 37,000 US patients are diagnosed annually with pancreatic
cancer, with the annual death rate from pancreatic cancer approaching
its incidence. Aggressive treatment of locally advanced pancreatic can-
cer patients with highly conformal radiation and chemotherapy pro-
duces a moderate beneficial effect on local control of the cancer, albeit
with possible increases in toxicity and a minor impact on patient sur-
vival. Unfortunately, the addition of agents targeting either Ras [1]
(zarnestra, tipifarnib), matrix metalloproteases [2] (marimistat), or
EGEFR [3] (erlotinib) has not dramatically increased overall survival
either. Thus, elucidation of the mechanisms underlying pancreatic
cancer radioresistance may lead to improved targeted therapies, which
may improve clinical outcomes.

Depending on the context and cell type under study, glycogen
synthase kinase 3B (GSK3p) can promote cell survival or apoptosis
after cytotoxic insults [4]. Active GSK3p can induce mitochondrial
release of cytochrome ¢, leading to the activation of the intrinsic apop-
tosis pathway [5]. Active GSK3B phosphorylates B-catenin, a tran-
scription factor involved in survival and proliferation, at serine 33,
which primes B-catenin for ubiquitination and subsequent proteosome-
mediated degradation [6]. Survival signals such as binding of Wnt ligands
or growth factors to their respective receptors leads to inhibition of GSK33
through phosphorylation at serine 9. Inhibition of GSK3P then leads to
the stabilization of B-catenin resulting in nuclear translocation and hetero-
dimerization of B-catenin with T-cell factor family members thus pro-
moting transcription of f-catenin target genes and cell survival [7].

We previously conducted a study that showed that the protein kinase
CP inhibitor enzastaurin prevents radiation-induced phosphorylation
of protein kinase CB and leads to radiosensitization through persistent
activation of GSK3 in pancreatic cancer cells. In addition, we demon-
strated that radiation induces phosphorylation of GSK3p at serine 9, a
site known to inhibit GSK3P activity [8,9]. Our current study expands
on that observation to test the hypothesis that GSK3B mediates the
radiation resistance of pancreatic cancer by suppression of B-catenin.
Our findings establish that the GSK3/B-catenin pathway modulates
radiation resistance of pancreatic cancer and suggest potential targets
to increase efficacy of radiation therapy in pancreatic cancer.

Materials and Methods

Cell Line Generation

Panc-1 and BxPc3 human pancreatic cancer cells were obtained from
the American Type Culture Collection (Manassas, VA) and were main-
tained according to standard tissue culture conditions. We generated
lentivirus particles for transduction of shRNA to silence GSK3f or
f-catenin. Mission short hairpin RNA (shRNA) lentiviral plasmids
(Sigma, St Louis, MO) contain a U6 promoter transcribing nonspecific
(NS), GSK3B, or B-catenin shRNA along with a puromyocin resistance
gene for selection. We collected supernatants after cotransfection of
HEK293T cells with mission shRNA and packaging plasmids [10].
BxPC3 or Pancl cells were then transduced with NS, GSK3p, or -
catenin shRNA particles and selected under 2 pg/ml puromycin.

We used lentivirus transduction to express kinase inactive GSK3[
[11]. We subcloned the GSK3Bkk(ss,s6)ma KKMA insert using Kpnl
(5" end) and Xbal (3’ end) from the pCMV4 vector to pLentilox-
IRES-GFP. The resulting pLL- GSK3Bxk(ss.86ma-1Grp lentiviral
plasmid uses a CMV promoter to drive expression of a single messenger
RNA with both insert and GFP for the identification of transduced

cells. We collected supernatants after cotransfection of HEK293T cells
with empty vector control or pLL- GSK3Bkk(ss.86ma-1Grp and pack-
aging plasmids. BxPC3 or Pancl cells were then transduced with empty
vector control or pLL- GSK3Bkkss ssma.irp particles and analyzed
by flow cytometry. Only cell populations with more than 90% GFP
expression were used.

