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ABSTRACT

Breast cancer is one of the most common forms of cancer in not only South African women,
but women all over the world. The molecular chaperone heat shock protein 90 (HSP90) is
upregulated in cancer and is almost exclusively associated with proteins involved in
intracellular signal transduction, thus it plays an important role in signalling pathways within
the cell. In cancer, there is an aberrant activation of the Wnt signaling pathway, which results
in stabilized B-catenin being able to translocate to the nucleus where it can trigger the
transcription of oncogenes found to be involved in the self-renewal of cells. The level of -
catenin is usually kept in check by a destruction complex comprising glycogen synthase
kinase 3-beta (GSK-3p), axinl, adenomatous polyposis coli (APC) which phosphorylate [3-
catenin, resulting in its ubiquitination and degradation. HSP90 has been found to be
associated with GSK-3f3, but whether this association is only transient is debatable. Very little
is known about the association of HSP90 with other members of the Wnt pathway in breast
cancer. In this study, we have attempted to further identify the direct associations between
HSP90 and GSK-3p, B-catenin, p-B-catenin and axinl. Immunofluorescence and confocal
microscopy co-localization studies suggested a potential association between HSP90 and
these proteins. Treatment with HSP9O0 inhibitors, 17-AAG and novobiocin resulted in a shift
of axinl to what appeared to be the plasma membrane. The associations of HSP90 with GSK-
3B, p-catenin, p-B-catenin and axinl were confirmed biochemically by co-
immunoprecipitation and inhibition using 17-AAG, geldanamycin and novobiocin. We
showed, for the first time that HSP90 is associated in a possible complex with B-catenin, p-p-
catenin and axinl therefore is potentially involved in the modulation of p-p-catenin in the
Whnt pathway through the stabilization of the destruction complex.
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Chapter 1: Introduction



1.1 Definition of Cancer

Cancer refers to a tumour formed by cells that multiply outside the limitations of tightly
controlled pathways. These cells become malignant when they start to invade another part of
the body that is normally occupied by other cells (Alberts et al., 2002). Tumour
transformation, invasion and metastasis relies on an intricate interconnected network of
signals from the extracellular matrix as well as intracellular signal transduction pathways
(Kumar and Weaver, 2009).

1.2 Epidemiology of Cancer

Cancer has been reported as second only to heart disease as the leading cause of death
(Minifio et al., 2007). The number of deaths attributed to cancer exceeds that of heart disease
for persons under the age of 85 years (Jemal et al., 2008). The Cancer Association of South
Africa (CANSA, 2010, website 1) reported that there are approximately 80 000 cancer-
related deaths each year in South Africa, of which breast cancer makes up 3 200 deaths
(CANSA, 2010, website 1) and has been reported by the International Agency for Research
on Cancer (IARC, 2010, website 2) as most pertinent type of cancer diagnosed in women.
Colorectal cancer is the third most frequently diagnosed cancer, with 72 % of the cases being
located in the colon, whilst the remaining is in the rectum (Jemal et al., 2008). However, the
statistics for sub-Saharan Africa are incomplete therefore these statistics could increase

drastically.

Although there has been a gradual decline in the death rate from breast cancer since 1990,
there are still more than 10 million known cases of cancer diagnosed each year (Eaton, 2003;
Kakarala and Wicha, 2008). This decrease in deaths could be attributed to early detection
instead of the effects of new treatments (Calvocoressi et al., 2008). This holds true for
colorectal cancer too, with a decrease in death rate since 1998 (Jemal et al., 2008) not
necessarily meaning a decrease in the cancer, but could be due to the removal of
precancerous polyps (Cress et al., 2006). Furthermore, it must be noted that there has been
no significant change in the overall survival of women diagnosed with metastatic breast
cancer (Minifio et al., 2007) and recurrence of the disease still arises in an extensive

proportion of women even after adjuvant therapy (Kakarala and Wicha, 2008).

1.3 Etiology of Cancer
There are three broad groups of risk factors that contribute to breast cancer, which include

hereditary, hormonal & reproductive factors and environmental factors (Debruin and
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Josephy, 2002). It was interesting to note that over 70 % of breast cancers are associated with
environmental factors (Lichtenstein et al., 2000) and over 78 % of breast cancers are
diagnosed in post-menopausal women, possibly due to long latency periods of chemical
carcinogenesis (Debruin and Josephy, 2002).

Estrogens and progesterone are required for normal mammary development, but it is thought
that their activation is linked to procarcinogenesis (Debruin and Josephy, 2002). Numerous
identified risk factors for breast cancer can be attributed to their effects on lifetime exposure
to estrogen and other hormones (Henderson and Feigelson, 2000). In addition to this,
estrogens have been found to be metabolically converted to cytotoxic and genotoxic products,

such as the oxidation of catechol estrogens to catechol quinones (Cavalieri et al., 1997).

Many breast cancers overexpress the nuclear hormone receptor estrogen receptor-a (ER-a).
(Mastroianni et al. 2010). Mastroianni et al. (2010) proposed that ectopic Wnt signaling can
substitute for estrogen to stimulate division of ERa-positive cells, resulting in estrogen-

independent tumours.

Breast cancer is linked to oncogene activation and tumour suppressor gene inactivation
(Russo and Russo, 2001). Overexpression of the proteins, human epidermal growth factor 2
(HER-2) (Hung and Lau, 1999) and Bcl-2 are involved in maintaining the oncogenic
phenotype. Overexpression of the proto-oncogene product, Bcl-2 is linked to better prognosis
whilst downregulation of Bax is associated with poor clinical outcome (Daidone et al., 1999;
Schorr et al., 1999). Another gene that is mutated in 40 % of breast cancers is p53, which is
involved in cell cycle regulation, DNA repair and apoptosis (Coles et al., 1992). Cancers that
have mutated p53 have been found to be more aggressive and resistant to chemotherapy
(Howard et al., 2004).

Hereditary factors are linked mainly with early-onset premenopausal breast cancer. Women
who have mutations in the breast cancer gene (BRCA) BRCA1 or BRCA2 have an increased
risk of developing breast cancer (Bennet et al., 1999). These genes are involved in

transcriptional regulation, cell cycle control; apoptosis and DNA repair (Wang et al., 2001).

Epigenetics describes the study of alterations that occur during gene expression which are
independent of the alterations in the primary DNA sequence (Sharma et al., 2010).
Differentiation may be a consequence of these alterations which remain stable throughout

numerous cell cycle divisions, allowing for the cells to have distinct identities (phenotypes)



whilst they contain the same genetic information (genotypes) (Sharma et al., 2010).
Epigenetic alterations that occur include methylation of cytosine bases in DNA; and post-
translational changes of histone proteins, in addition to changes in the nucleosome location
along the DNA. This regulates what part of the gene can be used and therefore results in
cellular diversity (Sharma et al., 2010). If these epigenetic changes are not kept in check,
signaling pathways can become dysregulated, which ultimately leads to cancer (Jones and
Baylin, 2002). It has also been proposed that epigenetic mutations that occur within normal
stem and progenitor cells can lead to cancer (Feinberg et al., 2006). Reversal of epigenetic

mutations forms the basis of novel cancer therapies (Yoo and Jones, 2006).

