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Glycogen synthase kinase- 3 (GSK-3p) is well documented to participate in a
complex array of critical cellular processes. This versatile protein is involved in
numerous signaling pathways that influence metabolism, embryogenesis, differentiation,
migration, cell cycle progression, and survival. Aberrant activity of GSK-3p has been
implicated in pathologies such as type-2 diabetes, bipolar disorder, Alzheimer’s, and
cancer. GSK-3p is normally active in the cytoplasm of resting cells in an
unphosphorylated state where it suppresses an assortment of transcription factors
implicated in oncogenesis. Lying downstream of the PI3K/PTEN/Akt pathway,
GSK-3p can be negatively regulated through phosphorylation by active Akt.  Given this
pathway’s role in malignant transformation, prevention of apoptosis, drug resistance, and
metastasis, this study was performed to elucidate the role of GSK-3p in MCF-7 breast
cancer cells. It was found that cells expressing a kinase dead (KD) form of GSK-3
were more resistant to doxorubicin and tamoxifen, as well as highly clonogenic compared
to cells harboring wild-type (WT) or constitutively active (A9) GSK-3B3. However,
when treated with rapamycin, GSK-3p KD cells show a marked decrease in proliferation
as compared to WT or A9 cells. Additionally, resistance to doxorubicin and tamoxifen
were alleviated in KD cells upon co-treatment with the Array MEK inhibitor. Taken

together, these results suggest that the loss of GSK-3p activity in MCF-7 breast cancer



cells promotes clonogenicity and drug resistance, but sensitizes the cells to signaling
pathway blockade. Therefore, targeting aberrant activity of the
PIBK/PTEN/Akt/GSK-3p pathway may be a clinically relevant tool for both increasing

efficacy of and avoiding resistance to conventional therapy.
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CHAPTER 1: INTRODUCTION
Breast Cancer Impact

Breast cancer is the leading cause of cancer-related death in women on a global
scale. This disease was diagnosed in nearly 1.4 million women worldwide in 2008, and
is responsible for more than 450,000 deaths every year. The reported incidence of breast
cancer has nearly tripled since 1975, and these figures are predicted to continue to rise, as
2.1 million global cases are expected to occur in 2030. Given that sporadic cancer is a
disease of industrialization, it is no surprise that North American, European, and
Australian women have the highest rates of breast cancer in the world. In fact, the rate of
breast cancer was nearly five times higher in Western Europe than in Eastern Africa in
2008 (World Cancer Research Fund, 2010). The greatest risk factor for the onset of
breast cancer is age, but factors linked to lifestyle and diet can increase carcinogen
exposure and limit vital nutrient intake, thereby promoting cancer formation (National
Cancer Institute, 2010).

A woman’s chance of developing breast cancer at some point in her life is one in
seven (McCubrey et al, 2008). In the United States, breast cancer will be diagnosed in
262,000 women this year according to the American Cancer Society. Almost 208,000 of
these cases will be advanced, invasive breast cancers that are more challenging to
effectively treat and eliminate. Due to the life-threatening nature of advanced-stage
breast cancers, it has been estimated that nearly 40,000 American women will succumb
to this disease during 2010 (American Cancer Society, 2010). It should be noted that

breast cancer is not gender specific. In 2010, the American Cancer Society estimated that



almost 2,000 men will be diagnosed with breast cancer and nearly 400 will die from this
disease. In spite of these unfortunate statistics, breast cancer incidence and mortality in
the Unites States have been declining since the 1990s. This can be attributed to
heightened awareness, early detection through routine screening, and improvementsin
targeted treatments (American Cancer Society, 2010).

Breast cancer occurrence is attributed to both genetic and environmental factors.
It has been observed that 5-10% of breast cancers are due to hereditary mutations, namely
those involving BRCA1 and BRCA2 (National Cancer Institute, 2010; McCubrey et al,
2008). The remaining 90% of spontaneous breast cancers are caused by environmental
exposures to carcinogens, and this fact is supported by recent findings of the President’s
Cancer Panel (Environmental Working Group, 2010). Exposure to carcinogens from a
variety of sources can induce DNA damage at arate beyond which the body can repair.
Successive accumulations of mutations that inactivate tumor suppressors and activate
oncogenes are sufficient for malignant transformation and cancer progression. These
molecular changes modify the activity of proteins that are intimately involved in
signaling pathways that control cellular proliferation, apoptosis, differentiation, and
motility. One such protein is GSK-3f, which plays an important role in
PI3K/PTEN/Akt/mTOR signaling in both noncancerous and breast cancer cells
(McCubrey et al, 2008). Alteration of GSK-3f function can have far reaching effects on
adiverse array of cellular processes including response to anticancer therapy and the

development of drug resistance (Ougolkov and Billadeau, 2006).



Conventional Breast Cancer Therapy

The most commonly utilized treatment approach for breast cancer is surgical
removal of the tumor coupled with adjuvant chemotherapy or radiation (National Cancer
Institute, 2010). Radiation and chemotherapy are effective in killing or limiting the
growth of actively dividing cancer cells through various mechanisms including the
production of oxygen free radicals, DNA damage, and subsequent apoptosis. Common
chemotherapeutic drugs used to treat breast cancer include the anthracyclines, taxanes, 5-
fluorouracil, cyclophosphamide, and methotrexate (McCubrey et al, 2008). Doxorubicin,
also known as adriamycin, is in the anthracycline class of antibiotic chemotherapeutic
drugs. These compounds work by intercalating between adjacent DNA pairs and
inhibiting topoisomerase |1, thereby interfering with DNA, RNA, and protein synthesis
(National Cancer Institute Drug Dictionary, 2010).

Given the systemic nature of these drugs and their activity in all dividing cells,
chemotherapy has poor specificity for cancer cells and substantial toxicity for normal,
healthy cells. Therefore, conventional therapy causes numerous debilitating side effects
for abreast cancer patient. Cellsthat normally undergo constant renewal such as those of
the epidermis, gastrointestinal epithelium, and bone marrow are severely damaged
leading to changes in appearance, genera health, and well-being. The destruction of the
immune system, which is the body’ s first line of natural defense against cancer, is
certainly counterproductive. Although some early stage cancers can be eliminated
through surgery, chemotherapy and/or radiation, these therapies often fail to successfully

treat advanced stage and metastatic disease (National Cancer Institute, 2010).



In addition to chemotherapy, another common treatment option for breast cancer
involves a hormonal-based approach. Certain early stage breast cancers overexpress
various isoforms of the estrogen receptor (ER), making their growth dependent on the
presence of estrogen. The selective ER modulator, tamoxifen (4HT), can block estrogen
signaling by competitively binding the ER and antagonizing its proliferative effects.
Another way to block the effects of estrogen on ER+ breast cancer cellsis by limiting
estrogen synthesis in the body with aromatase inhibitors (National Cancer Institute,
2010). However, once a breast cancer has undergone additional molecular changes
allowing it to overcome estrogen dependence, hormonal therapy is no longer effective.

Immunotherapy for breast cancer isalso clinicaly available. Given that the
human epidermal growth factor receptor (EGFR/HER2) is sometimes amplified in breast
cancer cells, it can be used as amolecular target. Trastuzumab, or Herceptin, isa
humanized monoclonal antibody specific for HER2 that binds to its extracellular domain.
This binding limits the function of the receptor and induces a cytotoxic immune response
against the tumor cell (National Cancer Institute, 2010). Based on a breast cancer’s
HER2 expression, therapy with Herceptin can be a vital component of adjuvant therapy
by targeting and limiting the growth of HER2+ cells. However, like with hormonal
therapy, breast cancers can eventually alter their expression of the targeted receptor,
thereby bypassing the effects of immunotherapy.

Breast Cancer Drug Resistance
While conventional treatment approaches with radiation, chemotherapy, hormonal

therapy, and immunotherapy are effective in limiting cancer growth for a period of time,



they often fail to elicit alasting response. Even after a seemingly complete remissionin
response to therapy, less than 20% of patients with metastatic breast cancer will remain
disease-free for more than five years. Many factors can influence how a cancer will
respond to therapy, and cancers that initially respond can develop drug resistance, thereby
leading to a poor prognosis and death. Drug resistance isamajor clinical obstacle and
many patients must endure several rounds of chemotherapy only to learn that their cancer
has found a way to adapt to and overcome the intended effect of the drug (McCubrey et
al, 2008).

Breast cancers can carry inherent drug resistance or develop an acquired
resistance after exposure to the compound. Resistance is commonly developed in
patients on anthracycline chemotherapy drugs, such as doxorubicin, daunorubicin, and
epirubicin. Resistance can also occur in patients receiving hormonal therapy and
immunotherapy once the cancer is no longer dependent on the targeted receptor to grow.
Therefore, cancer cells are capable of undergoing calculated changes that confer survival
advantages in otherwise nutrient-restricted or toxic environments (McCubrey et al, 2008).

These molecular changes involve multiple approaches such as pumping the
compound out of the cell, modifying or detoxifying the drug, or turning on survival
signaling pathways that prevent drug-induced apoptosis (McCubrey et al, 2008). ATP-
binding cassette transporters such as multidrug resistance protein (MRP1) and the MDR1
product, P-glycoprotein (Pgp), actively expel chemotherapeutic drugs from the cell.
These drug pumps have been detected in alarge number of untreated breast cancers, and

their expression increases upon chemotherapy exposure (Leonessa and Clarke, 2003).



Activation of cell survival pathways such as PI3K/Akt can prevent apoptosisin the
presence of adrug by atering mitochondrial bioenergetics and inhibiting the rel ease of
cytochrome c (Aoudjit et al, 2009).

Therefore, breast cancer drug resistance is multifactorial and highly dependent on
the molecular characteristics of the transformed cells. Instead of thetrial and error
approach to prescribing chemotherapy drugs, an oncologist can take cues from the unique
genetic makeup of a patient’s cancer when designing a course of therapy. Examining the
expression of signaling molecules involved in promoting cell survival during
chemotherapy can provide molecular markers for gauging treatment efficacy (McCubrey
et al, 2008).

