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Suppression of Glycogen Synthase Kinase 3 Activity
ReducesTumor Growth of Prostate Cancer In vivo
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'Department of Medical Oncology, The First Affiliated Hospital, College of Medicine,
Xi'An Jiaotong University, XiAn,China
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BACKGROUND. Glycogen synthase kinase 3 (GSK-3) has been regarded as a potential
therapeutic target for multiple human cancers. We previously reported that suppression of
GSK-3 activity with lithium chloride (LiCl) or small chemical inhibitors impaired cellular DNA
synthesis and reduced cell proliferation in prostate cancer cells. Therefore, in this study, we
extended this in vitro findings to in vivo settings in order to establish a proof of concept that
inhibition of GSK-3 activity is feasible in suppressing tumor growth of prostate cancer in vivo.
METHODS. In this study, we used three GSK-3 inhibitors, LiCl, TDZD-8, and L803-mts, which
are structurally unrelated and non-ATP competitive. Human prostate cancer cell lines PC-3 and
C4-2 were used for nude mouse xenograft models. The autochthonous transgenic prostate
cancer TRAMP mice were used for testing GSK-3 inhibitor’s effect on tumor development. Anti-
Ki-67 and BrdU immunohistochemistry was used to determine cell proliferation. The pE2F-TA-
LUC (E2F-LUC) luciferase reporter assay and gene specific small interferencing RNA technique
were used to examine C/EBP involvement in GSK-3 inhibitor-induced E2F-1 suppression.
RESULTS. Using mouse xenograft models, we demonstrated that LiCl and TDZD-8
significantly suppressed tumor development and growth of subcutaneous xenografts derived
from human prostate cancer cells. Similarly, in the TRAMP mice, TDZD-8 and L803-mts
reduced the incidence and tumor burden in the prostate lobes. Consistent with our previous
in vitro findings, GSK-3 inhibitors significantly reduced BrdU incorporation and Ki67-positive
cells in xenograft tumors and mouse cancerous prostates compared to the control. Further
analysis revealed that following GSK-3 inhibition, C/EBPa, a negative cell cycle regulator, was
remarkably accumulated in xenograft tumors or in cultured prostate cancer cells. Meanwhile,
knocking down C/EBPa expression abolished GSK-3 inhibition-induced suppression of E2F1
transactivation, suggesting that C/EBPa accumulation is involved in GSK-3 inhibition-induced
anti-tumor effect.

CONCLUSION. Taken together, these results suggest that GSK-3 inhibition has the potential
as a therapeutic strategy for prostate cancer intervention, although further pre-clinical and
clinical testing are desirable. Prostate 71: 835—-845,2011. © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer is one of the most common malig-
nancies around the world [1]. The mainstays of treat-
ment for advanced prostate cancers remains the
removal of androgens, known as androgen ablation
[2]. Unfortunately, for reasons not completely under-
stood, essentially all patients become hormone refrac-
tory, a condition known as castration resistant prostate
cancer, with no means to cure [3]. This condition
ultimately leads to death usually at a median of 2 years
after its development [4]. Thus, protein kinase-targeted
therapy that have the ability to slow down disease
progression at the end-stage of castration-resistant
clinical diseases would provide additional hope in
controlling advanced prostate cancers [5,6].

Glycogen synthase kinase 3 (GSK-3) is a family of
serine/threonine kinases expressed ubiquitously, and
consists of two isoforms in humans, namely GSK-3a
and GSK-3p [7]. They have 97% sequence homology
within their kinase domains, but GSK-3oa has an
extended N-terminal glycine-rich tail. Unlike other
protein kinases, GSK-3 is constitutively active and its
phosphorylation upon the substrates usually results in
inactivation and proteolytic degradation, such as B-
catenin and snail [8]. It has been shown that GSK-3
regulates a wide range of cellular functions, including
glycogen metabolism, transcription, translation, cytos-
keletal regulation, intracellular vesicular transport, cell
cycle progression, and apoptosis [9].

Previous studies have shown a link of GSK-3
overexpression or deregulation with human cancer
development and progression [10]. In human cancer
tissues, high levels of GSK-3oo mRNA /protein were
found in thymus and reproductive organs including
prostate compared to other organs [11-14]. Compared
to other cell lines, human prostate cancer PC-3 cells
posses a higher GSK-3a kinase activity in parallel with
enhanced tyrosine phosphorylation [15]. Meanwhile,
cytoplasmic accumulation of GSK-3f protein in pros-
tate cancers was found to correlate with disease
progression [16]. In agreement with previous reports,
we also found aberrant GSK-3p activation (Y216
phosphorylation) in highly aggressive prostate cancer
cells [17]. Consistently, suppressing GSK-3 activity
reduced prostate cancer cell proliferation in vitro [18—
20].

Due to the high therapeutic potential of targeting
GSK-3 in many different human diseases, so far more
than 30 GSK-3 inhibitors have been identified or
synthesized [21]. There are two groups of GSK-3
inhibitors, ATP competitive and non-ATP competitive.
As a clinical drug for mental disease, lithium ion is a
non-ATP competitive GSK-3 inhibitor [22,23]. Interest-
ingly, lithium uptake significantly reduced cancer
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incidence compared to the controls both in clinical
observation and animal studies [24-26], indicating a
possible value of lithium in human cancer intervention.
Consistently, we found that lithium could inhibit
prostate cancer cell growth in vitro by attenuating
DNA replication [18].