1.3.1 Etiology of Breast cancer

The mammary gland, unlike other organs in the body, undergoes morphological change
during distinct developmental periods in an adult’s life (Howard, 2000). These stages include
fetal development, puberty, pregnancy and finally lactation. After lactation, expansive tissue
remodeling occurs in the breast, whereby apoptosis allows for the glands to return to the same
structure as that prior to pregnancy (Strange et al., 2001). It can therefore be said that within
the breast, there exists a compartment of cells that has the ability to differentiate and self-
renew, so called adult stem cells, and these cells are required for multiple pregnancies to
occur (Dontu et al., 2004; Lawson et al., 2009). These cells are described as being stem cell-
like, and are thought to be the origin of breast cancer, whereby mutations in these adult stem
cells transform the cells into cancer stem cells (Dontu et al., 2004). Since the adult breast
stem cells are slow dividing and long lived cells, with a high potential to proliferate,
mutations due to genotoxic agents can build up over an extensive period, thus leading to
carcinogenesis (Dontu et al., 2004; Lawson et al., 2009).

1.3.2 Etiology of Colorectal Cancer

Colorectal cancer starts off as noncancerous polyps with the majority of colorectal cancers
being described as adenocarcinomas which form from glandular tissue (Stewart et al., 2006).
It has been estimated that more than 50 percent of a given population will develop one or
more adenomas in a life time (Schatzkin et al., 1994); however, a small percentage (5-10 %)
of colorectal cancer patients have an inherited genetic mutation that causes the cancer
(Lagerstedt Robinson et al., 2007). An example of such a syndrome is familial adenomatous
polyposis (FAP) which is passed on as an autosomal dominant trait due to a mutation in the

gene encoding for adenomatous polyposis coli (APC), whereby patients develop benign
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polyps in the colorectal epithelium during early adulthood. Some of these polyps will develop
into cancerous tumours that metastasize (Kotiligam et al., 2008). Another example is
hereditary nonpolyposis colorectal cancer (HNPCC) (Lynch syndrome), whereby there is a
mutation in one of the mismatch repair genes (MMR) (Vasen et al., 2007).

1.4 Cancer stem cells

Classic models of carcinogenesis describe cancerous tumours as “stochastic” or “random”, in
which any cell can be transformed by mutations (Martinez-Climent et al., 2006). In contrast
to this, there is growing evidence that malignant tumours are heterogeneous and comprise a
subpopulation of cells with stem cell characteristics, and are thus termed cancer stem cells
(CSCs) or tumour initiating cells (Korkaya and Wicha, 2007). Furthermore, within the cancer
cell hierarchy (Figure 1.1) some tumours are similar to that of the tissue from which the
tumour arose (Cariati and Purushotham, 2008). In addition, tumours formed from cancer stem
cells, have been found to have the same heterogenic complexity as the original tumour (Al-
Hajj et al., 2003).

Normal stem cells and cancer stem cells share many important characteristics, including the
ability to self-renew; the capacity to differentiate; active expression of telomerase; activation
of anti-apoptotic pathways; increase in membrane transporter activity; and capacity to
metastasize (reviewed in Wicha et al., 2006). Furthermore, cancer stem cells are resistant to
changes in temperature, pH as well as exposure to toxicants (Miyagi et al., 2001; Woodward
et al., 2005). A possible explanation for this is that they possess high stress tolerances and are
assisted by highly complexed heat shock proteins that are upregulated in cancer thus allowing
for cancer cells to withstand environments that occur due to deregulated signaling pathways
(Takayama et al., 2003; Whitesell and Lindquist, 2005).

There are two separate, but interlinked theories describing how cancer stem cells are formed.
The first theory suggests that carcinogenic tumours are caused by rare cells that have stem
cell properties, which are described as cancer stem cells/ tumour initiating cells. On the other
hand, the second theory describes how cancer stem cells arise from deregulated self-renewal
pathways in the normal stem/ progenitor cells (Graziano et al., 2008; Campbell Marotta and
Polyak, 2009).

Many cancerous tumours contain a rare population of cells, termed the side population (SP)
cells that comprise a vast proportion of cancer stem-like cells (Kondo et al., 2004,

Hirschmann-Jax et al., 2004; Patrawala et al., 2005). Ex vivo cancer cell lines like the human
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epithelial breast cancer line, MCF7 and the colorectal cell lines HT29 contain a
subpopulation of cells (side population) that have stem cell-like characteristics. This SP have
been shown to have a higher colony formation capacity in comparison to non-SP cells (Zhou
et al., 2007; Haraguchi et al., 2008), thus could be used as models for cancer stem-like cell

research.

Tumour initiating cells Metastatic
population

Bulk of tumour Cgi
2
o
ocﬁ)

Figure 1.1. A schematic model of the hierarchical organization of the cancer tumour. The tumour initiating
cells can sustain the tumour by self-renewal. In addition to this, it can differentiate into the different cancer cells
comprising the bulk of the tumour, as well as form a metastatic population which can form new tumours. 1:
asymmetric division. 2. symmetric division (adapted from Reya et al., 2001).

Several important signaling pathways identified in both cancer stem cells and normal stem
cells include human epidermal growth factor receptor 2 (HER-2), phosphatase and tensin
homolog (PTEN), Notch, Hedgehog and Wingless (Wnt). Pathways involved in cell survival
and proliferation of the MCF7 SP cells include phosphatidylinositol3-kinase (P13-K)/
mammalian target of rapamycin (mTOR), PTEN, signal transducer and activator of
transcription 3 (STAT3). Genes of the Wnt/B-catenin pathway were also upregulated in SP
cells in comparison to non-SP cells (Zhou et al., 2007). mTOR signaling positively regulates
the STAT3 pathway, whilst the PTEN acts as a negative inhibitor of both the mTOR and
STATS3 pathways (Zhou et al., 2007). This evidence suggests the importance of studying the
SP and its signaling pathways in order to elucidate the pathways important for cancer stem-

like cell maintenance.

1.4.1 Cancer stem cells and chemotherapy

Conventional chemotherapies are aimed at targeting the bulk and cycling populations of
tumours (Korkaya and Wicha, 2007). However, it has been found that cancer stem cells are
resistant to current chemotherapeutic agents (Wicha et al., 2006). There are several reasons
for this resistance, which include the cell cycle kinetics of cancer stem cells, whereby cancer
stem cells remain in the G, phase, and thus have increased resistance to cell cycle
chemotherapeutic agents (Venezia et al., 2004). Another explanation is that certain protective

mechanisms are stimulated which prevent the cancer stem cell from senescence and
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apoptosis. These mechanisms comprise: the stimulation of self-renewal pathways such as the
Whnt/p-catenin pathway; expression of anti-apoptotic proteins such as B-cell lymphoma 2
(BCL-2); overexpression of drug-effluxing pumps which permits the cell to expel toxic drugs
(Moserle et al., 2010). A further explanation could be that cancer stem cells have increased
resistance to DNA-damaging chemotherapeutic agents due to their asynchronous DNA

synthesis as well as good DNA repair (Cairns, 2002).