The Role of the PI3K/PTEN/Akt Sgnaling Pathway in Breast Cancer

The effects of hormones, growth factors, and cytokines on normal and malignant
cells are orchestrated by complex interactions between signaling cascades. When an
extracellular or intracellular receptor binds its specific ligand, the ligand’ s intended
message is carried to the nucleus through protein kinase activity. It has been established
that the PISK/PTEN/Akt/mTOR pathway, shown in Figure 1, plays acritical rolein
normal cellular proliferation, survival, and apoptosis. Altered expression of this pathway
isalso implicated in carcinogenesis, and mutations leading to its activation have been
identified to play akey rolein breast cancer. Amplification of the growth factor receptor
EGFR/HER?2 is present in approximately 30% of breast cancers, leading to activation of

PI3K/PTEN/Akt/mTOR. Additiona growth factorsthat activate this pathway include
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Figure 1: PI3K/Akt/mTOR and Raf/MEK/ERK Signaling

The effects of various growth factors on cellular growth and apoptosis are mediated
through PI3K/Akt/mTOR and Raf/MEK/ERK in normal and malignant cells. These
pathways are commonly mutated in breast cancer, leading to uncontrolled proliferation,

prevention of apoptosis, drug resistance, and metastasis.



fibroblast growth factor (FGF), insulin-like growth factor (IGF), and vascular endothelial
growth factor (VEGF) (McCubrey et al, 2008).

Growth factor/cytokine binding of its respective receptor induces a
conformational change within the receptor creating a binding site for phosphatidylinositol
3-kinase (PI3K). PI3K contains an 85-kDa regulatory subunit responsible for binding
and a 110-kDacataytic region. The SH2 domain of the p85 subunit associates with the
receptor, undergoes phosphorylation, and subsequently activates the p110 catalytic
subunit. Alternatively, growth factor receptor ligation can result in PI3K activation from
mutations in other signaling molecules such as the GTPase, Ras, which also activates the
Raf/MEK/ERK pathway. Mutationsin the PI3K geneitself can also lead to constitutive
activation regardless of growth factor stimulation, and have been reported to be present in
approximately 25% of breast cancers (McCubrey et al, 2008).

Regardless of the mode of PI3K activation, once the catalytic p110 subunit is
recruited to the membrane, it begins phosphorylating its lipid substrate.
Phosphatidylinositol 4,5 bisphosphate [Ptdins(4,5)P2] is converted to
phosphatidylinositol 3,4,5 trisphosphate [Ptdins(3,4,5)P3], the latter of which attracts
proteins containing pleckstrin-homology domains to the membrane. Two such proteins,
Akt and phosphoinositide-dependent protein kinase (PDK 1), anchor themselves to
Ptdins(3,4,5)P3, and Akt is subsequently phosphorylated by PDK1. Thissite of Akt
phosphorylation (T 308/309/305) is dependent on itsisoform (Akt-1, Akt-2, or Akt-3),
which also determines the regulatory residue (S 473/474/472) to be phosphorylated by a

second unknown kinase or through autophosphorylation (McCubrey et al, 2008).



Akt, a'so known as protein kinase B (PKB), isamajor player in cell signaling and
has been postulated to phosphorylate over 9,000 proteins. Over 50% of breast cancers
display elevated levels of Akt (McCubrey et al, 2008). Akt activation leadsto far
reaching downstream cellular effects making it a pivotal regulatory switch for controlling
proliferation, survival, migration, and response to awide array of cancer therapies. Once
PI3K/Akt signaling isinitiated, this cascade of phosphorylations continues through other
downstream signaling molecules such as mTOR, elF4E, p70S6K, STAT3, GSK-3p,
elF2B, NF-xB, Bad, CREB and p21, resulting in their activation or deactivation in some
cases (McCubrey et al, 2008).

Akt is negatively regulated by phosphatase and tensin homologue deleted on
chromosome 10 (PTEN). PTEN is primarily alipid phosphatase, but can aso function as
aprotein phosphatase. PTEN prevents Akt activation by removing the 3-phosphate from
Ptdins(3,4,5)P3, the lipid product of PISK. The disruption of PTEN’svital tumor
suppressor activity isrelatively common in breast cancer. PTEN mutations have been
reported to occur in varying frequencies (5 — 21%), with loss of heterozygosity more
common as it occurs in 30% of breast cancer cases. 1n one study, 26% of primary breast
cancers had low PTEN levels, which correlated with lymph node metastases and poor
prognosis (McCubrey et al, 2008). Therefore, loss of PTEN function within cancer cells
promotes tumorigenicity and drug resistance by alowing for increased levels of active
Akt.

One pivota downstream signaling molecule regulated by Akt is mammalian

target of rapamycin (MTOR), a 289-kDa serine/threonine kinase. By influencing protein
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synthesis, mTOR serves acrucial role in promoting cell cycle entry only when nutrients
and energy are available. Activated mTOR phosphorylates eukaryotic initiation factor
(elF)-4E binding protein (4EBP-1), which leads to the release of el F4E and assembly of
the trandational initiation complex. Phosphorylation of p70S6K is also carried out by
MTOR, aswell asPDK-1. P70S6K initiates active trandation by activating the 40S
ribosomal protein, S6. Therefore, mTOR activity can lead to increased production of
molecules such as c-Myc, cyclin D1, and p27. Hypoxia-inducible transcription factor-1a
(HIF-1a) is also upregulated by mTOR and isinvolved in promoting angiogenesis and
glucose uptake of cancer cells (McCubrey et al, 2008).

Phosphorylation by Akt aso inhibits the activity of many signaling molecules.
Activated Akt can promote carcinogensis by inactivating proteins that normally function
to limit cell growth. One such protein is GSK-3p which has been shown to be
downregulated in breast cancer cellsin the presence of activated Akt (McCubrey et al,
2008). A study of patient tumor samples revealed a reduction or loss of cytoplasmic
GSK-3B in 53% of invasive ducta carcinomas (IDC) examined. This same study found
that nuclear accumulation of GSK-3 was present in 35% of IDC samples examined and
was positively associated with tumor grade (Prasad et al, 2009). Therefore, increasesin
PI3K/Akt signaling and altered cellular localization of GSK-33 may be among the
regulatory factors that impinge upon the behavior of breast cancer cells.

Crosstalk with RaffMEK/ERK
Thereis aso interaction and crosstalk between the PI3K/PTEN/Akt pathway and

the Raf/MEK/ERK pathway, further demonstrating the far reaching cellular effects of
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Akt activation. GSK-3 can be inactivated through phosphorylated p70S6K, which is
downstream of both Akt and ERK. Collectively, these arrays of signals can lead to
protein synthesis, cell cycle regulation, and anti-apoptotic gene expression in cancer cells
thus allowing them to survive toxic therapies (McCubrey et al, 2008). Therefore,
regulation of GSK-3[ can be influenced by complex interactions between multiple cell
signaling pathways.
Targeting Aberrant Pathways with Small Molecule Inhibitors

Given the vital role of the PI3K/PTEN/Akt/ mTOR pathway in breast cancer,
small molecule inhibitors (SM1s) that specifically target these proteins have been
developed and tested for their efficacy as targeted treatments. SMIs such as Imatinib
have proven effective in the treatment of CML and other cancers which proliferatein
response to BCR-ABL, PDGFR, and c-Kit. Lung carcinomas which have mutations in
EGFR are sensitive to EGFR inhibitors. PI3K, PDK, Akt, mTOR, Raf, MEK, and CaMK
SMIs have been developed and some arein clinical trials. mTOR inhibitors have been
used for many years as immunosuppressive drugs in kidney transplant patients
(McCubrey et al, 2008). Therefore, SMIs of the PI3K/PTEN/Akt/mTOR pathway may
serve as the basis for atargeted therapy that can be tailored to address the unique genetic

alterations present in a breast cancer patient’s tumor.
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CHAPTER 2: STRUCTURE, FUNCTION, AND ROLES OF GSK-3f3

GSK-3B isa47-kDa serine/threonine (S/T) protein kinase found in all eukaryotes
to be widely expressed in various organs with particularly high levelsin the brain. It was
originally discovered and named for itsrole in glycogen synthesis. This protein has since
been shown to play adiverse array of cellular roles as aregulatory switch involved in
many signaling pathways including PI3K/Akt, Raf/MEK/ERK, Wnt/p-catenin, and
Hedgehog. Thisalows GSK-3p to regulate metabolism, protein synthesis, motility, and
apoptosisin many different cell types under various conditions. Abnormal expression of
GSK-3p has been implicated in diseases such as bipolar disorder, Alzheimer’s, diabetes,
and cancer (Doble and Woodgett, 2003; Forde and Dale, 2007; Ougolkov and Billadeau,
2006).

GXK-34 Sructure

The human GSK-3p gene contains 12 exons that code for the 7134 bp mRNA
transcript shown in Figure 2. Also shown isthe resulting protein, which is made up of
433 amino acids and consists of a kinase domain, including the substrate binding
domains, flanked by an N-terminal and C-terminal domain (Atlas of Genetics and
Cytogenetics in Oncology and Haematology, 2010). Unlike most kinases, GSK-3[ can
undergo differential splicing in its kinase domain. A 13-amino acid insertion at residue
369 creates the GSK-332 variant, the activity of which is poorly defined (Forde and Dale,

2007).
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Figure 2: GSK-3 mRNA and Protein Structure

A: GSK-3B mRNA consists of 7134 base pairs that code for twelve exons.

B: Theresulting GSK-3 protein is 433 amino acids and contains a kinase domain
flanked by an N-terminal and C-terminal region. Within the kinase domain, abasic

domain isresponsible for binding GSK-3f substrates, such as p53.
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GSK-3p activity can be inhibited through phosphorylation at serine 9 (S9). This
prevents substrate phosphorylation by occupying the GSK-3p binding pocket and active
site. Additionally, GSK-3B can undergo T-loop phosphorylation at tyrosine 216 (Y 216)
which may serve to achieve maximum catalytic activity, but does not appear to be a
prerequisite for kinase activity (Doble and Woodgett, 2003; Kockeritz et al, 2006). The
other mammalian GSK isoform, GSK-3a, is nearly identical within its kinase domain, but
contains an additional N-terminal glycine-rich region, making it 51 kD (Doble and
Woodgett, 2003; Forde and Dale, 2007; Kockeritz et al, 2006). The two isoforms differ
widely in their C-terminal domains, with just 36% identity, and even though they share
substrates, they are not functionally identical (Doble and Woodgett, 2003).