Because of the close relationship between GSK-3
and cyclin-dependent kinases (CDKs), any given ATP
competitive GSK-3 inhibitors often interfere with CDK
activity. By contrast, non-ATP competitive GSK-3
inhibitors, such as lithium ion, TDZD-8, and short
peptide L803-mts, have no effect on CDKs or other
protein kinases [21,27,28]. TDZD-8 is a non-ATP
competitive synthetic small molecule [27]. Peptide
inhibitor L803-mts was designed as a pseudo-substrate
to compete with endogenous proteins that can be phos-
phorylated by GSK-3 [28]. It has been shown that L803-
mts selectively suppresses GSK-3 activity in vitro and
in vivo [28,29]. This unique feature is more clinically
relevant, because this type of inhibitors will be more
specific to GSK-3 substrates and hence the potential
side effect due to a broader GSK-3/CDKs inhibition
will be significantly limited once implied in vivo
systemically [21]. In agreement with this notion, no
side effect (psychological and physiological parame-
ters) was observed when L803-mts was delivered
chronically in mice [29].

Since we previously found that GSK-3 inhibition
attenuated cell proliferation of prostate cancer in vitro
[18], in this study, we sought to extend these in vitro
findings to an in vivo setting to explore the anti-tumor
potential of GSK-3f inhibitors in prostate cancer. Using
mouse xenograft model and a spontaneous mouse
prostate cancer model, we demonstrated that GSK-3
inhibitors significantly suppressed tumor develop-
ment and growth. We also documented that CCAAT/
enhancer binding protein alpha (C/EBPa) is accumu-
lated in GSK-3 inhibitor-treated prostate cancer cells,
which might represent a mechanism involved in GSK-3
inhibitor-induced anti-tumor effect.

MATERIALS AND METHODS

Cell Culture, Antibodies, and Reagents

PC-3 and C4-2 cells were maintained in a humidified
atmosphere of 5% CO,, RPMI 1640 supplemented
with 10% fetal bovine serum (FBS) plus antibiotics
(Invitrogen, Carlsbad, CA). TDZD-8 was obtained from
Calbiochem (San Diego, CA). L803-mts (N-Myristol-
GKEAPPAPPQSpP) was synthesized by GeneMed
Synthesis as previously described [28]. Antibodies for
C/EBPua (clone G-10), C/EBPS (clone ¢-19), Ki-67 (clone
H-300), and Actin were purchased from Santa Cruz
Biotech (Santa Cruz, CA). Lithium chloride (LiCl) and
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other chemicals were purchased from Sigma (St. Louis,
MO). Where indicated the inhibitor was added to the
cell culture media from a 1,000-fold concentrated stock.
Control cultures received similar amounts of the
solvent only. Final concentrations of the solvent did
not exceed 0.1%.

Animal Experiments and
Immunohistochemistry

All animal studies were conducted under an
approved Institutional Animal Care and Use Commit-
tee protocol. For xenograft experiments in nude mice,
PC-3 or C4-2 cell suspension (2 x 10° cells in 0.1 ml of
RPMI 1640 media) were inoculated subcutaneously
(s.c.) into the rear flanks (2 sites/mouse) of 6-weeks-old
male nude mice (Charles River, Wilmington, MA).

For the protocol A of LiCl treatment, animals were
randomly divided into two groups (n=>5) on next day
after PC-3 cell inoculation. One group received intra-
peritoneal (i.p.) LiCl injection at a daily dose of 2.0 mg/
kg bodyweight. LiCl was dissolved in PBS. Control
animals received PBS alone in the same volume.
Xenograft development and growth were recorded
by measuring tumor dimensions twice a week with a
caliper. Tumor volume was calculated by the formula
of LxW xHx0.5236 [28]. Treatment lasted for
8 weeks. At the end of treatment, tumors were
extirpated, and the final tumor size and weight, as well
as animal weight were measured and recorded.

For the protocol B, treatment began once xenograft
tumors became palpable or 30 mm? in size, LiCl or PBS
injection was conducted as above for a 2-week course.
Tumor size and wet-weight were measured at necropsy.

For TDZD-8 treatment, when PC-3 or C4-2 xeno-
grafts were in size of 30 mm?, animals were random-
ized into two groups (n=10). TDZD-8 was dissolved
in a slow-releasing formula containing 50% N,N-
dimethylacetamide (DMA), 45% polyethylene glycol
400 (PEG-400), and 5% Tween-80. Drugs or the solvent
in 100 pl volume was injected intraperitoneally (i.p.)
three times a week. TDZD-8 was used at a dose of
4.0mg/kg bodyweight per injection. Tumor growth
and measurement were monitored as above.

For the TRAMP model system, C57BL/6-TRAMP
mice were obtained from NCI-Frederick Mouse Models
of Human Cancer Consortium Repository and main-
tained as instructed. Male transgenic mice at age of
10 weeks were used in the experiments. TDZD-8
(4.0mg/kg bodyweight), L803-mts (1.0 uM/injection),
or the solvent in 100ul volume was injected i.p.
three times a week for a period of 4 weeks. L803-mts
were dissolved in the same slow-releasing solvent
as TDZD-8. At the end of experiments, necropsy
was performed on all animals under anesthesia with
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ketamine/xylazine mixture. All prostate lobes together
with seminal vesicles were harvested. The wet-weight
of prostate lobes plus seminal vesicles was recorded
after dissecting from the surrounding tissues like the
urinary bladder and urethra tract. Prostate wet-weight
was normalized against animal body weight individ-
ually before statistic analysis. All other major organs
were inspected for frank toxicity or evidence of meta-
stasis. Harvested tissues were fixed in 4% buffered
para-formaldehyde overnight and then subjected to
paraffin embedding. H&E staining was performed for
histological analysis.