Cancer stem cells are radio-resistant, and have been linked to repopulating the tumour during
a relapse after radiation (Woodward et al., 2007; Eyler and Rich, 2008). One of the
mechanisms that is thought to be adapted to radiotherapy is the Wnt/B-catenin pathway,
whereby DNA damage results in the stimulation of the Wnt/B-catenin pathway thus
promoting genomic instability by converting non-tumourigenic stem cells into CSC or SP and

enabling tumour cells to survive irradiation (Chen et al., 2007; Shiras et al., 2007).

It has been suggested that therapies aimed at targeting cancer stem cells should be
incorporated into drug development (Wicha et al., 2006; Moserle et al., 2010). Cariati and
Purushotham (2008) noted that targeting cancer stem cells instead of differentiated or transit
amplifying cells would provide a long term cure for malignant tumours. Two approaches
include: targeting molecular pathways which are over-activated in malignant stem cells and
sensitizing cancer stem cells to standard therapies (Moserle et al., 2010). It must be noted,
however, that this could prove to be a challenge since many pathways are shared by both
cancer stem cells and normal stem cells, especially those involved in self-renewal (Wicha et
al., 2006). An approach to drug design is “differentiation therapy” which induces
differentiation in cancer tumours and has had some positive results (Spira and Carducci,
2003; Sell, 2004). It is thought that this differentiation therapy induces differentiation in
cancer stem cells thus inhibiting the cancer stem cell’s ability to self-renew (Korkaya and
Wicha, 2007). However, as with targeted destruction of cancer stem cells, differentiation

therapy may result in initiation of terminal differentiation of adult stem cell populations.

1.5 Signaling pathways in cancer

Signaling pathways involved in the differentiation and self-renewal of cancer cells are the
Wnt, PTEN, Notch and Hedgehog pathways. Whilst in some instances, the pathways may act
independently of one another for tissue self-renewal, proliferation and inhibition of
differentiation, in other instances the different pathways may be interlinked in a hierarchical

manner such that they influence one another (Figure 1.2) (Reya and Clevers, 2005).



Some studies (Liu et al., 2005) have suggested that Hedgehog signaling acts downstream of
Notch signaling, other studies have shown that Sonic hedgehog (Shh) acts upstream of Notch
(Figure 1.2, step 1) (Morrow et al., 2009). Notch signaling prevents the differentiation of
stem cells (Figure 1.2, step 2) (Dontu et al., 2004), whilst Hedgehog signaling stimulates the
self-renewal of cells (Figure 1.2, step 5) (Liu et al., 2006). These two pathways form a
feedback loop that controls normal development, and deregulation of this loop could be
associated with carcinogenesis (Liu et al., 2005). The Wnt pathway acts downstream of
Notch (Figure 1.2, step 3) and Hedgehog pathways (Figure 1.2, step 4) (Liu et al., 2005) and
has been found to be activated by transformation of the Notch pathway (Figure 1.2, step 3)
(Kopper and Hadju, 2004). When the Wnt pathway is not stimulated, glycogen synthase
kinase (GSK-3p) phosphorylates B-catenin (Figure 1.2, step 7) and prevents it from becoming
stabilized and moving into the nucleus (Figure 1.2, step 8) (Kimelman and Xu, 2006). At the
same time, GSK-3B inhibits mTOR kinase (Figure 1.2, step 9) (Inoki et al., 2006). In the
presence of Wnt signal, GSK-3f is inhibited from phosphorylating B-catenin thus resulting
in stabilized B-catenin moving into the nucleus to target genes involved in self-renewal
(Figure 1.2, step 8) (Amit et al., 2002). PTEN prevents Akt from being activated (Figure 1.2,
step 10). A reduction in PTEN results in Akt being activated by PI3-K (Figure 1.2, step 11)
(Cross et al., 1995). Akt in turn inhibits GSK-3f (Figure 1.2, step 12) from phosphorylating
[-catenin, resulting in an increase of stabilized -catenin (Covey et al., 2010). In addition to
this mTOR is stimulated (Figure 1.2, step 13) which can stimulate the signal transducer and
activator of transcription (STAT3) pathway (Figure 1.2, step 14) resulting in the self-renewal
of cells (Figure 1.2, step 15) (Zhou et al., 2007).

Elucidation of these pathways that regulate differentiation of stem cells and cancer has
increased the understanding of how dysregulation of these tightly controlled processes could
play a role in carcinogenesis. Additionally it would be important to understand the
coordinated activity of these pathways such that they could offer a target for cancer
prevention and therapy (Reya and Clevers, 2005; Kakarala and Wicha, 2008).
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Figure 1.2. Schematic representation of the pathways involved in stem cell renewal and differentiation.
See text for details. Arrow represents stimulated pathway, whilst blunted line represents inhibited pathway.
Solid lines represent known interactions whilst dotted lines represent possible interactions GSK-3f: glycogen
synthase kinase-3f. PI13-K: phosphatidylinositol 3-kinase. PTEN: phosphatase and tensin homolog mTOR:
mammalian target of rapamycin. STAT3: signal transducers and activators of transcription 3. Ptch 1: Patched 1.
Intricacies of the Akt pathway are discussed later in 1.6 (adapted from Liu et al., 2005; Prinsloo et al., 2010).

1.5.1 Wnt Signaling

Whnt proteins comprise a family of 19 highly conserved glycoproteins that are associated with
signaling pathways (reviewed in Angers and Moon, 2009). Cell surface Wnt receptors
comprise a seven transmembrane protein of the Frizzled (Fz) family, and low density
lipoprotein receptor proteins 5/6 (LRP5/6) (Polakis, 2000; Mao et al., 2001). When the Wnt
proteins bind to the receptors on the cell surface membrane, different pathways are
stimulated. The non-canonical pathways, which are B-catenin independent, are stimulated
when Wnt proteins bind to the Frizzled receptors in the absence of LRP5 or LRP6 (Angers
and Moon, 2009). Other Whnt receptors include Ryk and ROR2 which can antagonize Wnt/f-
catenin signaling (van Amerongen et al., 2008).

1.5.1.1 Wnt/B-catenin pathway

In normal cells, endogenous f-catenin is complexed with E-cadherin and a-catenin in cell

junctions, and therefore plays a role in cell adhesion. Excess, newly synthesized p-catenin is



degraded by the destruction complex, comprising axin, APC, glycogen synthase kinase-3f3
(GSK-3B), protein phosphatase 2A (PP2A) and casein kinase 1 (CK1) (Price, 2006).

The canonical Wnt/B-catenin pathway is stimulated when the Wnt protein binds to the Fz/
LRP complex (Figure 1.3 and Figure 1.4A) (Hocevar et al., 2003). It does this by bringing
Frizzled and LRP together (Cong et al., 2004B). This in turn activates the cytoplasmic
protein, Disheveled (Dsh) (Figure 1.3, step 1), which acts as a mediator by receiving signals
from receptors and passing them on to the relevant effector molecules (Hocevar et al., 2003).
How this activation occurs is still not fully understood. It is, however, thought that
phosphorylation by CK1 and CK2 at serine 45 of B-catenin may play a role in this process
(Amit et al., 2002).