We used stable transfection to generate cells expressing nondegrad-
able B-catenin [12]. We subcloned the B-cateningssy.prag insert using
BamHI (5’ end) and Xbal (3’ end) from the pPCMV4 vector to pcDNA3.1
(+). Cells were transfected with 1 pg of empty vector control or pcDNA3.1
(+)PB-cateningssy.pr ac and then selected with G418. Stable pooled pop-
ulations of individual clones were verified by Western blot analysis

for FLAG.

Colony Formation Assays

After irradiation, cells were trypsinized, counted, and plated at pre-
determined clonal densities. Two weeks later, cells were fixed with a
methanol/acetic acid mixture (7:1) and stained with crystal violet.
Colony counting was done using an automated counter. Data were
then analyzed by determining the surviving fraction at each dose of
radiation. Cell survival curves were fit using the linear-quadratic
equation. Radiation sensitivity is expressed in mean inactivation dose
(MID), which represents the area under the cell survival curve [13].
MID was calculated for control and each experimental manipulation,
and the enhancement ratio was calculated as the MID in the control
curve divided by the MID in the experimental curve.

Reverse Transcription—Polymerase Chain Reaction

A Qiagen RNeasy RNA extraction kit was used to collect RNA for
reverse transcription—polymerase chain reaction (RT-PCR). RT-PCR
was performed in duplicate using a Qiagen Quantitect Syber Green RT-
PCR kit on GAPDH [14], AXIN2 [15], and Lef1 [16] using previously
published primer sequences. C'r values for each unknown were com-
pared with a standard curve made of serially diluted RNA from wild-
type BxPC3 and Pancl cells in logarithmic phase growth. AXIN2 and
Lefl values were normalized to the level of GAPDH in each sample.

Antibodies and Immunoblot Analysis

Antibodies to GSK3B (Cell Signaling, Danvers, MA), phospho-
Ser9 GSK3p (Cell Signaling), B-catenin (Cell Signaling), phospho-
Ser33 B-catenin (Cell Signaling), and B-actin (Sigma) were used at
dilutions per the manufacturer. Cell lysate production with RIPA buffer
and immunoblot analysis were performed using detailed protocols from
Cell Signaling. Xenograph samples were taken after treatment and
frozen in a dry ice bath. A mortar and pestle was then used to grind
the xenograph samples. $-Actin was used as a control to show that total
protein quantities were equal among the groups. Each Western blot was
performed three independent times from unique lysates; representative
films are shown in Figures 14, 24, and 3A.

Xenografts

Animals used in this study were maintained in facilities approved by
the American Association for Accreditation of Laboratory Animal Care
in accordance with current regulations and standards of the United
States Department of Agriculture and Department of Health and Hu-
man Services. Under an institutionally approved protocol, 4-week-old
female athymic nude mice were implanted with 5 x 10" BxPC3 or
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Figure 1. (A) BxPC3 and Panc1 cells were treated with LiCl for 6 hours, and Western blot analysis for total and phosphorylated GSK3f3
was performed. (B) Clonogenic survival of control (o) or LiCl-pretreated (¢) BXPC3 and Panc1 cells. *P < 0.05. Error bars are SD of three
independent experiments performed in triplicate and are smaller than the symbols at some data points.

Pancl cells subcutaneously. Tumor volume (T'V) was calculated accord-
ing to the following equation: TV = [1/6 x  x 4, where 2 and b are the
longer and shorter dimensions of the tumor, respectively. When the
average tumor volume achieved 100 mm?, mice were randomized to
treatment groups.

Irradiation

Cells or xenografts were irradiated using a Phillips 250 orthovoltage
unit at approximately 2 Gy/min for cells or 1.4 Gy/min for mice in the
Irradiation Core of the University of Michigan Cancer Center. Dosim-
etry is carried out using an ionization chamber connected to an elec-
trometer system, which is directly traceable to a National Institute of
Standards and Technology calibration. Mice were anesthetized with a
mixture of ketamine 60 mg/kg and xylazine 3 mg/kg and positioned
such that the apex of each flank tumor was at the center of a 2.4-cm
aperture in the secondary collimator and irradiated with the rest of
the mouse being shielded from radiation.