Brd U Labeling Assay, Immunohistochemistry,
and Western Blot Assay

For BrdU in vivo labeling, the animals were injected
i.p. with 0.5ml of a 10-mM BrdU solution 2 hr before
necropsy/sacrifice. To detect BrdU labeled cells in
tissues, paraffin-embedded tissue sections were immu-
nostained for incorporated BrdU using ZYMED® BrdU
Staining Kit (Invitrogen). To detect apoptotic cell death
in xenograft tumors, terminal deocynucleotide trans-
ferase dUTP nick end labeling (TUNEL) assay was
conducted using Apo-BrdU-IHC™ 1In Situ DNA
Fragmentation Assay Kit (BioVision, Mountain View,
CA). Both assays were carried out as described in our
previous publication [30].

Immunostaining for anti-Ki-67 and anti-C/EBPa
was conducted as described in our previous publica-
tion [30]. Briefly, paraffin-embedded tissue sections
were de-paraffinized and re-hydrated. Antigen recov-
ery was achieved by boiling the sections in citrate acid
buffer (10mM, pH 6.0). The sections were incubated
with the primary antibodies overnight at 4°C and
visualized using a Zymed "™ LAB-SA Detection System
(Invitrogen).

For Western blot, after treatment, cells were har-
vested, rinsed with PBS, and lysed on ice in a radio-
immunoprecipitation assay (RIPA) buffer (Cell Signal,
Inc., MA). Equal amount of proteins from each lysates
was loaded onto SDS-PAGE gels and immunoblotted
(IB) with antibodies as indicated in the figures.

siRNATransfection and Luciferase
Gene Reporter Assay

The Silencer™ Select Validated siRNAs against
human C/EBPa and C/EBPP genes were purchased
from Ambion, Inc. (Austin, TX) and used according
to the manufacturer’s manual. The pE2F-TA-LUC
(E2F-LUC) reporter construct and the internal control
reporter pPCMV-SEAP (CMV-SEAP) were described in
our previous publications [17,18]. Cells plated in 6-well
tissue culture plates were transfected with the siRNAs
for 2 days, followed by another transfection with the
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reporter constructs using the CytofecteneTM reagent
(Bio-Rad, Hercules, CA). After treatment, culture
supernatants and cell lysates were collected for
reporter assays. The luciferase reporter activity of each
sample was normalized against the corresponding
SEAP activity and protein content prior to calculation
of the fold induction value relative to the controls.

RNA Extraction and Reverse
Transcription-PCR

Total cellular RNAs were prepared using TriZol
reagent (Invitrogen). To assess mRNA expression, a
reverse transcription-PCR (RT-PCR) method was used
as described in our previous publication [18]. RT-PCR
was carried out using a RETROscript Kit (Ambion)
as per manufacturer’s instructions. The primers and
PCR conditions were described as follows: for human
C/EBPa gene (forward 5-aaccttgtgecttggaaatg-3';
backward 5'-ccctatgtttccaccecttt-3'; Ref. [4]); human
C/EBPPB gene (forward 5'-gacaagcacagcgacgagta-3';
backward 5'-agctgctccaccttettetg-3'). Human S18 ribo-
zyme RNA (forward 5'-gttcacccactaatagggaac gtg-3';
backward 5'-gattctgacttagaggcgttcagt-3') was used as
the internal control. The primers were synthesized by
IDT (Coralville, IA). The amplification profile was as
follows: 95°C for 30sec, 56°C for 30sec, and 72°C for
1 min running in a total of 25 cycles. After amplification,
the expected PCR products were size fractionated
onto a 2% agarose gel and stained with ethidium
bromide.

Statistical Analysis

All cell culture-based experiments were repeated
three times. Western blotting and immunostaining
results are presented from a representative experiment.
The mean and SEM for tumor growth, prostate wet-
weight, BrdU labeling, Ki-67, and C/EBPa immunos-
taining index as well as luciferase reporter activities
were shown. The significance of differences between
groups were analyzed as described in our previous
publications [17,18,30] using the SPSS computer soft-
ware (SPSS, Inc., Chicago, IL).

RESULTS

GSK-3 Inhibition ReducesTumor Growth of
Prostate Cancer Xenografts in Nude Mice

We and others have shown that GSK-3 inhibition
reduces androgen receptor (AR)-mediated gene
expression, AR protein levels and cell proliferation in
androgen-responsive prostate cancer cell lines in vitro
[17-20]. In this study, we extended these in vitro
findings to an in vivo setting, xenograft models. We
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utilized two castration-resistant prostate cancer cell
lines, the AR-positive C4-2 and the AR-negative PC-3,
in our experiments. For LiCl treatment, we used two
different strategies (protocols A and B), of which
protocol A was to assess the xenograft tumor develop-
ment/growth, while protocol B was to assess the effect
of GSK-3 inhibition on growth rate of existing tumors.
Therefore, in protocol A GSK-3 inhibitor LiCl was
delivered at the day after PC-3 cell inoculation and
in protocol B LiCl treatment was started when the
xenografts were established (palpable or 30 mm® in
size). In both protocols, LiCl was delivered at a daily
dose of 2.0mg/kg of bodyweight. This lithium dose
level was based on a previous report where a biological
effect was observed in rat models [31], and is more
than 100-fold lower that a therapeutic dose for mental
diseases in mouse [32] or human [33]. In both protocols,
no obvious abnormality of daily activities, such as
apathy, asthenia, movement, drinking, eating, etc.
or any sign of side effect were observed from LiCl-
treated animals. There was no significant difference of
animal body weight between treatment and control
groups.