GXK-34 Kinase Function

GSK-3 shows specificity for substrates that have been primed, or previously
phosphorylated by another kinase. As shown in Figure 3, the substrate binding region of
GSK-3 recognizes the consensus sequence S/T-X-X-X-Phospho-S/T, in which the last
SIT isprimed, and the first S/T is the residue targeted for phosphorylation. The crysta
structure of GSK-3p reveals that aregion of positive charge created by the residues
arginine 96 (R96), arginine (R180), and lysine 205 (K205) interacts with the primed S/'T
substrate residue in order for optimal alignment of the substrate and kinase domain to
occur (Doble and Woodgett, 2003; Forde and Dale, 2007). Phosphorylation of GSK-33
substrates can be selectively regulated through differential protein-binding domains

present on GSK-3p (Eom and Jope, 2009).
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Figure 3: Interaction of GSK-3p and its Substrates

GSK-3p recognizes the consensus sequence S/T-X-X-X-Phospho-S/T on its substrates
and binds them within its kinase domain at an area of positive charge created by the
residues R96, R180, and K205. A phosphate isthen transferred from ATP to the
substrate. The location of an aternative splice insert and the scaffold binding region are

also shown. GSK-3p kinase activity is inhibited by phosphorylation at S9.
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GSK-3p isunlike most protein kinases in that it is normally constitutively active
in resting cells, limiting them from undergoing the transcription, translation, and
metabolic processes required to proliferate. Over 40 different proteins have been found
to be phosphorylated by GSK-33 (Eom and Jope, 2009). Reported GSK-3 substrates
include the transcription factors c-Myc, c-Jun, HSF-1, Notch, and -catenin, the
microtubule-associated protein Tau, the translation factor el F2B, the cell cycle regulators
cyclin D1 and cyclin E, and glycogen synthase. GSK-3f regulates these and other
oncogenic substrates by inhibiting their function and/or targeting them for degradation
(Kockeritz et al, 2006, Nemoto et al, 2008). GSK-3 can also upregulate activity of the
tumor suppressor p53 by binding and acetylating it, thus promoting p53-induced
apoptosis (Eom and Jope, 2009).

Regulation of GSK-34 Activity

As mentioned, the kinase activity of GSK-3 can be regulated through
phosphorylation of S9. A number of protein kinases involved in many signaling
pathways can perform this task in response to growth and survival promoting stimuli.
When exposed to IGF, cells express elevated levels of Akt which leads to the inhibitory
phosphorylation of GSK-33 and the subsequent activation of glycogen synthase.
Additional kinases that phosphorylate and inactivate GSK-38 include PKC, p90~* in
response to EGF or PDGF, PKA in response to elevated CAMP, and p70S6K in response
to increased insulin and amino acid availability (Forde and Dale, 2007).

GSK-3 can also be regulated through sequesteration within cytosolic protein

complexes. In unstimulated cells, GSK-3f3 participates in the 3-catenin destruction
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complex in which it phosphorylates 3-catenin, thereby targeting it for proteosomal
degradation (Gosens et al, 2007; Yoeli-Lerner et al, 2009). In the presence of amolecule
belonging to the Wnt family, GSK-3f disassociates from the protein complex and 3-
catenin isinstead free to translocate to the nucleus and serve as a transcriptional activator
(Doble and Woodgett, 2003; Katoh and Katoh, 2006).

Like many molecules, GSK-3p activity is aso regulated by its localization within
the cell. GSK-3p isnormally active in the cytoplasm of resting cells, but is rapidly
translocated to the nucleus during cellular stress (Meares and Jope, 2007). Activity of
nuclear GSK-3p is aso elevated as compared to cytosolic GSK-3 (Li et al, 2008).
Therefore, multiple modes of GSK-3p regulation exist, many of which are implicated in
tumorigenesis.

Role of GXK-34 in the Brain

It should be noted that GSK-3p is highly expressed in brain tissue where it
performs numerous roles in cognitive functioning. Mood disorders such as depression
and bipolar disorder, aswell as Alzheimer’s and Parkinson’s disease, exhibit altered
GSK-3p levels. Various neuropsychiatric drugs, including lithium chloride, used to treat
these conditions inhibit GSK-3p activity, leading to a subsequent increase in 3-catenin
(Wada, 2009). Treatment with lithium was aso shown to block ERa-mediated
transcription in neuronal cells (Mendez and Garcia-Segura, 2006). GSK-3p playsarole
in neurological diseases by promoting neurona apoptosis induced by oxidative stress
(Nair and Olanow, 2007). In addition to neuronal cell apoptosis, endothelial, hepatocyte,

fibroblast, and astrocyte apoptosis has been shown to be induced by overexpression of
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GSK-3B (Tan et al, 2006). Therefore, inhibition of GSK-3 activity in the brain can have
amood stabilizing and neuroprotective effect. However, it is possible that interfering
with GSK-3p activity could also lead to cellular transformation, which should be a
consideration when targeting GSK-3p to treat neurological disorders.

Role of GXK-34 in Cancer

Unlike PI3K and Akt, GSK-3 has not been found to be commonly mutated in
cancer (Wei et a, 2005). The Catalog of Somatic Mutations in Cancer (COSMIC) lists
only two GSK-33 mutations found out of 447 unique cancer samples from fifteen
different primary tissues. Both mutations were detected in lung cancer, one involving a
substitution at residue 25 and the other at residue 361, neither of which correspond to the
GSK-3B kinase domain (Sanger Institute, 2011). As mentioned, GSK-3p3 can be
aternatively spliced in its kinase domain, which may change its activity towards
substrates or localization within the cell (Forde and Dale, 2007).

GSK-3p regulation in cancer appears to be tissue specific in some respects, as
certain forms of cancer have been shown to express high levels of active GSK-3p while
others harbor low levels. It was shown that high levels of nuclear GSK-3p in pancreatic
cancer cell lines was associated with dedifferentiation and NF-kB mediated survival
(Ougolkov et al, 2006). However, another study found that loss of GSK-3 activity in
pancreatic cancer cells resulted in resistance to radiotherapy due to the stabilization of -
catenin (Watson et al, 2010). GSK-3p activity also appears to be important for leukemic
cell growth, asinhibition of GSK-3p led to an induction of apoptosisin leukemic cells

(Holmes et al, 2008). However, it was found that GSK-3p plays a pro-apoptotic role in
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lung cancer by modulating survivin activity (Li et al, 2008). In gastric cancer cells,
GSK-3p inhibition promoted migration through activation of p-catenin (Mishraet al,
2010). GSK-3p activity was also shown to be downregulated in cutaneous squamous cell
and basal cell carcinomas, demonstrating that it plays arolein epidermal cell
transformation (Ma et al, 2007).

In contrast to some forms of cancer, GSK-3p activity levelsin breast cancer have
generaly been reported to be low. A study of patient tumor samples revealed a reduction
or loss of cytoplasmic GSK-3p in 53% of invasive ductal carcinomas (IDCs) examined.
This was associated with an increase in B-catenin activity and a decrease in expression of
E-cadherin (Prasad et al, 2009). GSK-33 and B-catenin also have been shown to regulate
cadherin-11 in breast cancer cells, as inactivation of GSK-3p leads to repression of
cadherin-11 mRNA and protein levels (Farina et al, 2009). The results from these studies
suggest that loss of cytoplasmic GSK-3B can promote epithelial mesenchymal transition
(EMT) in breast cancer.

Another study of clinical breast cancer specimens found that inactivation of GSK-
3B was associated with elevated levels of the prolactin receptor, which isimplicated in
tumorigenesis (Plotnikov et al, 2008). Expression of the breast cancer resistance protein
(BCRP) was found to be downregulated in breast cancer cells when GSK-33 was active,
suggesting that GSK-3p can prevent active drug efflux (Hartz et al, 2010). Inactivation
of GSK-3 by Akt was found to enrich for mammary stem cells in both normal and

breast cancer cells through activation of B-catenin (Korkaya et al, 2009). Therefore,



20

GSK-3p activity appears to limit proliferation and suppress the stem-like cell population
in breast cancer.

The growth-limiting actions of GSK-3 suggest that this kinase playsarolein
tumor suppression, however, this does not appear to always be the case. GSK-33 may
actually participate in pro-inflammatory and anti-apoptotic processes by positively
regulating NF-kB in the nucleus, as demonstrated in pancreatic cancer (Ougolkov et al,
2006; Ougolkov and Billadeau, 2006). Therefore, the role of GSK-3f in cancer
progression remains to be controversial and extremely complex and may vary greatly
among different cancer types. The cellular localization of GSK-3p may be an important
factor in switching between its growth-limiting and survival-promoting activities. Itis

likely that aberrant nuclear accumulation of GSK-33 may be a hallmark of many cancers.
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CHAPTER 3: METHODS AND RESEARCH AIMS
Materials and Methods

Cell Culture

MCEF-7 cells were derived from a human breast adenocarcinoma (Soule et al.,
1973). MCF-7 cells have an epithelial morphology, are adherent, and form a monolayer
in culture. These cells express ERa, ERp, and WT GSK-3p (McCubrey et al, 2008).
MCEF-7 cells were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA). Cell culture medium for MCF-7 cells consisted of 10% (v/v) heat
inactivated fetal bovine serum (FBS) (CellGrow-Mediatech, Herndon, VA), 2 mM L-
glutamine (Invitrogen, Carlsbad, CA), 100 pg/ml streptomycin (Invitrogen), and 100
unitg/L penicillin G (Invitrogen) in Roswell Park Memorial Institute-1640 (RPMI 1640)
medium (Invitrogen).
GXK-3p Plasmids