There is much debate about whether B-catenin is stabilized by the direct inhibition of GSK-3f3
or whether it is due to axin degradation. One theory suggests that the activated Dsh complex
inhibits B-catenin from being phosphorylated and degraded by another multiprotein complex
comprising APC, axin, glycogen synthase kinase-3p (GSK-3pB) and B-catenin (Figure 1.3,
step 2) (Polakis, 2000; Wharton, 2003). It does this by associating with CK1, and preventing
CK1 from priming B-catenin. This in turn prevents B-catenin from being phosphorylated by
GSK-3p at serine 41, 37 and 33 (Amit et al., 2002). In addition to this, Dsh recruits GSK-3
binding protein (GBP) (Figure 1.3, step 3) which is thought to separate GSK-3f from axin,
therefore leading to the inhibition of phosphorylation of B-catenin (Li et al., 1999).

Another theory suggests that when Wnt binds to LRP5/6, GSK-33 and CK1y phosphorylate
LRP5/6 (Davidson et al., 2005; Zeng et al., 2005), which is a key event in receptor activation
(Tamai et al., 2004). Both LRP5 and LRP6 have the motifs PPSPxS (P, proline, S, serine or
threonine, x a variable residue) which, when phosphorylated, become docking sites for the
axin complex (Figure 1.4A) (Tamai et al., 2004; Davidson et al., 2005). Although one study
argued that upon Wnt stimulation, phosphorylation only occurs by CK1 (Davidson et al.,
2005), there is growing evidence that GSK-3 primes the xS motif for phosphorylation by
CK1 (Zeng et al., 2005; Khan et al., 2007). This results in axin being sequestered to the
membrane where it associates with LRP5/6 since hyperphosphorylated LRP5/6 has a high
affinity for axin. Sequentially, the inactive axin is dephosphorylated and degraded by an
unknown mechanism (Mao et al., 2001). Axin, which is present in limiting levels within the
cell (Lee et al., 2003), is the key scaffolding protein in the destruction complex, therefore

without it, the destruction complex is rendered incapable of phosphorylating B-catenin
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(Willert et al., 1999). In contrast, a recent study (Cselenyi et al., 2008) has shown that in the
absence of axin degradation, LRP6 promotes the stabilization of B-catenin by directly

inhibiting GSK-3p from phosphorylating 3-catenin.

Interestingly, studies have shown that the Fz-Dsh interaction is important for the
phosphorylation and activation of LRP6 (Bili¢ et al., 2007; Zeng et al., 2008). Since axin is
recruited to the membrane via Dsh, it is proposed that when Fz recruits Dsh, the GSK-3-
axin complex is also recruited, subsequently allowing for GSK-3p to phosphorylate and
activate LRP6 (Zeng et al., 2008). It can therefore be said that GSK-3p and axin play 2
antagonistic roles in the Wnt pathway; positive regulation via LRP phosphorylation and
negative regulation via B-catenin phosphorylation (reviewed in Huang and He, 2008).
Although the Dsh-Fz and Dsh-axin associations are weak (Wong et al., 2003; Schwarz-
Romond et al., 2007B), both Dsh and axin have a DIX domain that allows for polymerization
(Schwarz-Romond et al., 2007A). Subsequently, Dsh and axin can form large aggregates that
form weak but dynamic protein associations. Furthermore, Wnt-stimulated receptor

clustering needs the DIX domain (Schwarz-Romond et al., 2007A).

Stabilized B-catenin (Figure 1.3, step 4) can translocate to the nucleus to form a complex with
the DNA binding proteins, T-cell-specific factor/ lymphoid enhancer binding factor 1 (TCF/
LEF-1) (Figure 1.3, step 5). The amino terminus of B-catenin modulates the stability of the
protein (Barth et al., 1997), whilst the carboxy terminus acts as the transcriptional activator
domain (Tutter et al., 2001). This in turn activates the transcription of genes involved in
oncogenesis (Figure 1.3, step 6) (He et al., 1998; Shtutman et al., 1999). These genes include
those involved in cell proliferation, such as c-myc (He et al., 1998) and c-jun (Mann et al.,
1999); inhibition of apoptosis, such as survivin (Zhang et al., 2001); and tumour metastasis
such as (matrix metalloprotease 7) MMP7 (Crawford et al., 1999). B-catenin is involved in
modulating the expression of a vast number of genes involved in cell proliferation, migration,
invasion and morphogenesis, including those encoding for cyclin D1, the cell adhesion
molecule L1-CAM, MMP and the metastasis gene S100A4, as well as Fascin, which has been
found to be important for filopodia formation and cancer cell invasion (Vignjevic et al.,
2007). Numerous co-activators of B-catenin have been identified, such as cyclic adenosine
monophosphate (CAMP) response element-binding protein (CREB)-Binding Protein
(CBP)/p300 (Ma et al., 2005), Pygopus (Stadeli and Basler, 2005) and BCL-9 (Hoffmans and
Basler, 2005). They interact with the C-terminus of -catenin, thus regulating the association
of B-catenin with the TCF/LEF complex and the chromatin (Parker et al., 2008).
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In the absence of the Wnt ligand (Figure 1.3, dotted arrows; Figure 1.4B), CK1 is recruited
by axin, the scaffolding protein (Clevers, 2006), which results in the priming of B-catenin in
preparation for phosphorylation by GSK-3B. GSK-3B is also recruited by axin to the
multiprotein complex (Behrens et al., 1998). The subsequent phosphorylation of axin and
APC by GSK-3p and CK1 increases the association of axin and APC with B-catenin (Figure
1.3, step 8) (Peifer and Polakis, 2000; Huang and He, 2008). The phosphorylation of p-
catenin results (Figure 1.3, step 8) in its ubiquitination (Figure 1.3, step 9) by the ubiquitin-
proteome pathway involving SKP1—cullin 1— F-box (SCFB-TrCP the 26S proteosome 17) E3
ligase and to its degradation by the 26S proteosome (Figure 1.3, step 10) (Kimelman and Xu,
2006), thus reducing the level of cytosolic B-catenin (Kitagawa et al., 1999).

In the resting state, low levels of B-catenin are present and the Wnt target genes are inhibited
by the Groucho family of transcriptional repressors, which are bound to the lymphoid
enhancer factor (LEF) and T cell factor (TCF) proteins (Angers and Moon, 2009). In normal
and unstimulated cells, B-catenin is mainly localized to cell-cell junctions where it forms a
complex with a-catenin and E-cadherin (Huber and Weis, 2001). This means that there are
low levels of B-catenin in the cytoplasmic or nuclear regions due to its rapid turnover by the
Dsh complex (Luu et al., 2004). Upon Wnt activation, -catenin translocates to the nucleus
where it displaces Groucho and activates target genes (Daniels and Weis, 2005). It is thought
that APC can also have a chaperoning effect, by exporting nuclear B-catenin into the
cytoplasm for degradation (Henderson, 2000; Neufeld et al., 2000). However, Eleftheriou et
al. (2001) did not find that the chaperoning function was important and that B-catenin can

move between the nucleus and cytoplasm without the aid of APC.