In protocol A, PC-3 xenografts were developed
around 4 weeks after inoculation in PBS-treated control
animals with a 100% intake rate. However, in LiCl-
treated animals, palpable xenograft development was
delayed until 6-7 weeks after inoculation (2 in week 6
and 2 in week 7, intake rate at 80%). When comparing
tumor wet-weight at the end of 8-week treatment
between these two groups, LiCl-treated animals
showed a significant reduction compared to PBS
control (Fig. 1A). In protocol B, when PC-3 xenografts
were palpable, animals were treated with LiCl for
2 weeks. Tumor wet-weight at the end of treatment was
compared between LiCl-treated and PBS control
groups. As shown in Figure 1A, LiCl treatment also
significantly reduced tumor wet-weight compared to
the PBS control.

Next, since lithium also suppresses other enzymes
besides GSK-3 [21-23], we used the ATP-non-compet-
itive GSK-3-specific small molecule inhibitor TDZD-8
to verify GSK-3 inhibition-induced in vivo anti-tumor
effect on prostate cancer. Treatment was initialed when
PC-3 xenografts were around 30 mm?® in size for a 4-
week period. As shown in Figure 1B,C, TDZD-8
significantly reduced xenograft wet-weight and size
compared to the solvent control. In addition, we also
tested TDZD-8-induced tumor suppression in C4-2-
based xenografts. As shown in Figure 2C, a remarkable
suppression of tumor growth was achieved in TDZD-8-
treated animals compared to the solvent control.
These data clearly demonstrated that GSK-3 inhibition
attenuated xenograft tumor formation and growth
in vivo.
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GSK-3 inhibitors suppress tumor development and growth. To generate xenograft tumors, exponentially growing PC-3 or C4-2 cells

2x 10%) were trypsinized and resuspended in RPMI 1640 media for subcutaneous inoculation into rear flanks of 6 -week nude mice. A: For pro-
tocol A, on next day following PC-3 cellinoculation, animals (n = 5) were divided into two groups and were injected i.p. with 100 1l of PBS as the
solvent control or LiCl (2.0 mg/kg body weight dissolved in PBS) daily. Xenograft tumor development and growth were monitored for 8 week.
For protocol B, once PC-3 xenografts were established in nude mice (around 30 mm?), animals were divided into two groups (n = 5) and were
treated with PBS or LiClas above for 2 weeks. B,C: ForTDZD- 8 treatment, animals bearing PC-3 (B) or C4-2 (C) xenograft tumors at a size of
around 30 mm?® were divided into two groups and treated with TDZD-8 (4.0 mg/kg bodyweight, n = 4) or the solvent (n = 5) for 4 (B) or
7 (C) weeks. At the end of experiments, xenograft tumors were dissected and their wet-weights were recorded at necropsy. Data are shown
asmeans £ SEM. The asterisk indicates a significant difference (ANOVA analysis, P < 0.05) compared to the control.

Meanwhile, we determined if LiCl- or TDZD-8-
induced tumor suppression was associated with
reduced DNA synthesis and cell proliferation, as
shown in our recent publication [18]. DNA synthesis
was measured by an in vivo BrdU incorporation assay.
Meanwhile, the cell proliferation hallmark Ki-67 was
included and the apoptotic event was analyzed using
the TUNEL assay. BrdU was injected 2 hr before animal
was sacrificed. As shown in Figure 2A, both LiCl and
TDZD-8 treatment dramatically reduced the BrdU
labeling in PC-3 xenograft tumors compared to the
solvent control (panels b and ¢ vs. a). Similarly, Ki-67
positive cells decreased dramatically in treated tumors
compared to that in the control (panels e and f vs. d).
However, TUNEL staining did not shown any notice-
able difference between the treatment and the control
groups (panels g—i). Quantitative data from each group
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was shown in Figure 2B. These data suggest that
suppression of GSK-3 activity reduced tumor cell
proliferation in vivo, which is in agreement with our
previous in vitro data [18].

GSK-3 Inhibition Reduces Prostate Cancer
Development and Growth inTRAMP Mice

Next, we assessed GSK-3 inhibition-induced anti-
tumor effect in the autochthonous prostate cancer
TRAMP model [34]. In addition to the small molecule
TDZD-8, the peptide inhibitor L803-mts was also
included to confirm that GSK-3 specific inhibition
suppresses tumor development and growth in vivo as
observed in the xenograft experiments (Fig. 1). At the
age of 10 weeks when the transgene SV-40 large-T
antigen is fully activated [34], TRAMP animals were
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treated with TDZD-8 and L803-mts for a 4-week period.
The relative prostate weight, a ratio of prostate wet-
weight versus body weight, was compared between the
treatment and the control groups. At necropsy, there
was no obvious difference in other organs including
testis, liver, spleen, kidney, etc., but the genital organs
including seminal vesicle and prostate lobes were
noticeably smaller in L803-mts-treated animals than
that in age-matched control animals. A representative
photo was shown in Figure 3A. While there was no
statistic difference in animal body weight among the
control or treatment groups (Fig. 3B), the relative
prostate wet-weight in L803-mts or TDZD-8-treated
animals was significantly reduced compared to the
control (Fig. 3C). Histological examination of the
prostate lobes according to a previous approach [35]
revealed that the incidences of prostatic intraepithelial
neoplasia (PIN) and carcinoma (PCa) were significantly
lower in L803-mts or TDZD-8-treated animals than that
in control group (Fig. 3D).