A plasmid encoding human wild-type (WT) GSK-3B [GSK-3B (WT)] was
generated by inserting the corresponding cDNA into the multiple cloning site of pEGFP-
C2. Mutated GSK-3p cDNAs were inserted into the multiple cloning site of pEGFP-C2
to generate plasmids encoding various GSK-33 mutants. These GSK-3f mutants include
GSK-3B (A9) and GSK-3p kinase dead (KD). GSK-3f (A9) differsfrom WT in that an
alanine has been substituted for serine at residue 9, thereby rendering it constitutively
active. GSK-3B KD differsfrom WT through a substitution of methionine and aanine
for lysine at positions 85 and 86, respectively. The suspected effects of these mutants on

cell cycle and growth are shown in Figure 4.
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Effects of GSK-3p Mutants
on Cell Cycle and Growth

GSK-3p
KD (DN)

Glycog
@ Synthase

Regulation of
cell cycle, apoptosis and growth

Figure 4: GSK-3f Mutants

When active, GSK-3f regulates cell cycle progression, apoptosis, and growth by
downregulating the expression of p21CIP, cyclin D1, elF2B, Mcl-1, and glycogen
synthase. The mutants used in this study code for wild-type, congtitutively active, or
kinase dead GSK-3p. The constitutively active mutant contains a substitution of alanine
for serine at residue 9. The kinase dead mutant contains substitutions of methionine and

alaninefor lysine at positions 85 and 86, respectively.
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Transfection of MCF-7 Cells with GSK-34 Constructs

5 x 10° MCF-7 cells were plated into 6-well cell culture plates (BD Biosciences,
Mountainview, CA) one day prior to transfection. Cellswere rinsed with Opti-MEM
medium (Invitrogen) to remove FBS. Cells were transfected with 10 ug of DNA with
Lipofectin (Invitrogen) as described by the manufacturer. 48 hours after transfection,
selection medium (RPM1 + 10% FBS + 2 mg/ml G418 (Geneticin)) (Invitrogen) was
added to isolate stably transfected cells. Cells were provided with fresh selection
medium every three days. Mock transfections were performed by replacing DNA with
10 ul of Tris-EDTA buffer and did not generate viable colonies in the presence of
selection medium.
Cell Proliferation in the Presence of Drugs and Inhibitors (MTT Analysis)

MCF-7/GSK-3B WT, MCF-7/GSK-38 A9, and MCF-7/GSK-3B3 KD cells were
seeded in 96-well cell culture plate (BD Biosciences) at a density of 5,000 cells/well in
100 pl of phenol red free RPMI-1640 containing 5% charcoal stripped FBS. Cell culture
plates were incubated for one day to permit cells to adhere to the bottom of each well.
Treatment medium was prepared by performing ten two-fold seria dilutionsto create a
range of eleven concentrations of doxorubicin (1.95-2,000 nM) (Sigma; St. Louis, MO),
tamoxifen (0.98-1,000 nM) (Sigma), rapamycin (mTOR Inhibitor) (0.098-100 nM)
(EMD Biosciences; Gibbstown, NJ), and Array MEK inhibitor (9.77-10,000 nM) (EMD
Biosciences). Combination treatments consisting of doxorubicin or tamoxifen coupled
with rapamycin or Array MEK were created by adding 1 nM of rapamycin or 1,000 nM

of Array MEK to the serially diluted concentrations of doxorubicin or tamoxifen
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described above. 100 pl of treatment medium was added to each treatment well the day
after cellswereinitialy seeded, while the last well received non-treatment medium as a
control. After 72 hours of treatment (four days after seeding), the amount of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma) reduction in
each well was quantified by dissolving the formazan crystalsin 200 ul of dimethyl
sulfoxide (DM SO) and reading the absorbance at 570 nM with a FL600 microplate
fluorescence reader (Bio-Tek Instruments; Winooski, VT). Control plates were read on
day one and day four after seeding to provide abase line for cell growth. The mean and
corresponding standard deviation of normalized adjusted absorbance was calculated from
eight replicate wells for each drug concentration. The inhibitory concentration of 50%
(ICs0) is defined in this context as the concentration of the drug that causes MCF-7 cells
to proliferate at arate that is half asrapid as cells incubated in the absence of the drug.
Colony Formation Assays

MCF-7/GSK-3B WT, MCF-7/GSK-38 A9, and MCF-7/GSK-3B3 KD cells were
collected and seeded in 6-well cell culture plates at a density of 1000 cells/well (three
replicate wells for each condition). Cell culture plates were incubated for one day to
permit cells to adhere to the bottom of each well. 24 hours after seeding, plates were then
treated with 25 nM doxorubicin-containing media or media without the drug and
incubated for three weeks at 37 °C. Cells were provided with fresh treatment-containing
media every four days. Cellswere rinsed with PBS at the end of the three week treatment
period. Rinsed cells were then fixed in 100% (v/v) methanol (Sigma) for ten minutes at

room temperature then dried for ten minutes at room temperature. Fixed cellswere
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incubated in Giemsa stain (Sigma) for five minutes at room temperature. Stained cells
were rinsed with water then dried. 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 cal culated from three replicate wells for each
condition. Statistical significance was calculated using the GraphPad QuickCalcs
software using an unpaired t test with a 95% confidence interval. Relationships that were
extremely statistically significant had a P value less than or equal to 0.0005; those that
were very statistically significant had a P value of less than or equal to 0.005; those that
were statistically significant had a P value of less than or equal to 0.05.
Clonogenicity in Soft Agar

1.6% LMP agarose was prepared in deionized water, heated, and cooled. An
equal part of agarose was mixed with 2X complete Dulbecco’s Modified Eagle Medium
(cDMEM). 2.5 ml of this solution was plated per well in 6 well plates (BD Biosciences)
and allowed to solidify at room temperature for at least 30 minutes. Thisformed the
bottom layer of soft agar. The top agar layer was formed by preparing 0.8% LMP
agarose in deionized water. MCF-7/GSK-3 WT, MCF-7/GSK-3p A9, and MCF-
7/GSK-3B KD cells were harvested, dissociated, and resuspended at 1.1 x 10*cells/ml in
2X cDMEM. Equal parts of 0.8% agarose and cell-containing media were mixed and 3.5
ml of this solution was carefully applied over the bottom layer of agarose. Once
solidified at room temperature, plates were incubated at 37 °C for three weeks with an
application of 0.1 ml of fresh media occurring every four days. At the end of three

weeks, the agarose was stained with crystal violet (Sigma) for one hour. Colonies were
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counted using a dissecting microscope and the mean and standard deviation was
calculated based on three replicate wells for each condition. Statistical significance was
calculated using the GraphPad QuickCalcs software using an unpaired t test with a 95%
confidenceinterval. Relationships that were extremely statistically significant had a P
value less than or equal to 0.0005; those that were very statistically significant had aP
value of less than or equal to 0.005; those that were statistically significant had aP value
of lessthan or equal to 0.05.
Protein Lysates

MCF-7/GSK-3B WT, MCF-7/GSK-38 A9, and MCF-7/GSK-3B3 KD cells were
collected after trypsination and plated in 100 mm tissue culture platesin RPMI + 10%
FBSfor 24 hours to allow for attachment. Fresh mediawith or without 25 nM
doxorubicin was then added to the plates and a 24 hour treatment was performed. Cells
were lysed inice cold Gold Lysis Buffer (GLB) [20 mM Tris (pH 7.9), 137 mM NaCl, 5
mM NaEDTA, 10% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl! fluoride, 1 mM
aprotinin, 1 mM leupeptin, 1 mM sodium orthovanadate, 1 mM EGTA, 10 mM sodium
fluoride, 1 mM tetrasodium PP, and 100 mM b-glycerophosphate]. Samples were spun,
supernatants collected, and protein concentrations were quantified with BCA protein
reagent (50:1 v/v) (Pierce; Rockford, IL) at an absorbency of 570 nm. Next, 10 ul of
loading dye was added and samples were boiled for three minutes.
Western Blot Analysis

10 pl of each sample was loaded into 10% SDS-PAGE separating and stacking

gels. The separating gel [10% (w/v) of 37.5:1 (w/w) acrylamide:bisacrylamide, 1.5M
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TRIS (pH 8.8), 10% (w/v) ammonium persulfate (APS), 10% sodium dodecylsulfate
(SDS), and TEMED] comprised the lower 75% of a gel cassette (Invitrogen; Carlsbad,
CA) and the stacking gel [4% (w/v) acrylamide, 1.0M TRIS (pH 6.8), 10% (w/v) APS,
10% SDS, and TEMED] formed the upper 25% of the cassette.

The samples were then separated by electrophoresis in running buffer [200 mM
glycine, 25 mM TRIS, and 1 mg/ml (10%) SDS] for approximately two hours alongside
aprotein ladder (Amersham Biosciences; Piscataway, NJ). Before transfer, membranes
were briefly soaked in methanol and then placed in transfer buffer. Proteins were then
transferred from gels to PVDF membranes (Pierce; Rockford, IL) by semidry electro-
transfer for three hoursin transfer buffer [200 mM glycine, 25 mM TRIS and 20%
methanol] with atransfer apparatus (Bio-Rad; Richmond, CA). After transfer, the
membranes were placed in blocking solution [10 pg/ml BSA in 137 mM NaCl, 20 mM
TRIS, 1g sodium azide, and 0.5% (v/v) Tween 20 (1X TBST)] overnight at 4°C while
rocking.