Extracellular antagonists and inhibitors also regulate the Wnt pathway (Figure 1.3, step 7).
These include secreted Fz related proteins (SFRPs), Wnt inhibitory protein (WIF) (Bovolenta
et al.,, 2008), Dickkopf (Dkk) (Aguilera et al., 2006; Seménov et al.,, 2001) and the
Wise/SOST family (Li et al., 2005) which bind to Wnt ligands and are antagonistic to Wnt.
These proteins have been found to have decreased expression in cancer (Suzuki et al., 2008).
Interestingly, various self-regulatory loops have been found in the Wnt pathway, which are
cell-specific. Examples include the proteins Fz, LRP6, axin2, TCF/LEF, Dkk1 being either
negatively or positively regulated by TCF/B-catenin (Logan and Nusse, 2004; Chamorro et
al., 2005; Khan et al., 2007)
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AXxin acts as a scaffolding protein in the destruction complex of B-catenin and is thus a
negative regulator of the Wnt pathway. The two human homologs, axinl (Axin homolog) and
axin2 (Conductin homolog) share 45 % amino acid identity (Zeng et al., 1997; Mai et al.,
1999). Whilst axinl is constitutively expressed and thus maintains the basal level of Wnt
pathway activity, axin2 is stimulated by an increase in B-catenin levels and thus regulates the
intensity and extent of the Wnt/B-catenin signal (Lustig et al., 2002). Axin2 is also a
downstream target of the Wnt pathway, and is possibly linked to controlling Wnt signaling
via negative feedback (Lustig et al., 2002). Axin2 also contains TCF binding sites (Leung et
al., 2002).

GSK-3B is constitutively active with phosphorylation of GSK-3p  resulting in loss of its
activity (Cole and Sutherland, 2008). Two isoforms of GSK-3 are identified, GSK-3 and
GSK-3a which share 95 % similarity in their protein kinase catalytic domain (Woodgett,
1990). It has been found that GSK-3p can be substituted by GSK-3a in many of its kinase
activities in the Wnt pathway (Manoukian and Woodgett, 2002). A recent study has identified
another role of GSK-3p in the Wnt pathway which does not involve the phosphorylation of B-
catenin. It is suggested that GSK-3p translocates to the nucleus, where it binds to axin and B-
catenin, decreasing the levels of B-catenin/TCF transcription (Caspi et al., 2008). Sadot et al.
(2002) proposed that B-catenin gets dephosphorylated rather than degraded when colon

cancer cells are treated with LiCl, an inhibitor of GSK-3.

Both protein phosphatase 1 (PP1) and PP2A are positive regulators of the Wnt pathway. PP1
associates with axin and dephosphorylates the CK1 primed sites on axin. This results in a
conformational change of axin leading to the decrease in the association of GSK-3 with
axin. p-catenin is therefore not phosphorylated (Luo et al., 2007). PP2A, on the other hand,
dephosphorylates p-catenin (Zhang et al., 2009A). Another negative regulator of the Wnt
pathway is the Wilms Tumor gene on the X chromosome (WTX) (Major et al., 2007). WTX
associates with the destruction complex, causing the ubiquitination and degradation of p-
catenin (Major et al., 2007).
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Figure 1.3. Simplified diagram of the canonical Wnt/p-catenin signaling pathway. Wnt proteins bind to receptors, Frizzled (Fz) and low density lipoprotein receptor-
related proteins (LRP). This stimulates Disheveled (Dsh) (step 1) which leads to inactivation of a multiprotein complex (step 2) which normally renders p-catenin unstable.
GBP is also recruited by Dsh (step 3) which can dislodge glycogen synthase kinase-3p (GSK-3p) from axin. Stabilized B-catenin (Step 4) can therefore move into the nucleus
(step 5) to activate target genes (step 6). When the Wnt signals are inhibited (step 7) by Dickkopf (DkK) or secreted Fz related proteins (SFRPs), phosphorylation within the
multiprotein complex comprising axin, adenomatous polyposis coli (APC), and GSK-3B occurs (step 8). Subsequently, B-catenin gets phosphorylated (step 8) and is targeted
for ubiquitination (Ub) by the E3 ligase and TrCP (E3/TrCP) leading to its degradation by proteosome (step 10). CK1: casein kinase 1, GBP, GSK-3 binding protein, TCF: T
cell factor protein, LEF: lymphoid enhancer factor Arrows represent pathways stimulated. Blunted lines represent pathways inhibited. Solid arrow and blunted line represent
signaling in the presence of Wnt, whilst dotted arrows and dotted blunted lines represent signaling when Wnt is not present (adapted from Brown, 2001; website 3).
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1.5.1.2 Wnt Signaling in normal cells

Whnt signaling is involved in many cellular processes including cell fate, cell proliferation
versus differentiation, cell survival vs apoptosis, cell behavior and migration (Logan and
Nusse, 2004), as well as the self-renewal and differentiation of stem cells (Kakarala and
Wicha, 2008). Not only is it involved in regulating the stem cell population of the crypts of
the small and large intestine (Hoppler and Kavanagh, 2007), but is also important for
mammary gland development. A loss of Wnt signaling results in mammary developmental
defects, possibly due to the mammary gland stem cell population being compromised
(Lindvall et al., 2007).

1.5.1.3 Wnt signaling in cancer

Aberrant activation of the Wnt/B-catenin pathway is associated with cancer (Figure 1.4C).
This can be caused by mutations in the Wnt pathway (Table 1.1) or overexpression of the
Whnt ligands (Table 1.1) (Brown, 2001; Polakis, 2007). Mutations have been found in genes
encoding for B-catenin (Morin et al., 1997), APC (Schlosshauer et al., 2000) and axin (Jin et
al., 2003), resulting in the stabilization of B-catenin which becomes Wnt independent and
thus can translocate to the nucleus to activate target oncogenes (Figure 1.4C) (Hoppler and
Kavanagh, 2007). Interestingly, nuclear localization of [-catenin is linked to epithelial-
mesenchymal transitions (EMTs) which are identified by the loss of E-cadherin (Brabletz et
al., 2001) and increase in mesenchymal markers such as fibronectin (Kirchner and Brabletz,
2000). EMT is the key event in metastasis, whereby the cell transforms from epithelial
phenotype to a mesenchymal phenotype which is capable of migrating to another site of
metastasis formation (Thiery, 2002). Loss of intercellular adhesion is linked to increased

motility of the cancer cell and hence increased metastatic ability (Hiscox et al., 2006).

Table 1. 1 Mutations in the Wnt pathway that result in cancer.

Mutated gene Function Effect of mutation Reference

Axinl tumour suppressor loss of function Oates et al., 2006;
Satoh et al., 2000)

Axin2 tumour suppressor loss of function Lammi et al., 2004 ;
Liu et al., 2000)

APC tumour suppressor loss of function Schlosshauer et al.,
2000
-catenin oncogene gain of function orinetal.,
i in of functi Mori ., 1997
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Phosphorylation sites on the N-terminus of B-catenin have been found to be mutated, thus
resulting in an increase in the nuclear mutated protein (Morin et al., 1997; Rubinfeld et al.,
1997; Wong et al., 2001). The mutations are thought to be located around the binding site of
the ubiquitin proteosome, thus inhibiting the ubiquitination and degradation of B-catenin
(Wong et al., 2001). Of the serine/ threonine mutations that occur, the residues, serine 32 and
45, were the most commonly mutated (Wong et al., 2001). Amit et al. (2002) suggested that
serine 45 is phosphorylated by CK1 and axin, which primes B-catenin for phosphorylation by
GSK-3p. Therefore, a change in the serine or threonine residues inhibits the phosphorylation

and degradation of B-catenin, thus increasing its stability (Morin et al., 1997).