We then examined the effect of GSK-3 inhibition on
DNA synthesis (BrdU labeling assay) in the prostate
tissues from TRAMP mice. As shown in Figure 4A,
BrdU positive cells in PIN and PCa tissues were
dramatically reduced in L803-mts or TDZD-8-treated
prostates compared to the control animals. Quantita-
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tive data were shown in Figure 4B. Taken together,
these data suggest that suppression of GSK-3 activity
reduced prostate cancer development and growth in
vivo by suppressing tumor cell proliferation.

GSK-3 Inhibition Results in C/EBP«a Protein
Accumulation in Prostate Cancer Cells

C/EBPa is a member of the basic leucine zipper
transcription factor family and has been reported to
induce cell cycle arrest by increasing CDK inhibitor
p21°P! expression and by blocking S-phase factor
E2F-mediated gene transcription [36]. In our previous
report [18], we showed that GSK-3 inhibition disrupted
E2F1-DNA interaction and up-regulated p21°P!
expression. Since C/EBPua is a GSK-3 substrate [37,38]
and GSK-3 phosphorylation usually results in its sub-
strate degradation [9], we hypothesized that C/EBPu
is accumulated in GSK-3 inhibitor-treated prostate
cancer cells.

To test this hypothesis, we examined C/EBPu
protein level after GSK-3 inhibition. We first examined
the tissue expression of C/EBPa protein in PC-3
xenograft tumors after LiCl treatment. As shown in
Figure 2A (panels j and i) and Figure 2B, C/EBPu
protein levels increased dramatically in LiCl- or TDZD-
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to the solvent control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

8-treated tumor compared to the solvent control. Then,
we examined C/EBPua protein level in prostate cancer
cells following GSK-3 inhibition. PC-3 cells were
treated with TDZD-8 for 2—4 hr. The levels of C/EBPa.
and C/EBPP proteins were assessed in Western
blotting assay. The basal level of C/EBPa protein was
very low. However, TDZD-8 addition dramatically
increased C/EBPo protein level as early as 2hr
(Fig. 5A). In a sharp contrast, C/EBPP protein was
expressed at a relatively higher level under the basal
condition and remained unchanged after TDZD-8
addition. Similarly, L803-mts treatment also dramati-
cally increased C/EBPa but not C/EBPp protein level
at a dose-dependent manner (Fig. 5B). Consistently, all
these inhibitors also increased C/EBPa but not C/EBPf
protein levels in C4-2 cells (Fig. 5C). However, there
was no alteration at the mRNA levels for the expression
of C/EBPa gene after GSK-3 inhibition (Fig. 5D),
suggesting that GSK-3 inhibition-induced C/EBPu
accumulation is due to reduced protein degradation.
Then, to test this hypothesis, we conducted a protein
pulse-chase experiment using cycloheximide (CHX), a
protein translation inhibitor, to assess the effect of L803-
mts on C/EBPo protein stability. PC-3 cells were
treated with CHX in the presence or absence of L803-

The Prostate

mts for up to 8hr. As shown in Figure 5E, C/EBPu
protein level decreased rapidly in CHX-treated cells,
while L803-mts addition dramatically slowed down the
decent of C/EBPa protein level compared to CHX
alone. These data strongly suggest that suppression of
GSK-3 activity increased C/EBPua protein stability.
Since we have previously shown that E2F1 activity is
suppressed by GSK-3 inhibitors in prostate cancer cells
[18], we then examined if C/EBPa is involved in GSK-3
inhibitor-induced E2F1 suppression. E2F1 transactiva-
tion was assessed in a reporter gene assay, as described
[18]. Gene expression was knocked down using gene-
specific siRNA approach as described in our previous
publications [17,18]. PC-3 cells were transfected with
the control or siRNAs specifically to C/EBPo or B genes
for 2 days and then transfected again with E2F-LUC/
CMV-SEAP reporters overnight. Cells were then
treated with the solvent or L803-mts for 24 hr. As
shown in Figure 6A, L803-mts treatment induced C/
EBPa protein accumulation in control siRNNA-trans-
fected cells, which was abolished by C/EBPa siRNA
transfection (lane 4 vs. 2 in C/EBPa panel). Consistent
with our previous report [18], L803-mts significantly
suppressed E2F-LUC activity (Fig. 6B). However,
transfection of the C/EBPa siRNAs but not the control
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Fig. 6. C/EBPu is involved in GSK-3 inhibitor-induced E2F sup-
pression in prostate cancer cells. PC-3 cells were transfected with
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another transfection with E2F-LUC/CMV-SEAP reporters over-
night. Cells were then treated with the solvent or L803-mts
(100 uM) for 24 hr. Equal amount of protein extracts was subjected
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(A) or was used for E2F-LUC reporter assays as described [I8].
The relative E2F-LUC activities were shown as means &= SEM (B).
Data represents three independent experiments. The asterisk
indicates a significant difference (ANOVA analysis, P < 0.0l) com-
pared to the solvent control.

or C/EBPJ siRNAs abrogated L803-mts-induced E2F1
suppression (Fig. 6B). These data indicate that C/EBPu
protein is involved in GSK-3 inhibition-induced E2F1
suppression in prostate cancer cells.