Western blots were performed with antibodies specific for phospho (P) and total
Akt (P=$473), GSK-3B (P=S9), p70S6K (P=T389), S6 (P=S235/236), cyclin D1
(P=T286), and total ERa. (Cell Signaling, Beverly, MA). ERa served as aloading control
due to the repeated failure of the available -actin antibody to produce results. After
blocking, the membranes were incubated overnight at 4°C in primary antibody solution
[1:1000 (v/v) primary antibody and 10 mg/ml BSA in 1X TBST]. The membranes were
then washed three times for ten minutes each in 1X TBST to remove any residual

primary antibody. Membranes were incubated for one hour on a shaker at room
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temperature in secondary antibody solution [1:5000 (v/v) secondary antibody in 1X
TBST]. Following incubation, the membranes were washed three times for ten minutes
in 1X TBST to remove residua antibody solution. Membranes were then incubated at
room temperature for one minute in ECL Western Blotting Detection Substrate (1:1 v/v)
(Pierce; Rockford, IL). Membranes were then developed in film cassettes on x-ray film
(Research Products International; Mt. Prospect, IL) to visualize detected protein bands
within sample lanes. Bands were normalized to the untreated control through
densitometry with Image J software (obtained through the National Institutes of Health).
Resear ch Objectives and Experimental Approaches

Objective 1: Determine if GK-34 Activity Affects MCF-7 Clonogenicity

To investigate the effect of GSK-3 expression on MCF-7 clonogenicity, the
colony formation ability (CFA) of MCF-7/GSK-33 WT, MCF-7/GSK-3B A9, and MCF-
7/GSK-3B KD cells was determined under anchorage-dependent and anchorage-
independent conditions. Clonogenicity was assessed in the presence or absence of
doxorubicin to determine the effect of treatment with chemotherapy.
Objective 2: Determine if GSK-38 Activity Alters MCF-7 Sensitivity to Therapy

To assess the effect of GSK-33 expression on the sensitivity of MCF-7 cellsto
chemotherapy, hormonal therapy, and pathway inhibition, MCF-7/GSK-38 WT, MCF-
7/GSK-3B A9, and MCF-7/GSK-3 KD cells were subjected to MTT analysis. Relative
cell proliferation was calculated in the absence or presence of doxorubicin, tamoxifen,

rapamycin, the Array MEK inhibitor, doxorubicin combined with rapamycin,
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doxorubicin combined with the MEK inhibitor, tamoxifen combined with rapamycin, and
tamoxifen combined with the MEK inhibitor.
Objective 3: Determine if GK-34 Activity Affects MCF-7 Cell Sgnaling

To study the effect of GSK-33 expression on cell signaling in MCF-7 cells, MCF-
7, MCF-7/GSK-38 WT, MCF-7/GSK-33 A9, and MCF-7/GSK-33 KD cells were |eft
untreated or treated with doxorubicin. Western blot analysis was performed to determine

the levels of phosphorylated and total Akt, GSK-3B, p70S6K, S6K, and cyclin D1.
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CHAPTER 4: RESULTS
Effect of GK-3p Expression on MCF-7 Clonogenicity

Colony Formation Ability was Enhanced in GSK-34 KD Cellsin the Presence of
Doxorubicin

The colony-formation ability (CFA) of MCF-7/GSK-33 WT, MCF-7/GSK-3 A9,
and MCF-7/GSK-3p KD cells was tested in the presence or absence of 25 nM
doxorubicin over the course of three weeks to assess anchorage-dependent clonogenicity.
Asshown in Figure 5, the CFA of GSK-3p WT cells was decreased by almost 90% when
treated with doxorubicin. GSK-3B A9 cells had an increased CFA as compared to WT
cells, and a 90% reduction was aso observed in their CFA in the presence of the drug.
Asfor the GSK-3p KD cells, CFA without doxorubicin was higher than in the WT cells,
but lower than the A9 cells. However, when KD cells are tested in the presence of the
drug, they exhibit only a 40% reduction in CFA. In the presence of doxorubicin, as
compared to WT and A9 cells, KD cells showed arespective 4.5-fold and 2.5fold
enhancement in growth and CFA. These results demonstrate that loss of GSK-3f kinase
activity in MCF-7 cells enhances clonogenicity in the presence of chemotherapy.
Clonogenicity in Soft Agar was Enhanced in GSK-34 KD Cells

To assess clonogenicity under anchorage-independent conditions, MCF-7/GSK -
3B WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3B KD cells were seeded as single cellsin
soft agar and allowed to expand for three weeks. Figure 6 shows the number of colonies
that formed in the presence and absence of 25 nM doxorubicin. As expected, the CFA of

al three cell lines was markedly decreased under anchorage-independent conditions as
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Figure 5: Anchorage-dependent Clonogenicity of GSK-3p-transfected MCF-7 Cells

GSK-3B WT, A9, and KD cells were plated out in the absence or presence of 25 nM

doxorubicin and grown for three weeks. Colonies were stained and counted, and the

resulting means, standard deviations, and statistical significances were calculated.
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Figure 6: Anchorage-independent Clonogenicity of GSK-3p-transfected MCF-7 Cells
GSK-3B WT, A9, and KD cells were seeded in soft agar in the absence or presence of 25
nM doxorubicin and grown for three weeks. Colonies were stained and counted, and the

resulting means, standard deviations, and statistical significances were calculated.
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compared to anchorage-dependent conditions. In the presence of doxorubicin, GSK-3p
WT cells experienced a 50% reduction in CFA. A 50% reduction in CFA was also
observed for GSK-3B A9 cells when treated with doxorubicin. However, this trend was
not the case for GSK-3B KD cells, which only revealed a 10% reduction in CFA in the
presence of the drug. The CFA of GSK-33 KD cellsin doxorubicin was 5-fold greater
than that for GSK-3p WT cells and 13-fold greater than GSK-33 A9 cells. These results
show that loss of GSK-3p kinase activity in MCF-7 cells confers elevated anchorage-
independent clonogenicity in both the presence and absence of chemotherapy.
Effect of GK-34 Expression on MCF-7 Drug Resistance

GSK-34 KD Cells had Increased Resistance to Doxorubicin

The sensitivity of MCF-7/GSK-3 WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3p
KD cellsto doxorubicin was measured by MTT assay. Cellswere grown for four daysin
the absence or presence of various concentrations of the drug ranging from 2 nM to 2000
nM. Therelative growth curves of treated cells as compared to untreated cells are shown
in Figure 7 along with corresponding doxorubicin 1Csp values shown on alog scale. As
demonstrated, GSK-3B WT cells experienced the greatest sensitivity to the drug, with an
ICso Of 27 NM. A higher 1Cso 0f 46 nM doxorubicin was observed for GSK-33 A9 cells.
The greatest resistance to the drug was found in the GSK-3p KD cells with a doxorubicin
|Cso Of 68 NM, which is 2.5-fold higher than that of the GSK-3p WT cells. Therefore,

loss of GSK-3p kinase activity in MCF-7 cells increases their resistance to chemotherapy.
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Figure 7: Sensitivity of GSK-3p-transfected MCF-7 Cells to Doxorubicin

GSK-33 WT, A9, and KD cells were treated with various concentrations of doxorubicin
for four days to assess their relative growth as compared to untreated cells. The
corresponding means and standard deviations were cal culated, along with the

doxorubicin |Csq values, which are indicated with arrows.
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GXK-3p KD Céls had Increased Resistance to Tamoxifen

The sensitivity of MCF-7/GSK-3 WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3p
KD cellsto tamoxifen was measured by MTT assay. Cells were grown for four days
either untreated or in the presence of the drug ranging in concentration from 1 nM to
1000 nM. The relative growth curves of treated cells as compared to untreated cells are
shown in Figure 8 along with corresponding tamoxifen 1Csp values. As shown, GSK-33
A9 cells experienced the greatest sensitivity to the drug, with an 1Cso of 31 nM. A higher
|Cso 0f 120 NnM tamoxifen was observed for GSK-3p WT cells. The greatest resistance to
the drug was found in the GSK-3p KD cells, the growth curve of which does not fall
below 50% relative growth at the tamoxifen concentrations tested. An extension of the
curve would likely identify the ICsp of GSK-3B3 KD cells to be around 2000 nM, which is
64-fold higher than that of the GSK-3p WT cells. Therefore, loss of GSK-3p kinase
activity in MCF-7 cells increases their resistance to hormonal-based therapy.
GXK-3p KD Célls had Increased Sensitivity to Rapamycin

The sensitivity of MCF-7/GSK-3 WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3p
KD cellsto rapamycin was assessed through MTT analysis. Cellswere grown in the
absence or presence of various concentrations of the inhibitor ranging from 0.1 nM to 1
nM. Therelative growth curves of treated cells as compared to untreated cells are shown
in Figure 9 along with corresponding rapamycin |Csp values. Asillustrated, GSK-33 A9
cells experienced the | east sensitivity to the inhibitor, with an 1Csy value outside of the
concentration range tested. An 1Csp0f 58 nM rapamycin was observed for GSK-38 WT

cells. In contrast to the results for doxorubicin and tamoxifen, the cell line most sensitive
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Figure 8: Sensitivity of GSK-3f-transfected MCF-7 Cells to Tamoxifen

GSK-3B8 WT, A9, and KD cells were treated with various concentrations of tamoxifen for
four days to assess their relative growth as compared to untreated cells. The
corresponding means and standard deviations were calculated, along with the tamoxifen

| Csg values, which are indicated with arrows.



37

3

o
ol

o
&

E
o
T
]
2
B
I

-~ MCF-7 GSKWT

-~ MCF-7 GSK A9

o
&

- MCF-7 GSK DEAD

o
8

Figure 9: Sensitivity of GSK-3p-transfected MCF-7 Cells to Rapamycin

GSK-33 WT, A9, and KD cells were treated with various concentrations of rapamycin
for four days to assess their relative growth as compared to untreated cells. The
corresponding means and standard deviations were cal culated, along with the rapamycin

| Csp values, which are indicated with arrows.
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to treatment was GSK -3 KD, in which arapamycin 1Cs of 14 nM was observed. Thisis
four times lower than the 1Csp observed for GSK-33 WT cells. Therefore, although loss
of GSK-3p kinase activity in MCF-7 cells increases their resistance to conventional
therapy, it appears to augment their sensitivity to mTOR inhibition through rapamycin.
GXK-3p Cdll Lines Responded Smilarly to the Array MEK Inhibitor

The sensitivity of MCF-7/GSK-33 WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3p
KD cellsto the Array MEK inhibitor was assessed by MTT assay. Cellswere grown
either untreated or treated with the inhibitor ranging in concentration from 10 nM to
10,000 nM. The relative growth curves of treated cells as compared to untreated cells are
shown in Figure 10 along with corresponding MEK inhibitor 1Cs values. As shown, the
three cell lines did not vary greatly in their response. Proliferation maintained a plateau
at lower concentrations of the inhibitor, but decreased and approached 50% of relative
growth once treated with the highest inhibitor concentration tested. Therefore, GSK-3
kinase activity in MCF-7 cells did not greatly influence their response to MEK inhibition.
Response to Doxorubicin of GK-3 WT Cells was not Altered by Inhibitors