In cancer, there is a defined decrease in the expression or inactivation of the Wnt antagonists,
Dkk, Wnt-inhibiting factor-1 (WIF-1) and sFRP due to hypermethylation of their promoters
(Suzuki et al., 2004; Gehrke et al., 2009). Not only has a decrease in SFRP1 been reported in
breast cancer (Wong et al., 2002), but also WIF-1, whereby its RNA expression was
decreased up to 60 % (Wissmann et al., 2003). Gehrke et al. (2009) suggested a possible
therapeutic strategy could be employed that would use demethylating agents (an epigenetic
therapy) to reinduce the gene expression. This would allow for the expression of Dkk, WIF-1
and sFRP which would negatively regulate Wnt/B-catenin signaling and inhibiting

tumourigenic target gene expression.
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Figure 1.4. Comparison of the Wnt/B-catenin pathway in the presence of Wnt (A), absence of Wnt (B) and
in cancer (C). Wnt proteins bind to receptors, Frizzled (Fz) and low density lipoprotein receptor-related
proteins (LRP). The destruction complex comprises axin, adenomatous polyposis coli (APC) and glycogen
synthase kinase-3p (GSK-3). In the presence of Wnt (A), signaling via Disheveled (Dsh) and/or axin leads to the
inactivation of the destruction complex resulting in B-catenin stabilization and accumulation in the cytosol
where it translocates to the nucleus and binds to the proteins T-cell factor (TCF)/ lymphoid enhancer factor-1
(LEF1) family, initiating the transcriptions of target genes. In the absence of Wnt (B), the destruction complex
phosphorylates B-catenin leading to its degradation. In cancer (C), the Wnt pathway is aberrantly activated due
to a number of factors including mutations within the destruction complex. Wnt, wingless-type integration site
family member (adapted from Brown, 2001; website 3).
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1.5.1.4 Wnt signaling in colon cancer

In more than 80 % of colon cancer diseases, the APC gene is mutated, generally in the centre
of the APC gene (reviewed in Henderson and Fagotto, 2002) resulting in a truncated protein.
Since APC is involved in the negative regulation of the Wnt pathway, the functional loss of
APC results in the accumulation of B-catenin in the nucleus, which constitutively associates
with TCF4 (Korinek et al., 1997). This can result in cancer (Yang et al., 2006). Not only is
the ability of the truncated protein to bind to other regulatory proteins compromised, but its
association with microtubules is also disrupted, resulting in a decrease in the microtubule
stability (Polakis, 2000; Henderson and Fagotto, 2002; Kroboth et al., 2007). Although the
truncated protein can bind weakly to B-catenin, it does not induce degradation of B-catenin.
This is because the other members of the destruction complex are not bound. It must be
noted, however, that APC is only necessary when axin levels are limiting, and that when axin
expression is increased in cancer cells that lack APC, the activity of the destruction complex

is returned to normal (reviewed in Clevers, 2006).

When one of the tumour suppressor APC alleles is mutated, the inherited disorder familial
adenomatous polyposis (FAP) results, which is characterized by numerous formations of f3-
catenin-enriched adenomas in the intestine in early adulthood (Miyoshi et al., 1992; Clevers,
2006). If there are mutations in both alleles, sporadic colorectal cancer arises (Kohler et al.,
2009). Individuals with mutations in the gene encoding for axin2 are predisposed to

colorectal cancer (Lammi et al., 2004).

LEF-1 is not typically expressed in the adult human colon, yet, in colon cancer, full length
LEF-1 isoforms are expressed (Hovanes et al., 2001). Due to more active TCF/LEF present
in cancer, more Wnt target gene expression can occur (Hoppler and Kavanagh, 2007).

The phosphorylation of B-catenin and its degradation ensures that the cytoplasmic levels of -
catenin are kept in check. Colonospheres are a group of colon cancer cells that have cancer
stem cell-like characteristics. In these cells, the expression levels of axinl and p-p-catenin are
found be lower than that of normal colon cancer cells (Kanwar et al., 2010). In contrast the
expression levels of B-catenin (immunohistochemical staining) and phosphorylated GSK-3f3
are higher in the colonospheres in comparison to the normal colon cancer cells indicating that
the Wnt pathway plays a key function in growth and maintenance of colonospheres (Kanwar
etal., 2010).
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1.5.1.5 Wnt signaling in breast cancer

Nuclear/ cytoplasmic accumulation of B-catenin has been found in more than 60 % of breast
cancers (Lin et al., 2000; Nakopoulou et al., 2006) suggesting that the Wnt pathway is
aberrantly activated. On the other hand, there are studies that have found little or no
nuclear/cytoplasmic p-catenin (Gillett et al., 2001; Wong et al., 2002; Dolled-Filhart et al.,
2006). Further evidence supporting the theory that the Wnt pathway is activated in breast
cancer comes from the activation of the Wnt pathway by truncation of the APC gene in mice,
which leads to tumours forming in the mouse mammary tissues (Moser et al., 2001). In
murine breast cancer, the gene encoding for Wnt-1 was identified as an oncogene that was
activated by the mouse mammary tumour virus (Nusse and Varmus, 1992). More recently,
Schlange et al. (2007) confirmed that the Wnt pathway is constitutively active in breast
cancer cells by identifying that there were consistent expression levels of phosphorylated

Dsh, a downstream constituent of the activated pathway.

In addition to mutations in the Wnt pathway, alterations to the Wnt pathway can occur by
other means, such as at the Wnt-ligand interface (Collu et al., 2009). Examples include the
overexpression of Wnts (Milovanovic et al., 2004), decrease in SFRP1 expression (Veeck et
al., 2006 and 2008), and the overexpression of Dsh1l, whose gene product is required in the
canonical pathway (Nagahata et al., 2003; Milovanovic et al., 2004). Furthermore, treatment
of breast cancer cells with purified sFRP resulted in cell proliferation being inhibited by as
much as 30 % and a decrease in active B-catenin in some cell lines, whilst other cell lines,
such as MCF7 cells were not affected (Schlange et al., 2007). Another study linked Wnt
signaling to cell motility in the breast cancer cell line, MDA-MB-231, such that treatment of
the cells with sSFRP1 decreased the motility (Matsuda et al., 2009).

Downregulation of Dsh resulted in a decrease in B-catenin as well as the Wnt target, c-Myc in
some of the breast cancer lines (Schlange et al., 2007). As expected, the transcriptional
activity due to the B-catenin-TCF association increases in some breast cancer cell lines (Lin et
al., 2000). An example is Cyclin D1, which is overexpressed in half of the breast cancer
patients. Since the gene encoding for cyclin D1 has a T cell factor (TCF4) binding site, it is
thought there is some link between its expression and the B-catenin/TCF4 pathway (Kelleher
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et al., 2006). Indeed, an association was found between the activation of B-catenin and cyclin

D1, which resulted in poorer clinical outcome (Lin et al., 2000).