DISCUSSION

The goal of this study was to establish a proof of
concept that suppression of GSK-3 activity leads to
reduced tumor development and growth of prostate
cancer in vivo. We used two animal models, subcuta-
neous xenograft and spontaneous TRAMP tumor. In
mouse xenograft models, GSK-3 inhibition suppressed
xenograft tumor development and growth. Again,
with the TRAMP model, GSK-3 inhibitors reduced
the tumor burden of cancerous prostate tissues in mice.
These anti-tumor effects were associated with impaired
DNA synthesis and reduced cell proliferation as
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assessed by BrdU labeling and Ki-67 immunostaining.
These data are in agreement with our previous findings
that GSK-3 inhibitors reduced prostate cancer cell
proliferation in vitro by blocking S-phase gene expres-
sion [18], as well as other reports from different groups
[19,20]. In conjunction with other reports that GSK-3
inhibitors have therapeutic potential for human can-
cers through various mechanisms [39,40], our results
provided additional support to the notion that GSK-3
inhibitors might be developed as new agents for
prostate cancer intervention, particularly for late-stage
advanced diseases.

Most importantly, in this study, we documented that
GSK-3 inhibition resulted in accumulation of C/EBPa
protein. Sequential analysis revealed that C/EBPu
accumulation is responsible for GSK-3 inhibitor-
induced suppression of E2F1 transactivation. Although
most of previous studies regarding C/EBPu function
are related to adipocyte differentiation, emerging data
suggest that it mightalso act as a tumor suppressor [41].
In prostate cancer cells, C/EBPa has been found to
negatively regulate AR-mediated gene expression and
cell proliferation in prostate cancer cells [42—44]. In this
study, we found that C/EBPa protein levels increased
rapidly but the mRNA levels remained unchanged
following GSK-3 inhibition, suggesting that GSK-3
inhibition reduced C/EBPua protein degradation. Since
GSK-3 has been shown to phosphorylate C/EBPa [38]
and GSK-3-mediated phosphorylation usually results
in its substrate degradation via ubiquitin-proteasome
pathway [9], it is plausible that GSK-3 inhibition
resulted in reduced C/EBPa phosphorylation and
subsequently proteasome-mediated degradation. On
the other hand, a previous report showed that lithium-
induced C/EBPa accumulation in a mouse keratino-
cyte model was due to reduced proteasome-dependent
proteolytic degradation, but GSK-3's role in C/EBPu
stability was not clearly defined in their study [45].
This inconsistency suggests a cell-specific difference
in C/EBPa regulation. Nonetheless, our data indicated
C/EBPo accumulation is involved in GSK-3 inhibition-
induced cytostatic effect in prostate cancer cells,
although the detailed mechanism of GSK-3-dependent
regulation of C/EBPa protein stability requires further
investigation.

Currently, advanced prostate cancers after escaping
androgen ablation therapy are virtually no means to
cure. Therefore, agents that target unique cellular
signal pathways such as GSK-3 might represent novel
therapeutic targets for these patients. Furthermore,
considering that most of prostate cancer patients with
advanced disease are at their late stage of life, kinase-
targeted inhibitors like GSK-3 inhibitors TDZD-8 and
L803-mts that can slow down tumor growth, might be
able to reduce mortality and to improve quality of life.
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In conclusion, we documented in this study that
suppression of GSK-3 activity reduced prostate cancer
development and growth in vivo, and increased
C/EBPu protein stability might be involved in GSK-3
inhibitors-induced suppression of tumor cell prolifer-
ation. Our results indicated that GSK-3 inhibition might
be a potential strategy in managing advanced prostate
cancers although further pre-clinical and clinical test-
ing are desirable as described in a recent overview
paper [46], and a clinical trial evaluating the effects
of lithium in the prostate in patients being treated
for prostate cancer is currently being planned by our

group.

ACKNOWLEDGMENTS

We thank the staff personnel in the KUMC LAR
facility for animal maintenance. This study was
supported by the KU William L. Valk Endowment,
and grants from Kansas Mason’s Foundation, KUMC
Lied Foundation, and KU NIH-COBRE 1P20RR15563)
to Dr. Benyi Li, and the National Nature Science
Foundation of China (81072117) to Dr. Qing Zhu.

REFERENCES

1. Jemal A, Siegel R, Ward E, Hao Y, Xu ], Thun MJ. Cancer
statistics, 2009. CA Cancer J Clin 2009;59:225-249.

2. Huggins C, Hodges CV. Studies on prostatic cancer: The effects
of castration, of estrogen and of androgen injection on serum
phosphatases in metastatic carcinoma of the prostate. Cancer Res
1941;1:293-297.

3. Mohla S, Stearns V, Sathyamoorthy N, Rosenfeld MG, Nelson
P. The biology of hormone refractory breast and prostate
cancer: An NCI workshop report. Cancer Biol Ther 2009;8:
1975-1985.

4. Harris WP, Mostaghel EA, Nelson PS, Montgomery B. Androgen
deprivation therapy: Progress in understanding mechanisms of
resistance and optimizing androgen depletion. Nat Clin Pract
Urol 2009;6:76-85.