The sensitivity of MCF-7/GSK-3p WT cells to doxorubicin either aloneor in
combination with rapamycin or the Array MEK inhibitor was calculated through MTT
anaysis. Cellswere grown either alone or in the presence of increasing concentrations of
doxorubicin with the addition of either 1 nM rapamycin or 1000 nM Array MEK
inhibitor. The relative growth curves of treated cells as compared to untreated cells are
shown in Figure 11 along with corresponding doxorubicin 1Cs values. As shown, the

|Cso Was approximately 25 nM for all three treatment scenarios. Therefore, expression of
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Figure 10: Sensitivity of GSK-3p-transfected MCF-7 Cells to the Array MEK Inhibitor
GSK-3B WT, A9, and KD cells were treated with various concentrations of the Array
MEK inhibitor for four days to assess their relative growth as compared to untreated
cells. The corresponding means and standard deviations were calculated, along with the

inhibitor |Csgvalues, which are indicated with arrows.
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Figure 11: Sensitivity of GSK-33 WT MCF-7 Cellsto Doxorubicin

GSK-3p WT cells were treated with various concentrations of doxorubicinin
combination with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to
assess their relative growth as compared to untreated cells. The corresponding means and
standard deviations were calculated, along with the doxorubicin ICsy values, which are

indicated with arrows.
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wild-type GSK-3p kinase activity in MCF-7 cells does not confer sensitivity to
combination therapy as compared to chemotherapy alone.
Response to Doxorubicin of GXK-34 49 Cells was not Altered by Inhibitors

The sensitivity of MCF-7/GSK-33 A9 cells to doxorubicin either alone or in
combination with rapamycin or the Array MEK inhibitor was quantified by MTT assay.
Cdll proliferation was measured either alone or in the presence of increasing
concentrations of doxorubicin with the addition of either 1 nM rapamycin or 1000 nM
Array MEK inhibitor. The relative growth curves of treated cells as compared to
untreated cells are shown in Figure 12 along with corresponding doxorubicin 1Csp values.
As shown, the |Csp was approximately 44 nM for all three treatment types. Therefore,
expression of constitutively active GSK-3 kinase activity in MCF-7 cells does not
render cells any more sensitive to combination therapy than chemotherapy aone.
Response to Doxorubicin of GK-34 KD Cells was Enhanced by MEK Inhibition

The sensitivity of MCF-7/GSK-3p KD cellsto doxorubicin either alone or in
combination with rapamycin or the Array MEK inhibitor was assessed by MTT assay.
Cellswere grown untreated or in the presence of increasing concentrations of
doxorubicin with the addition of either 1 nM rapamycin or 1000 nM Array MEK
inhibitor. The relative growth curves of treated cells as compared to untreated cells are
shown in Figure 13 along with corresponding doxorubicin 1Cs values. As shown, the
|Csowas around 70 nM in the case of doxorubicin aone or when combined with
rapamycin. Conversely, the co-treatment of doxorubicin and the Array MEK inhibitor

was sufficient to lower the |Csg doxorubicin to 24 nM, a 2.7-fold reduction. Therefore,
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Figure 12: Sensitivity of GSK-3 A9 MCF-7 Cellsto Doxorubicin

GSK-3B A9 cells were treated with various concentrations of doxorubicin in combination
with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to assess their
relative growth as compared to untreated cells. The corresponding means and standard
deviations were calculated, along with the doxorubicin 1Csp values, which are indicated

with arrows.
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Figure 13: Sensitivity of GSK-3 KD MCF-7 Cellsto Doxorubicin

GSK-3B KD cells were treated with various concentrations of doxorubicin in
combination with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to
assess their relative growth as compared to untreated cells. The corresponding means and
standard deviations were cal culated, along with the doxorubicin 1Cs values, which are

indicated with arrows.



expression of GSK-3 that lacks kinase activity in MCF-7 cells confers sensitivity to
combined chemotherapy and MEK inhibition.
Response to Tamoxifen of GK-3p WT Cells was Enhanced by Inhibitors

The sensitivity of MCF-7/GSK-3p WT cells to tamoxifen either alone or in
combination with rapamycin or the Array MEK inhibitor was determined with MTT
anaysis. Cellswere grown either alone or in the presence of increasing concentrations of
tamoxifen with the addition of either 1 nM rapamycin or 1000 nM Array MEK inhibitor.
The relative growth curves of treated cells as compared to untreated cells are shown in
Figure 14 along with corresponding tamoxifen ICs values. As shown, the | Csowas 120
nM when cells were treated with tamoxifen alone. A considerable reduction in tamoxifen
| Cso Was observed when the cells were co-treated with rapamycin or the Array MEK
inhibitor, with ICso values of 9.5 nM and 7 nM, respectively. This equates to
approximately a 15-fold decrease. Therefore, expression of wild-type GSK-3p kinase
activity in MCF-7 cells grants sensitivity to a combination of hormonal therapy and
pathway inhibition.
Response to Tamoxifen of GSK-34 49 Cells was Enhanced by Inhibitors

The sensitivity of MCF-7/GSK-3p A9 cellsto tamoxifen either alone or in
combination with rapamycin or the Array MEK inhibitor was analyzed with MTT
analysis. Proliferation was measured either alone or in the presence of increasing
concentrations of tamoxifen with the addition of either 1 nM rapamycin or 1000 nM
Array MEK inhibitor. The relative growth curves of treated cells as compared to

untreated cells are shown in Figure 15 along with corresponding tamoxifen ICsy values.
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Figure 14: Sensitivity of GSK-3 WT MCF-7 Cellsto Tamoxifen

GSK-3B WT cells were treated with various concentrations of tamoxifen in combination
with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to assess their
relative growth as compared to untreated cells. The corresponding means and standard
deviations were calculated, along with the doxorubicin ICso values, which are indicated

with arrows.
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Figure 15: Sensitivity of GSK-3 A9 MCF-7 Cellsto Tamoxifen

GSK-3 A9 cells were treated with various concentrations of tamoxifen in combination
with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to assess their
relative growth as compared to untreated cells. The corresponding means and standard
deviations were calculated, along with the doxorubicin ICsg values, which are indicated

with arrows.
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As shown, the ICsowas 31 nM when cells were treated with tamoxifen alone. Tamoxifen
| Cso Was reduced by approximately 2.5-fold when the cells were co-treated with
rapamycin or the Array MEK inhibitor, with ICsovauesof 11 nM and 12 nM,
respectively. Therefore, expression of constitutively active GSK-3 kinase activity in
MCEF-7 cells confers sensitivity to a combination of hormonal therapy and pathway
inhibition.
Response to Tamoxifen of GSK-34 KD Cells was Enhanced by MEK Inhibition

The sengitivity of MCF-7/GSK-3B KD cells to tamoxifen either alone or in
combination with rapamycin or the Array MEK inhibitor was quantified with MTT
anaysis. Cellswere grown either alone or in the presence of increasing concentrations of
tamoxifen with the addition of either 1 nM rapamycin or 1000 nM Array MEK inhibitor.
The relative growth curves of treated cells as compared to untreated cells are shown in
Figure 16 along with corresponding tamoxifen ICsp values. As shown, the | Csp was not
reached when cells were treated with tamoxifen alone at the concentrations tested, but
could be approximated at 2000 nM. When co-treated with rapamycin, the growth curve
issimilar to that of tamoxifen alone, but deviates to below 50% growth at a concentration
of 790 nM tamoxifen. However, the ICs, of tamoxifen was greatly reduced by 50-fold
when the cells were co-treated the Array MEK inhibitor, in which an ICsg value of 40 nM
was observed. Therefore, expression of GSK-3p that lacks kinase activity in MCF-7 cells

renders them sensitive to combined hormonal-based therapy and MEK inhibition.
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Figure 16: Sensitivity of GSK-3 KD MCF-7 Cellsto Tamoxifen

GSK-3B KD cells were treated with various concentrations of tamoxifen in combination
with 1000 nM Array MEK inhibitor or 1 nM rapamycin for four days to assess their
relative growth as compared to untreated cells. The corresponding means and standard
deviations were calculated, along with the doxorubicin ICsg values, which are indicated

with arrows.
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Effect of GK-34 Expression on MCF-7 Cell Sgnaling

Doxorubicin Activated Akt in MCF-7 and MCF-7/GSK-34 WT Cells

To examine the activity of proteins upstream and downstream of GSK-3p,
Western blot analysis was performed on MCF-7, MCF-7/GSK-3 WT, MCF-7/GSK -3
A9, and MCF-7/GSK-3B KD cells in the absence or presence of 25 nM doxorubicin. The
expression levels of phosphorylated (P) and total (T) Akt, GSK-3p, p70S6K, S6, and
cyclin D1 were determined along with ERa as a loading control. As shown in Figure 17,
P-Akt was expressed in all four cell lines when both untreated and treated with
doxorubicin. Ascompared to the MCF-7 control cells, the three transfected cell lines
showed a dlight increase in P-Akt levels when untreated, with the highest level observed
in GSK-3B A9 cells. When control MCF-7 cells were subjected to the drug, a nearly 2-
fold increase in P-Akt occurred. A dlight elevation in active Akt was seen for GSK-33
WT cells, while asmall decrease was observed for GSK-3B A9 cellsin the presence of
doxorubicin. No change was measured in P-Akt for GSK-33 KD cells when treated as
compared to untreated. Therefore, doxorubicin activates Akt in MCF-7 cells when WT
GSK-3p is expressed, but not when constitutively active or kinase dead GSK-3p is
present.
Doxorubicin Activated GSK-34 in MCF-7 and MCF-7/GK-35 WT Cells

In the absence of doxorubicin, MCF-7 control cells expressed P-GSK-3 as
shown in Figure 17. Similar to P-Akt, there was a slight increase in P-GSK-3f in the

three GSK-3p transfected cell lines. However, when treated with the drug, P-GSK-3p
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Figure 17: Western Blot Analysis of GSK-3B-transfected MCF-7 Cells