Statistical Analysis

The clonogenic assays were conducted on three independent occa-
sions in triplicate. Mean and SD from the three independent experi-
ments are displayed in Figures 14, 2, B and C, and 6. A two-tailed
t-test was used to analyze differences between mean values of in vitro
assays, with a values less than 0.05 considered significant. The radia-
tion enhancement factor (REF) was calculated as previously described
[17], with numbers less than 1 indicating radioprotection and numbers
greater than 1 indicating radiosensitization.

The RT-PCR data in Figure 54 represent the mean and SD values
of three independent experiments performed in triplicate after irradi-
ation. A two-tailed #-test was used to analyze differences between

mean values at each time point, with « values less than 0.05 consid-
ered significant.

The in vivo experiments were designed with a power of 80% to
detect a 20% difference in tumor growth delay between the control
versus irradiated tumors, resulting in a sample size of 10 tumors per
group. Tumor volumes are plotted relative to the pretreatment volume
in Figure 3, Band C. A two-tailed #test was used to analyze differences
between mean values at each measurement, with a values less than 0.05
considered significant.

Results

GSK3pB Signaling Modulates Radiation Resistance In Vitro

Inhibition of GSK3f by phosphorylation at Ser9 has been pre-
viously observed after irradiation of pancreatic cancer cells [17], po-
tentially underscoring their observed radioresistance. We examined
the phenotypic effects of GSK3B modulation on radiation response
in vitro. Previous studies have shown that lithium chloride (LiCl) is a
pharmacological inhibitor of GSK3p, with inhibition correlating with
increased phosphorylation of GSK3 at serine 9 [18]. We determined
the concentration of LiCl needed to increase GSK3p phosphorylation
and found that 30 mM was associated with phosphorylation in BxPC3
and Pancl cells (Figure 14). Inhibition of GSK3p by a 6-hour exposure
to LiCl before radiation led to an increase in survival in response to
radiation in both BxPC3 and Pancl cells (REFs: 0.78 and 0.79, respec-
tively, P < .05; Figure 1B). Because pharmacologic inhibition such as
LiCl treatment may have unintended off-target effects, we also used
genetic approaches to test our hypothesis that GSK3p inhibition pro-
motes radioresistance in pancreatic cancer.

To further characterize the role of GSK3p in radiation survival, we
transduced BxPC3 and Pancl cells with a lentivirus construct expressing
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an shRNA designed to inhibit GSK3P expression. We generated poly-
clonal populations of BxPC3 and Pancl cells expressing the shRNA
construct and then determined the effect of GSK3 knockdown on
survival after radiation. Radiation delivered to pancreatic cancer cells ex-
pressing an NS shRNA construct resulted in serine 9 phosphorylation,
similar to wild-type cells. Ser9 GSK3p phosphorylation was increased
with a peak at 1 hour after a 2-Gy radiation (Figure 24). Silencing of
GSK3p prevented radiation-induced GSK3p serine phosphorylation in
response to a 2-Gy radiation and produced radioresistance (REFs of
0.82 in BxPC3 and 0.60 in Pancl, P < .05; Figure 2B) similarly to
pharmacological inhibition of GSK3p. These data indicate that inhibi-
tion of GSK3P promotes survival in response to irradiation.

As a second genetic approach, we generated polyclonal populations
of cells stably expressing GSK3Bkk(ss.86ma> Which has an inactive
substrate phosphorylation domain. Expression of the kinase dead
GSK3Bkk(ss,s6)ma inhibited radiation cytotoxicity compared with
cells transduced with empty vector (REFs of 0.76 in BxPC3 and

0.70 in Pancl; Figure 2C). These data show that radiation resistance
of pancreatic cancer cells iz vitro can be modulated through manipu-

lation of GSK3p.