5. Thompson IM, Tangen CM, Goodman PJ, Lucia MS, Klein EA.
Chemoprevention of prostate cancer. ] Urol 2009;182:499-507.

6. Schroder FH, van Weerden WM. Prostate cancer—Chemo-
prevention. Eur ] Cancer 2009;45 (Suppl 1):355-359.

7. Forde JE, Dale TC. Glycogen synthase kinase 3: A key regulator
of cellular fate. Cell Mol Life Sci 2007;64:1930—1944.

8. Kim N-G, Xu C, Gumbiner BM. Identification of targets of the
Wnt pathway destruction complex in addition to -catenin. Proc
Natl Acad Sci USA 2009;106:5165-5170.

9. Force T, Woodgett JR. Unique and overlapping functions of
GSK-3 isoforms in cell differentiation and proliferation and
cardiovascular development. ] Biol Chem 2009;284:9643-9647.

10. Luo J. Glycogen synthase kinase 3beta (GSK3beta) in tumori-
genesis and cancer chemotherapy. Cancer Lett 2009;273:194—
200.

11. Lee TT, Ho YS, Yu JS, Yang SD. Overexpression of cellular
activity and protein level of protein kinase FA/GSK-3 alpha
correlates with human thyroid tumor cell dedifferentiation.
J Cell Biochem 1995;58:474—480.

The Prostate

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

YangSD, Yu]JS, Yang CC, Lee SC, Lee TT, Ni MH, Kuan CY, Chen
HC. Overexpression of protein kinaseFA/GSK-3 alpha (a pro-
line-directed protein kinase) correlates with human hepatoma
dedifferentiation/progression. ] Cell Biochem 1996,61:238-245.
Hsueh SF, Lai MT, Yang CC, Chung YC, Hsu CP, Peng CC, Fu
HH, Cheng YM, Chang K], Yang SD. Association of over-
expressed proline-directed protein kinase F(A) with chemo-
resistance, invasion, and recurrence in patients with bladder
carcinoma. Cancer 2002;95:775-783.

Lau KF, Miller CC, Anderton BH, Shaw PC. Expression analysis
of glycogen synthase kinase-3 in human tissues. ] Pept Res
1999;54:85-91.

Yang C-C, Hsu C-P, Sheu J-C, Mai X-Y, Yang S-D. Differential
tyrosinephosphorylation/activation of oncogenic proline-
directed protein kinase F (A)/GSK-3alpha in well and poorly
differentiated human prostate carcinoma cells. ] Protein Chem
1998;17:329-335.

LiR, Erdamar S, Dai H, Sayeeduddin M, Frolov A, Wheeler TM,
Ayala GE. Cytoplasmic accumulation of glycogen synthase
kinase-3p is associated with aggressive clinicopathological
features in human prostate cancer. Anticancer Res 2009;29:
2077-2081.

Liao X, Thrasher JB, Holzbeierlein ], Stanley S, Li B. Glycogen
synthase kinase-3beta activity is required for androgen-stimu-
lated gene expression in prostate cancer. Endocrinology 2004;
145:2941-2949.

Sun A, Shanmugam I, Song J, Terranova PF, Thrasher JB, Li B.
Lithium suppresses cell proliferation by interrupting E2F-DNA
interaction and subsequently reducing S-phase gene expression
in prostate cancer. Prostate 2007;67:976-988.

Mazor M, Kawano Y, Zhu H, Waxman J, Kypta RM. Inhibition of
glycogen synthase kinase-3 represses androgen receptor activity
and prostate cancer cell growth. Oncogene 2004;23:7882-7892.
Rinnab L, Schiitz SV, Diesch J, Schmid E, Kiifer R, Hautmann RE,
Spindler KD, Cronauer MV. Inhibition of glycogensynthase
kinase-3 in androgen-responsive prostate cancer celllines: Are
GSK inhibitors therapeutically useful? Neoplasia 2008;10:624—
634.

Cohen P, Goedert M. GSK3 inhibitors: Development andther-
apeutic potential. Nat Rev Drug Discov 2004;3:479-487.

Klein PS, Melton DA. A molecular mechanism for the effect of
lithium on development. Proc Natl Acad Sci USA 1996;93:8455—
8459.

Stambolic V, Ruel L, Woodgett JR. Lithium inhibits glycogen
synthase kinase-3 activity and mimics wingless signaling in
intact cells. Curr Biol 1996;6:1664—-1668.

Cohen Y, Chetrit A, Cohen Y, Sirota P, Modan B. Cancer
morbidity in psychiatric patients: Influence of lithium carbonate
treatment. Med Oncol 1998;15:32-36.

Ballin A, Aladjem M, Banyash M, Boichis H, Barzilay Z, Gal R,
Witz IP. The effect of lithium chloride on tumour appearance and
survival of melanomabearing mice. Br ] Cancer 1983;48:83—-87.
Ziche M, Maiorana A, Oka T, Gullino PM. Influence of lithium
on mammary tumor growth in vivo. Cancer Lett 1980;9:219—
224.

Martinez A, Alonso M, Castro A, Pérez C, Moreno FJ. First non-
ATP competitive glycogen synthase kinase 3 beta (GSK-3beta)
inhibitors: Thiadiazolidinones (TDZD) as potential drugs for the
treatment of Alzheimer’s disease. ] Med Chem 2002;45:1292—
1299.