MCF-7, GSK-3B8 WT, A9, and KD cells were grown in the absence or presence of 25 nM
doxorubicin for 24 hours, after which protein lysates were prepared and separated by
SDS-PAGE. Blotswere probed for antibodies specific for phosphorylated (P) and total
(T) Akt, GSK-3B, p70S6K, S6, and cyclin D1, along with ERa as a loading control. The

band intensities were normalized to the untreated M CF-7 bands through densitometry.
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levels were abrogated in MCF-7 and MCF-7/GSK-38 WT cells, but not in MCF-7/GSK -
3B A9, and MCF-7/GSK-3B KD cells. Therefore, when WT GSK-3f is expressed in
MCF-7 cdlls, it can be activated upon treatment with doxorubicin even in the presence of
activated Akt.
Doxorubicin Increased p70S6K in MCF-7 Cells, but not in MCF-7/GSK-35 A9 Cells
As seen with P-Akt, P-p70S6K was expressed in all four cell lines in the absence
or presence of doxorubicin, shown in Figure 17. When untreated, the highest level of P-
p70S6K was observed in GSK-3B A9 cells, which corresponded to a 2-fold increasein
expression as compared to MCF-7 control cells. When treated with doxorubicin, P-
p70S6K was elevated in MCF-7 cells, but decreased in GSK-38 A9 cells, which was
consistent with that seen for P-Akt levels. Changesin P-S6 were not consistent with P-
Akt and P-p70S6K. P-S6 was expressed in all four cellslinesin the absence of
doxorubicin, but upon treatment, levelsincreased in MCF-7 control cells and decreased
in MCF-7/GSK-3B WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3p KD cells. Therefore,
doxorubicin increases p70S6K and S6 activity in MCF-7 cells, but aconsistent trend is
not observed for the GSK-3p transfected cell lines.
Cyclin D1 was Activate Regardless of GSK-34 Expression or Doxorubicin Treatment
Figure 17 also shows that P-cyclin D1 was not detected in MCF-7, MCF-7/GSK -
3B WT, MCF-7/GSK-3B A9, and MCF-7/GSK-3B KD cells. Thiswas observed in the
absence or presence of 25 nM doxorubicin. Therefore, cyclin D1 is unphosphorylated
and active in MCF-7 cellsin spite of GSK-33 expression or treatment with

chemotherapy.
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CHAPTER 5: DISCUSSION
Sudy Conclusions

Based on these findings, GSK-3p playsarolein MCF-7 breast cancer
clonogenicity, drug resistance, and cell signaling. When GSK-3f lacking kinase activity
was expressed in cells, a significant increase in both anchorage-dependent and
anchorage-independent clonogenicity was observed as compared to GSK-33 WT. This
was the case whether doxorubicin was absent or present, and when treated, the drug had
less of an inhibitory effect on GSK-3p KD cellsthan WT or A9 cells. Interestingly,
GSK-3B A9 cells with constitutive kinase activity exhibited higher anchorage-dependent,
but not anchorage-independent, clonogenicity than WT cells. It is possible that GSK-33
performs dual roles by both limiting proliferation under certain conditions and alowing
cell growth in others.

The anchorage-independent growth of GSK-3B KD cells in doxorubicin was
enhanced five times as compared to WT cells. This strongly suggests that altered GSK-
3P activity influences breast cancer proliferation, motility, and response to chemotherapy.
The loss of normal GSK-3 kinase activity may confer a survival advantage by
upregulating factorsinvolved in cell cycle progression, prevention of apoptosis, and
anchorage-independence. These results are similar to those found for squamous cell and
basal cell carcinomas, in which expression of kinase dead GSK-33 enhanced anchorage-
independent growth and tumorigenicity (Maet al, 2007). It islikely that the mechanisms

leading to loss of GSK-3p activity also enrich for a subpopulation of stem-like cancer
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initiating cells (CICs) that demonstrate enhanced motility, clonogenicity, and drug
resistance.

Drug sensitivity assays reveaed that resistance to doxorubicin and tamoxifen was
greatly increased in GSK-33 KD cells as compared to WT. However, drug resistant KD
cells responded to mTOR inhibition with rapamycin. Additionally, a combination
treatment of the Array MEK inhibitor and doxorubicin or tamoxifen was found to have a
synergistic effect capable of alleviating drug resistance in GSK-3p KD cells. Thisreveals
that the same mechanisms involved in inhibiting GSK-3p kinase activity create a cellular
vulnerability to signaling blockades. Furthermore, targeting signaling molecules
involved with the PI3K/Akt and Raf/MEK pathways may be sufficient to overcome
resistance to chemo- and hormonal therapy. Therefore, genetic aterations leading to
abnormal GSK-3p activity should be taken into account when designing a course of
breast cancer therapy. Combination drug/inhibitor treatments would be clinically
advantageous by affording alower drug 1Cso and a subsequent reduction in therapy-
related side effects.

Therole of GSK-3p in PI3K/Akt signaling was assessed through Western blot,
and some findings were contrary to what was expected. Given that GSK-3p is negatively
regulated by Akt and p70S6K, it was thought that GSK -3 would be phosphorylated and
inactivated in the presence of phosphorylated Akt and p70S6K. Doxorubicin treatment
was shown to activate Akt in MCF-7 control and WT GSK-3 cells, but a corresponding
inhibition of GSK-3p activity was not observed. Therefore, chemotherapy can induce

GSK-3p kinase activity in an Akt-independent fashion. Additionally, phosphorylated



GSK-3B was detected in cells transfected with the constitutively active GSK-3p mutant,
which must be due to endogenous wild-type expression.

The influence of GSK-3 expression on its downstream target, cyclin D1, did not
reveal achange on cyclin D1 phosphorylation. Cyclin D1 was unphosphorylated and
activein al cell lines, treated or untreated. This demonstrates that cyclin D1 can be
regulated in a GSK-3p- independent fashion and can remain unaffected by chemotherapy.
Additional Western blot analysis of other downstream targets of GSK-3p like Mcl-1 and
p21CIP did not produce reliable results, likely because of the unavailability of fresh
primary antibodies. Therefore, further study is required to provide a clearer picture of the
effect of mutant GSK-3p expression in MCF-7 cell signaling.

Akt-Independent Regulation of GK-3

Given that GSK-3p regulation is complex and multi-factorial, there are many
alternate routes of GSK-3p activation that are independent of Akt. Active GSK-3p plays
arole in the Wnt/p-catenin pathway by participating in the formation of the 3-catenin
destruction complex. This sequesteration within a protein complex would prevent Akt
from accessing and phosphorylating GSK-3B. Therefore, there may be different cellular
pools of GSK-3f that are under separate regulation by Wnt and Akt, in which the
activation of one does not affect the other. Simultaneous Akt and GSK-3p activity has
also been demonstrated in pancreatic and colon cancer cell lines, showing that increased
Akt expression does not always correlate with decreased GSK-3p (Ougolkov and

Billadeau, 2006).
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Given that certain pools of GSK-3 may remain active in cancer, the cellular
localization of these pools may also be afactor involved in their regulation. GSK-3p is
predominantly found to be active in the cytoplasm, but can also translocate to the
nucleus. The nuclear activities of GSK-3 may seemingly conflict with its cytosolic
roles, and aberrant nuclear accumulation of GSK-3f has been found in other forms of
cancer (Ougolkov et al, 2006). Recently, anuclear localization signal (NLS) was
identified in the basic domain of GSK-3f3, shown in Figure 18 (Meares and Jope, 2007).
Therefore, modifications that unmask the NLS and allow for increased translocation of
GSK-3p to the nucleus may be involved with cancer progression.

Future Directions

Based on the trends identified in this study, future work should be performed to
further elucidate the roles and regulation of GSK-3p in breast cancer. Biochemical
fractionation of cytosolic and nuclear components would reveal the cellular localization
of GSK-3B in MCF-7 cells when treated with chemotherapy, pathway inhibitors, and
combinations thereof. Additional signaling molecules upstream and downstream of
GSK-3 could be examined through Western blot in cells subjected to these treatments.
The effect of pathway blockade and combination treatments on clonogenicity in GSK-3
transfected MCF-7 cellswould also be avalid experiment. Lastly, athough the role of
GSK-3p in stem-like cancer initiating cells was beyond the scope of this study, it would
be an interesting avenue to explore.

In conclusion, these results demonstrate that GSK-3p plays an important rolein

breast cancer. Loss of normal GSK-3f kinase activity, whether through Akt or other
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From Meares and Jope, 2007

Figure 18: Nuclear Localization Sequence of GSK-3f

An NLS has been identified within the basic domain, contained in the kinase domain, of
GSK-3B. This sequence includes residues 85-123 and contains 12 basic amino acids.
When the protein is folded, an accessible external NLS loop is created, as shown in the

GSK-3p crystal structure.
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regulatory mechanisms, can drastically increase the clonogenicity and drug resistance of
MCEF-7 cells. However, thismay confer an Achilles' hedl by sensitizing these cellsto
targeted therapy with pathway inhibitors. By blocking signaling at various points, as
shown in Figure 19, mTOR and MEK inhibitors may potentiate the effects of PI3K/Akt
and MEK/ERK signaling on cell growth and apoptosis. Additionally, a synergistic effect
can be achieved through combinations of chemotherapy and pathway inhibitors, thereby
presenting an attractive treatment route for overcoming drug resistance and limiting side
effects. Asbreast cancer therapy moves towards atargeted, individually tailored
approach, the unique mutations and levels of protein kinases such as GSK-3f in a

patient’ s tumor should serve as valuable markers.
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Interactions between ERK, Akt, mMTOR and GSK-3f3
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Figure 19: Effects of MEK and mTOR Inhibitors on Cell Signaling

Aberrant activity of the MEK/ERK and PISK/Akt/mTOR pathways can be targeted
through the use of small molecule inhibitors. Signaling can be blocked at various points
to modulate the interactions between protein kinases and alter cell cycle progression,

tranglation, and apoptosis



59

References

Aoudjit, F., & Vuori, K. (2001). Integrin signaling inhibits paclitaxel-induced apoptosis
in breast cancer cells. Oncogene, 20(36), 4995-5004. doi:10.1038/5.0nc.1204554

Bilim, V., Ougolkov, A., Yuuki, K., Naito, S., Kawazoe, H., Muto, A., et al. (2009).
Glycogen synthase kinase-3: A new therapeutic target in renal cell carcinoma.
British Journal of Cancer, 101(12), 2005-2014. doi:10.1038/5.bjc.6605437

Brooks, S. C., Locke, E. R., & Soule, H. D. (1973). Estrogen receptor in a human cell
line (MCF-7) from breast carcinoma. The Journal of Biological Chemistry, 248(17),
6251-6253.