The differences in the Wnt pathway mutations, if any, could be attributed to different tissues
and organs requiring redundant proteins for different uses (Brown, 2001). An example of this
is axin and APC, which are necessary members of the destruction complex in the liver and
colon, whilst their homologs, Conductin and APC2 might be essential in breast tissue
(Brown, 2001). However, studies on these mutations are not well documented. Another
explanation could be that in breast cancer, there are mutations upstream of the axin complex,
such as in the Wnt receptors which could account for the nuclear p-catenin staining (Brown,
2001). An example is the Wnt10b gene, which is expressed at low levels under normal
circumstances and when overexpressed causes murine mammary breast cancer. A similar link
has been found between the overexpression of the human WNT10B gene and breast cancer
(Bui et al., 1997). The Wnt pathway in breast cancer may also be stimulated by other
regulators of the pathway (Brown, 2001).

Although there are many theoretical approaches to inhibiting the Wnt/B-catenin pathway, it is
rare that they have been put to use in the human system due to the risk of side effects (Gehrke
et al., 2009). These could arise if the signaling pathway is interrupted too far upstream. It has
however been shown that inhibiting the components further downstream has been linked to
anti-neoplastic effects with a reduction in side effects (Gehrke et al., 2009. It is thus
interesting to see if selective disruption of the Wnt signaling will have an effect on cancer
treatment (Gehrke et al., 2009).

1.6 Other Signaling pathways

1.6.1 PTEN

Akt is involved in cell proliferation and survival and is overexpressed in many cancers such
as breast, prostate, lung, pancreatic, ovarian, and colorectal cancers (Vivanco and Sawyers,
2002). It is stimulated by upstream kinases, PI13-K and pyruvate dehydrogenase kinase (PDK)
1 (Zhang and Burrows, 2004) and is counteracted by PTEN through a dephosphorylation
process. Decrease in PTEN stimulates Akt, mTOR, inhibiting PI13-K and resulting in the
deactivation of GSK-3B by phosphorylation and increase in stabilized p-catenin (Figure 1.2)
(Cross et al., 1995). Akt has also been found to be a client protein of HSP90; depending on
HSPIO0 for its stability and activity (Basso et al., 2002A and B).
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In a similar manner, GSK-3p affects mTOR independently of B-catenin (Inoki et al., 2006)
(Figure 1.2). When Whnt is not present, GSK-3p phosphorylates tuberin which activates the
GTPase-activating protein (GAP) activity of tuberin, leading to the inhibition of mTOR
kinase. Therefore, when Wnt is present, GSK-3f is inhibited resulting in an upregulation of
mMTOR activity (Wullschleger et al., 2006).

1.6.2 Notch Signaling

Notch signaling plays a key role in cell fate determination, apoptosis and proliferation during
mammary development by inhibiting the differentiation of stem/progenitor cells (Dontu et
al., 2004). It has been suggested that aberrant activation of Notch signaling is associated with
carcinogenesis (Stylianou et al., 2006). Furthermore, inhibition of Notch signaling can
change the transformed phenotype of human breast cancer cell lines (Stylianou et al., 2006),
giving an implication of the benefits of inhibiting this signaling for therapeutic designs
(Stylianou et al., 2006). The Notch and Wnt pathway are linked in breast cancer, whereby
ectopic Wnt-1 expression resulted in the transformation of human mammary epithelial cells
by a mechanism that involved the upregulation of Notch signaling (Ayyanan et al., 2006).
Furthermore, Notchl has been found to bind directly to B-catenin (Hayward et al., 2006) and
both the Wnt pathway and Notch pathway share common cofactors (Alves-Guerra et al.,
2007), GSK-3p phosphorylates Notch which regulates its activity (Espinosa et al., 2003), and
B-catenin activation of the Notch ligand by transcription (Rodilla et al., 2009).

When the ligands, Delta and Jagged bind to Notch receptors, three proteolytic cleavages are
initiated (Figure 1.5). These include two cleavages in the extracellular domain followed by
one in the plasma membrane by the complex y-secretase complex. This results in the release
of the intracellular domain of the receptor into the cytoplasm where it translocates to the
nucleus to act on target genes (Frisén and Lendahl, 2001). Certain therapies have been
developed that target the inhibition of the y-secretase complex, which has been shown to
inhibit Notch signaling and decrease the stem cell population or slow the y-secretase growth

of some tumours (Fan et al., 2006).
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Figure 1.5. Schematic representation of Notch signalling. Notch is activated by the binding of its ligands
Delta and Jagged to the ligand receptors. This results in the cleavage of the Notch extracellular domain by
TACE, following which y-secretase cleaves the intracellular domain from the membrane. The Notch
intracellular domain then moves to the nucleus where it interacts with the CSL to activate transcription of target
genes. TACE, tumour necrosis factor alpha converting enzyme, CSL, transcription factor (adapted from
Hambardzumyan et al., 2008).

1.6.3 Hedgehog Signaling

Hedgehog signaling comprises three ligands Sonic, Desert and Indian. Hedgehog signaling is
involved in the self-renewal of both normal and malignant mammary stem cells and
deregulation of the pathway is linked to cancer (Liu et al., 2006). Furthermore, an inhibitor of
the Hedgehog pathway, cyclopamine has been shown to reduce the rate of mammary tumour
cells in vitro (Kubo et al., 2004). However, MCF7 cells were found to be more resistant to

cyclopamine (Kubo et al., 2004).

The pathway is highly organized and kept inhibited by the transmembrane protein Patchedl
(Ptch 1). Activation of the pathway occurs when Shh binds to the receptor (Figure 1.6), Ptch
1 which in turn activates the transmembrane protein Smoothened (Smo). This sequesters the
release of Gli which translocates to the nucleus and activates the target genes (Ingham and
McMahon, 2001).
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Figure 1.6. Schematic representation of Sonic hedgehog (Shh) signaling pathway. When Shh binds to the
receptor, Ptch1, Smo is activated to activate Gli, which translocates to the nucleus and activates the target genes
(adapted from Hambardzumyan et al., 2008). Ptch 1, Patched 1; Smo, Smoothened; Gli, transcriptional
activator.

1.7 Molecular chaperones and HSP90

Heat shock proteins (HSPs) are chaperones that have an increased expression in tissues that
are exposed to proteotoxic stressors such as elevated temperatures, heavy metals, hypoxia and
acidosis (Whitesell and Lindquist, 2005). In addition to this, Westerheide and Morimoto
(2005) reviewed that there is an increased expression of HSPs when cells undergo mutations
or are exposed to environmental stress, such as inflammation, tissue repair, cancer, and
neurodegenerative diseases. In spite of the name “heat shock protein”, most chaperones are
constitutively expressed under normal conditions and their adaptive response ensures cell
survival (Whitesell and Lindquist, 2005).

Heat shock protein 90 (HSP90) is a 90 kDa protein which is one of the most abundant
chaperones and is highly conserved in prokaryotes and eukaryotes (Borkovich et al., 1989;
Ferrarini et al., 1992) and, under normal physiological conditions, is required for important
cellular processes, which include hormone signaling, self-renewal and differentiation
(Helmbrecht et al., 2000). In addition to this, it assists with protein folding and translocation
(Young et al., 2001; Picard, 2002; Wandinger et al., 2008).