GSK3pB Signaling Modulates Radiation Resistance In Vivo
After observing the radioprotective effect of GSK3p inhibition iz vitro,
we studied the consequences of GSK3 inhibition iz vive. Polyclonal
populations of BxPC3 and Pancl cells expressing GSK3p shRNA
maintained knockdown of GSK3 10 weeks after subcutaneous implan-
tation, whereas those with NS shRNA retained the expression of
GSK3p (Figure 34). Control BxPC3 xenografts expressing NS shRNA
exhibited a 26-day growth delay with ten 2-Gy fractions (Figure 35)
and a 61-day growth delay with ten 3-Gy fractions (Figure 3C). Si-
lencing of GSK3p leads to shortened growth delay from both the 2-Gy
(17 days, REF of 0.65) and the 3-Gy (25 days, REF of 0.40) treatment
courses (P < .05 for both). Similarly, control Pancl xenografts expressing
NS shRNA exhibited a 24-day growth delay with five 2-Gy fractions
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Figure 2. (A) BxPC3 and Panc1 cells expressing NS or GSK3[3 shRNA were treated with 2 Gy, and Western blot analysis for total and
phosphorylated GSK3[3 was performed. The blots were confirmed in at least three independent experiments. (B) Clonogenic survival of
NS (o) or GSK3 shRNA (*) BXxPC3 and Panc1 cells. (C) Clonogenic survival of empty vector control (o) or GSK3Bkk(ss,sema (*) BXPC3 and
Panc1 cells. *P < 0.05. Error bars are SD of three independent experiments performed in triplicate and are smaller than the symbols at

some data points.
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Figure 3. (A) Xenografts from BxPC3 and Panc1 cells expressing NS or GSK3[3 shRNA were analyzed for expression of GSK3[3. The blots
were confirmed in at least three independent experiments. BXPC3 NS shRNA and GSK3[ knockdown xenografts were treated with ten
2-Gy fractions (B) or ten 3-Gy fractions (C) and were compared with unirradiated controls. Panc1 NS shRNA and GSK3[3 knockdown
xenografts were treated with five 2-Gy fractions (D) or five 3-Gy fractions (E) and were compared with unirradiated controls. *P <
0.05 between the NS versus GSK3B knockdown. Error bars are SEM of the 10 tumors per treatment arm. The dashed line indicates
a four-fold increase in tumor size, used to determine the enhancement ratio.

(Figure 3D) and a 43-day growth delay with five 3-Gy fractions
(Figure 3E). Silencing of GSK3 leads to shortened growth delay from
the 2-Gy (16 days, REF of 0.64) and the 3-Gy (23 days, REF of 0.53)
treatment courses (P < .05 for both). Thus, tumors without GSK3[ were
less sensitive to radiation, similar to the results from the iz vitro clono-
genic assays.

To determine changes 7 vivo induced by radiation, a separate ex-
periment with identical arms was conducted; tumors were collected
immediately after the last fraction of radiation, and staining for hema-
toxylin and eosin (H&E) and Ki67 was performed (Figure 4). H&E
staining revealed that knock down of GSK3p resulted in increased
nuclear-to-cytoplasmic ratio and decreased production of mucin, sug-
gesting cellular dedifferentiation, a phenotype consistent with B-catenin
activation. Radiation reduced the proliferation index from 95% to 30%

in NS shRNA tumors, whereas GSK3 shRNA tumors had a less pro-
nounced reduction from 98% to 65% (Figure 4B).

The decreased tumor growth delay, increased tumor cell density,
and increased proliferation in the GSK3p knockdown tumors all cor-
relate with the in vitro observation that inhibition of GSK3f pro-
motes radiation resistance.