Doble, B. W., & Woodgett, J. R. (2003). GSK-3: Tricks of the trade for a multi-tasking
kinase. Journal of Cell Science, 116(Pt 7), 1175-1186.

Dong, J., Peng, J., Zhang, H., Mondesire, W. H., Jian, W., Mills, G. B., et al. (2005).
Role of glycogen synthase kinase 3betain rapamycin-mediated cell cycle regulation
and chemosensitivity. Cancer Research, 65(5), 1961-1972. doi:10.1158/0008-
5472.CAN-04-2501

Eom, T.Y., & Jope, R. S. (2009). GSK3 beta N-terminus binding to p53 promotesiits
acetylation. Molecular Cancer, 8, 14. doi:10.1186/1476-4598-8-14

Faring, A. K., Bong, Y. S,, Feltes, C. M., & Byers, S. W. (2009). Post-transcriptional
regulation of cadherin-11 expression by GSK-3 and beta-catenin in prostate and
breast cancer cells. PloS One, 4(3), e4797. doi:10.1371/journal .pone.0004797

Forde, J. E., & Dale, T. C. (2007). Glycogen synthase kinase 3: A key regulator of
cellular fate. Cellular and Molecular Life Sciences: CMLS 64(15), 1930-1944.
doi:10.1007/s00018-007-7045-7

Gosens, R., Meurs, H., & Schmidt, M. (2008). The GSK-3/beta-catenin-signalling axisin
smooth muscle and its relationship with remodelling. Naunyn-Schmiedeberg's
Archives of Pharmacology, 378(2), 185-191. doi:10.1007/s00210-008-0269-8

Hartz, A. M., Madole, E. K., Miller, D. S., & Bauer, B. (2010). Estrogen receptor beta
signaling through phosphatase and tensin homol og/phosphoinositide 3-
kinase/Akt/glycogen synthase kinase 3 down-regul ates blood-brain barrier breast
cancer resistance protein. The Journal of Pharmacology and Experimental
Therapeutics, 334(2), 467-476. doi:10.1124/jpet.110.168930



60

Holmes, T., OBrien, T. A., Knight, R., Lindeman, R., Shen, S., Song, E., et a. (2008).
Glycogen synthase kinase-3beta inhibition preserves hematopoietic stem cell activity
and inhibits leukemic cell growth. Stem Cells (Dayton, Ohio), 26(5), 1288-1297.
doi:10.1634/stemcel1s.2007-0600

Katoh, M., & Katoh, M. (2006). Cross-talk of WNT and FGF signaling pathways at
GSK3beta to regulate beta-catenin and SNAIL signaling cascades. Cancer Biology
& Therapy, 5(9), 1059-1064.

Kockeritz, L., Doble, B., Patel, S., & Woodgett, J. R. (2006). Glycogen synthase kinase-
3--an overview of an over-achieving protein kinase. Current Drug Targets, 7(11),
1377-1388.

Korkaya, H., Paulson, A., Charafe-Jauffret, E., Ginestier, C., Brown, M., Dutcher, J., et
al. (2009). Regulation of mammary stem/progenitor cells by PTEN/Akt/beta-catenin
signaling. PLoS Biology, 7(6), €1000121. doi:10.1371/journal.pbio.1000121

Leonessy, F., & Clarke, R. (2003). ATP binding cassette transporters and drug resistance
in breast cancer. Endocrine-Related Cancer, 10(1), 43-73.

Li, J., Xing, M., Zhu, M., Wang, X., Wang, M., Zhou, S., et a. (2008). Glycogen
synthase kinase 3beta induces apoptosis in cancer cells through increase of survivin
nuclear localization. Cancer Letters, 272(1), 91-101.
doi:10.1016/j.canlet.2008.06.032

Ma, C., Wang, J., Gao, Y., Gao, T. W., Chen, G., Bower, K. A., et a. (2007). Therole of
glycogen synthase kinase 3beta in the transformation of epidermal cells. Cancer
Research, 67(16), 7756-7764. doi:10.1158/0008-5472.CAN-06-4665

McCubrey, J. A., Sokolosky, M. L., Lenmann, B. D., Taylor, J. R., Navolanic, P. M.,
Chappell, W. H., et a. (2008). Alteration of akt activity increases chemotherapeutic
drug and hormonal resistance in breast cancer yet confers an achilles heel by
sensitization to targeted therapy. Advances in Enzyme Regulation, 48, 113-135.
doi:10.1016/j.advenzreg.2008.02.006

Meares, G. P., & Jope, R. S. (2007). Resolution of the nuclear localization mechanism of
glycogen synthase kinase-3: Functional effectsin apoptosis. The Journal of
Biological Chemistry, 282(23), 16989-17001. doi:10.1074/jbc.M 700610200

Mendez, P., & Garcia-Segura, L. M. (2006). Phosphatidylinositol 3-kinase and glycogen
synthase kinase 3 regulate estrogen receptor-mediated transcription in neuronal cells.
Endocrinology, 147(6), 3027-3039. doi:10.1210/en.2005-1224



61

Mishra, P., Senthivinayagam, S., Rana, A., & Rana, B. (2010). Glycogen synthase
kinase-3beta regul ates snail and beta-catenin during gastrin-induced migration of
gastric cancer cells. Journal of Molecular Sgnaling, 5, 9. doi:10.1186/1750-2187-5-
9

Nair, V. D., & Olanow, C. W. (2008). Differential modulation of Akt/glycogen synthase
kinase-3beta pathway regulates apoptotic and cytoprotective signaling responses.
The Journal of Biological Chemistry, 283(22), 15469-15478.
doi:10.1074/jbc.M 707238200

Nemoto, T., Yanagita, T., Kanal, T., & Wada, A. (2009). Drug devel opment targeting the
glycogen synthase kinase-3beta (GSK -3beta)-mediated signal transduction pathway:
Therole of GSK-3betain the maintenance of steady-state levels of insulin receptor
signaling molecules and na(v)1.7 sodium channel in adrenal chromaffin cells.
Journal of Pharmacological Sciences, 109(2), 157-161.

Ougolkov, A. V., & Billadeau, D. D. (2006). Targeting GSK-3: A promising approach
for cancer therapy? Future Oncology (London, England), 2(1), 91-100.
doi:10.2217/14796694.2.1.91

Ougolkov, A. V., Bone, N. D., Fernandez-Zapico, M. E., Kay, N. E., & Billadeau, D. D.
(2007). Inhibition of glycogen synthase kinase-3 activity leads to epigenetic
silencing of nuclear factor kappaB target genes and induction of apoptosisin chronic
lymphocytic leukemia B cells. Blood, 110(2), 735-742. doi:10.1182/blood-2006-12-
060947

Ougolkov, A. V., Fernandez-Zapico, M. E., Bilim, V. N., Smyrk, T. C., Chari, S. T., &
Billadeau, D. D. (2006). Aberrant nuclear accumulation of glycogen synthase
kinase-3betain human pancreatic cancer: Association with kinase activity and tumor
dedifferentiation. Clinical Cancer Research : An Official Journal of the American
Association for Cancer Research, 12(17), 5074-5081. doi:10.1158/1078-0432.CCR-
06-0196

Plotnikov, A., Li, Y., Tran, T. H., Tang, W., Palazzo, J. P., Rui, H., et al. (2008).
Oncogene-mediated inhibition of glycogen synthase kinase 3 betaimpairs
degradation of prolactin receptor. Cancer Research, 68(5), 1354-1361.
doi:10.1158/0008-5472.CAN-07-6094

Prasad, C. P., Rath, G., Mathur, S., Bhatnagar, D., Parshad, R., & Rahan, R. (2009).
Expression analysis of E-cadherin, slug and GSK3beta in invasive ductal carcinoma
of breast. BMC Cancer, 9, 325. doi:10.1186/1471-2407-9-325

Steelman, L. S., Navolanic, P. M., Sokolosky, M. L., Taylor, J. R., Lehmann, B. D.,
Chappell, W. H., et al. (2008). Suppression of PTEN function increases breast cancer



62

chemotherapeutic drug resistance while conferring sensitivity to mTOR inhibitors.
Oncogene, 27(29), 4086-4095. doi:10.1038/onc.2008.49

Tan, J., Geng, L., Yazlovitskaya, E. M., & Hallahan, D. E. (2006). Protein kinase B/Akt-
dependent phosphorylation of glycogen synthase kinase-3betain irradiated vascular
endothelium. Cancer Research, 66(4), 2320-2327. doi:10.1158/0008-5472.CAN-05-
2700

Wada, A. (2009). Lithium and neuropsychiatric therapeutics: Neuroplasticity via
glycogen synthase kinase-3beta, beta-catenin, and neurotrophin cascades. Journal of
Pharmacological Sciences, 110(1), 14-28.

Watson, R. L., Spalding, A. C., Zielske, S. P., Morgan, M., Kim, A. C., Bommer, G. T.,
et a. (2010). GSK 3beta and beta-catenin modul ate radiation cytotoxicity in
pancreatic cancer. Neoplasia (New York, N.Y.), 12(5), 357-365.

Wei, W., Jin, J., Schlisio, S., Harper, J. W., & Kaelin, W. G.,Jr. (2005). The v-jun point
mutation allows c-jun to escape GSK 3-dependent recognition and destruction by the
Fbw7 ubiquitin ligase. Cancer Cell, 8(1), 25-33. doi:10.1016/].ccr.2005.06.005

Yoeli-Lerner, M., Chin, Y. R., Hansen, C. K., & Toker, A. (2009). Akt/protein kinase b
and glycogen synthase kinase-3beta signaling pathway regulates cell migration
through the NFAT1 transcription factor. Molecular Cancer Research : MCR, 7(3),
425-432. doi:10.1158/1541-7786.M CR-08-0342



	Thesis1b
	Thesis3
	Thesis2b.pdf