Plotkin B, Kaidanovich O, Talior I, Eldar-Finkelman H. Insulin
mimetic action of synthetic phosphorylated peptide inhibitors of



GSK-3 Inhibitors SuppressTumor Growth 845

29.

30.

31.

32.

33.

34.

35.

36.

37.

glycogen synthase kinase-3. ] Pharmacol Exp Ther 2003;305:974—
980.

Kaidanovich-Beilin O, Eldar-Finkelman H. Long-term treatment
with novel glycogen synthase kinase-3 inhibitor improves
glucose homeostasis in ob/ob mice: Molecular characterization
in liver and muscle. ] Pharmacol Exp Ther 2006;316:17-24.

Li B, Sun A, Youn H, Hong Y, Terranova PF, Thrasher JB, Xu P,
Spencer D. Conditional Akt activation promotes androgen-
independent progression of prostate cancer. Carcinogenesis
2007;28:572-583.

Ghosh PK, Biswas NM, Ghosh D. Effect of lithium chloride
on spermatogenesis and testicular steroidogenesis in mature
albino rats: Duration dependent response. Life Sci 1991;48:649—
657.

Noble W, Planel E, Zehr C, Olm V, Meyerson ], Suleman F,
Gaynor K, Wang L, LaFrancois ], Feinstein B, Burns M,
Krishnamurthy P, Wen Y, Bhat R, Lewis ], Dickson D, Duff K.
Inhibition of glycogen synthase kinase-3 by lithium correlates
with reduced tauopathy and degeneration in vivo. Proc Natl
Acad Sci USA 2005;102:6990-6995.

Moore CM, Demopulos CM, Henry ME, Steingard R], Zamvil L,
Katic A, Breeze JL, Moore JC, Cohen BM, Renshaw PF. Brain-to-
serum lithium ratio and age: An in vivo magnetic resonance
spectroscopy study. Am ] Psychiatry 2002;159:1240-1242.
Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley WD,
Aspinall JO, Cunha GR, Donjacour AA, Matusik R], Rosen JM.
Prostate cancer in a transgenic mouse. Proc Natl Acad Sci USA
1995;92:3439-3443.

Kaplan-Lefko PJ, Chen TM, Ittmann MM, Barrios R], Ayala GE,
Huss WJ, Maddison LA, Foster BA, Greenberg NM. Pathobiol-
ogy ofautochthonous prostate cancer in a pre-clinical trans-
genicmouse model. Prostate 2003;55:219-237.

Johnson PF. Molecular stop signs: Regulation of cell-cycle
arrest by C/EBP transcription factors. ] Cell Sci 2005;118:2545-
2555.

Liu HK, Perrier S, Lipina C, Finlay D, McLauchlan H, Hastie CJ,
Hundal HS, Sutherland C. Functional characterisation of the

The Prostate

38.

39.

40.

41.

42.

43.

44.

45.

46.

regulation of CAAT enhancer binding protein alpha by GSK-3
phosphorylation of Threonines 222/226. BMC Mol Biol 2006;
7:14.

Ross SE, Erickson RL, Hemati N, MacDougald OA. Glycogen
synthase kinase 3 is an insulin-regulated C/EBPa kinase. Mol
Cell Biol 1999;19:8433—-8441.

Mai W, Kawakami K, Shakoori A, Kyo S, Miyashita K, Yokoi K,
Jin M, Shimasaki T, Motoo Y, Minamoto T. Deregulated GSK3§
sustains gastrointestinal cancer cells survival by modulating
human telomerase reverse transcriptase and telomerase. Clin
Cancer Res 2009;15:6810-6819.

Miyashita K, Kawakami K, Nakada M, Mai W, Shakoori A,
Fujisawa H, Hayashi Y, Hamada ], Minamoto T. Potential
therapeutic effect of glycogen synthase kinase 3beta inhibition
against human glioblastoma. Clin Cancer Res 2009;15:887-897.
Koschmieder S, Halmos B, Levantini E, Tenen DG. Dysregula-
tion of the C/EBPu differentiation pathway in human cancer. J
Clin Oncol 2009;27:619-628.

Chattopadhyay S, Gong EY, Hwang M, Park E, Lee H], Hong CY,
Choi HS, Cheong JH, Kwon HB, Lee K. The CCAAT enhancer-
binding protein-alpha negatively regulates the transactivation of
androgen receptor in prostate cancer cells. Mol Endocrinol
2006;20:984-995.

Yin H, Radomska HS, Tenen DG, Glass J. Down regulation of
PSA by C/EBPu is associated with loss of AR expression and
inhibition of PSA promoter activity in the LNCaP cell Line. BMC
Cancer 2006;6:158.

Zhang ], Gonit M, Salazar MD, Shatnawi A, Shemshedini L,
Trumbly R, Ratnam M. C/EBPa redirects androgen receptor
signaling through a unique bimodal interaction. Oncogene
2010;29:723-738.

Shim M, Smart RC. Lithium stabilizes the CCAAT/enhancer-
binding protein o (C/EBPa) through a glycogen synthase kinase
3 (GSK3)-independent pathway involving direct inhibition of
proteasomal activity. ] Biol Chem 2003;278:19674-19681.
Ougolkov AV, Billadeau DD. Targeting GSK-3: A promising
approach for cancer therapy? Future Oncol 2006;2:91-100.


https://www.researchgate.net/publication/50941233