Modulation of the Radiation Response through B-Catenin
We hypothesized that GSK3B modulates the radiation response
through a B-catenin—dependent gene transcription. We first tested
whether radiation induced B-catenin activity. In BxPC3 and Pancl cells
expressing NS shRNA, radiation induced the transcription of Lefl and
Axin2 [19], two well-characterized B-catenin target genes, in a time-
dependent manner as measured by quantitative RT-PCR. Targeted
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silencing of GSK3 resulted in both higher basal and radiation-induced
levels of Lefl or Axin2 gene transcription (Figure 54). Because we ob-
served that radiation affects B-catenin transcriptional activity in vitro
through GSK3p, we hypothesized that radiation would have similar
effects in vivo (Figure 5B). Before irradiation, B-catenin localized to the
cytosolic membrane. After radiation of xenografts, B-catenin translocated
to the nucleus, suggesting induction of B-catenin signaling. Radiation
induction of B-catenin nuclear translocation correlates with the obser-
vation in vitro that GSK3B phosphorylation modulates B-catenin—
dependent gene transcription.

If GSK3PB modulates pancreatic cancer cell response to radiation
through B-catenin, then modulation of B-catenin activity may influ-
ence cell survival after radiation. Therefore, we transduced BxPC3
and Pancl cells with lentivirus encoding shRNA targeting B-catenin.
Compared with cells transduced with NS shRNA, cells with silenced
[-catenin were more sensitive to radiation as shown by reduced clono-
genic survival (REFs of 1.4 in BxPC3 and 1.25 in Pancl; Figure 6).

On the basis of these experiments, constitutive activation of B-
catenin would be predicted to render pancreatic cancer cells resistant
to radiation. Therefore, a B-cateningssy.py oG vector was used to create
cells expressing constituently active B-catenin. The S33Y mutation
prevents GSK3B-mediated phosphorylation at Ser33, thus preventing
ubiquitination and subsequent degradation [20]. Cells expressing con-
stituently active B-cateningssy showed increased clonogenic survival
(REF for Pancl cells was 0.8; Figure 6C). The effects of nondegradable
[-cateningszy were analogous to those resulting from GSK3 inhibition
or silencing because both showed an increased resistance to radiation
together with an increased level of B-catenin activity. Thus, increased
B-catenin activity results in greater radiation resistance of pancreatic

A BXPC3
GSK3p

cancer cells, whereas loss of B-catenin through RNAi-mediated silenc-
ing results in increased radiation sensitivity.

Discussion

In this study, we found that inhibition of GSK3p, by either genetic
or pharmacological methods, induces radiation resistance of pancre-
atic cancer cells iz vitro, reduces the duration of radiation-induced
tumor growth delay, and leads to increased cell proliferation iz vivo.
Similarly, the expression of a constituently active B-catenin in pancreatic
cancer cells increases the resistance to radiation. Our results reinforce
and expand on previous studies of radiation effects on GSK3p.

We have previously demonstrated that radiation induces phos-
phorylation of GSK3p at Ser9, an event known to inhibit GSK3p
kinase activity [17], and that abrogation of this phosphorylation re-
sulted in radiosensitization. Radiation was also shown to inhibit
GSK3p activity in SAOS-2 cells [21], although the phenotypic con-
sequences in sensitivity to radiation were not investigated. Irradiation
of A549 cells induced phosphorylation of GSK3p at Ser9, and this
effect was reduced when cells were plated on fibronectin [22]. The
authors suggested that GSK3p is involved in the interaction of cells
with the extracellular matrix after radiation to modulate the cytotox-
icity of radiation. These studies implicate GSK3p as a mediator of
radiation sensitivity.

We hypothesized that GSK3B modulates radiation cytotoxicity, at
least in part, through its downstream effector B-catenin. Herein, we
show that radiation induces the transcription of Lefl and Axin2, two
well-characterized B-catenin target genes, and targeted silencing of

GSK3p results in both higher basal and radiation-induced levels of

Panc1
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Figure 4. Xenografts from BxPC3 and Panc1 cells expressing NS or GSK3B3 shRNA were analyzed by H&E (A). Black arrows indicate
glandular structures present in the NS shRNA xenografts, which are absent in GSK33 shRNA xenografts. Panc1 xenografts with and
without radiation were analyzed for proliferation by Ki67 (B). Original magnification, x400.
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