Five isoforms of HSP90 have been identified, which include HSP90a, HSP90B, HSP9ON,
Grp94 and Trapl (reviewed in Li et al., 2009). HSP90p is constitutively expressed whilst
HSP90a. is induced by stress and both are cytosolic (Sreedhar et al., 2004). The membrane
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associated HSP9ON completely lacks the N-terminus which is involved in ATPase activity
(Grammatikakis et al., 2002). Grp94, associated within the endoplasmic-reticulum and Trapl,
associated with the mitochondria, have only been described in higher eukaryotes (Felts et al.,
2000; Ni and Lee, 2007).

Studies of the crystal structures of yeast HSP90 (Ali et al., 2006) and Grp94 (Dollins et al.,
2007) provide evidence that HSP90 exists primarily as a homodimer, although
heterodimerization of HSP90o and HSP90B can occur (Neckers et al., 1999). Each monomer
comprises three highly conserved domains: the amino terminal domain (N-terminal), middle
domain and the carboxy terminal domain (C-terminal) (Figure 1.7) (Pearl and Prodromou,
2006). The N-terminal domain has an ATP-binding pocket with ATPase activity (Dutta and
Inouye, 2000). The middle domain is also involved in client protein binding (Hawle et al.,
2006), whilst the C-terminal dimerization domain reinforces the association between the two
N-terminal domains of the monomers (Terasawa et al., 2005). The C-terminal domain of
eukaryotic, cytosolic HSP90 has a pentapeptide (-MEEVD) which binds to the
tetratricopeptide repeat (TPR) domain of HSP90 co-chaperones, such as HSP70/90
organizing protein (Hop) (Terasawa et al., 2005; Pearl et al., 2008).

The HSP90 dimer undergoes a conformational change that allows it to associate with its
client protein (Figure 1.7). In the “open” conformation, the N-terminal domains are separate
allowing for the binding of a client protein (Richter et al., 2008) (Figure 1.7A). When ATP
binds to the N-terminal domains, a conformational change results in the N-terminal domains
coming together and “clamping” the client protein (Richter et al., 2008) (Figure 1.7B). The
ATPase activity of HSP90 drives the chaperone cycle (Kamal et al., 2004).

The chaperone cycle starts with the nascent protein binding to the Hsp70/Hsp40 complex,
which is associated with the “open” HSP90 conformation via Hop, which binds to both
HSP90 and Hsp70 (Pearl et al., 2008). Hop not only binds to the -MEEVD region of HSP90,
but also to the N-terminal, preventing HSP90 from “closing” so that the client protein can be
transferred to HSP90 from Hsp70 (Terasawa et al., 2005). Upon ATP binding to HSP90, Hop
is displaced by p23 and immunophilins, and the intermediate chaperone complex is
transformed to the mature complex (Neckers, 2003). Activator of HSP90 ATPase (Ahal),
binds to the middle domain of HSP90, assisting with the HSP90 conformational change so
that ATP can bind (Meyer et al., 2004). ATP hydrolysis stimulates the release of the client
protein from HSP90 (Terasawa et al., 2005).
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Figure 1.7. Schematic diagram of the binding of HSP90 to its client protein via its ATP-molecular clamp.
HSP90 exists as a dimer, with each monomer comprising C-terminal domain (C), middle domain (M) and N-
terminal domain (N). (A) When ATP is not bound, an antiparallal dimer is formed by the C-terminal domain,
with the N-terminal domains open for capture of the client protein. (B) When ATP binds to the N-terminal
domain, a conformational change causes the N-terminal domains to clamp over the client protein (adapted from
Brown et al., 2007).

1.8 HSP90 and cancer

There is an increased expression of HSP90 in tumours and cancers in comparison to normal
tissues, such that it comprises as much as 4-6 % of the total protein in cancer cells in
comparison to 1-2% in normal cells (Chiosis and Neckers, 2006). It has been found that
HSP90 is in a highly complexed state with high ATPase activity in tumours in comparison to
normal cells where it is relatively uncomplexed and in a latent state (Kamal et al., 2003;
Chiosis and Neckers, 2006). This suggests its potential roles in assisting the tumour cells with
maintaining homeostasis, as well as regulating growth and survival in a hostile environment
(Solit and Chiosis, 2008). HSP90 stabilizes and protects oncogenic client proteins from
proteosomal degradation and assists in oncogenesis and malignant transformation (Grbovic et
al., 2006).

HSP90 plays an important role in the oncoproteins involved in cell proliferation and survival
of cancer cells (Table 1.2). These client proteins include serine/ threonine kinases (Akt) and
protein expressed from v-raf-1 murine leukemia viral oncogene homolog 1 (RAF-1); human
epidermal growth factor receptor 2 (HER-2) and hypoxia inducible factor 1/ signal transducer
and activator of transcription 3 (HIF-10/STAT3) in addition to p53, casein kinase 2 (CK2),
cell division kinase 4 (Cdk4) and mutated p53 (Kim et al., 2008). For a more extensive list of
HSP90 interactors see Appendix A9. The inhibition of HSP90 has been linked to cancer cell
differentiation (Goetz et al., 2003).
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It is well known that chaperones and client proteins are involved in senescence programs in
cancer (Restall and Lorimer, 2010). An example of a protein that is associated with the
HSP90 complex is cell division cycle 37 (Cdc37), which has been found to be up-regulated in
cancer (Stepanova et al., 2000). Cdc37 is involved in cell division and maintenance of
signaling pathways associated with kinases such as Src, RAF-1 and Cdk4 (Stepanova et al.,
1996). The immunophilins, FK506-binding protein (FKBP) 52 FKBP52 and FKBP51 are
also upregulated in cancer cells (Periyasamy et al., 2007) and mouse embryonic stem cells.
Another particularly interesting protein is mortalin, which inhibits p53 (Wadhawa et al.,
1998) and thus is involved in tumour formation. Furthermore, p53 inhibits the
phosphorylation of STAT3, whilst STAT3 down regulates the expression of p53 in cancers
(Lin et al., 2002; Niu et al., 2005).

STATS3 is linked to the activation of the Wnt pathway. Leukemia inhibitory factor (LIF) and
the interleukin 6 family bind to their receptors, gpl30 on the cell surface membrane,
triggering a signal cascade, in which the STAT3 becomes phosphorylated, resulting in the
transcription of genes involved in stem cell proliferation, such as WNT5A (Darnell et al.,
1994; Katoh and Katoh, 2007). The WNT5A in turn activates the canonical Wnt signaling
pathway (reviewed in Katoh and Katoh, 2007), and an upregulation of WNT5A has been
found in breast cancer (lozzo et al., 1995). WNT5A is upregulated in the initial stages of
primary tumours due to tumour-stromal interaction. Studies have shown that inhibition of
HSP90 disrupted the STAT3 pathway, such that there was a decrease in phosphorylation of
STAT3 which was associated with a decrease in tumour growth (Lang et al., 2007). A
possible explanation for this could be that the inhibition of the phosphorylation of STAT3 by
HSP90 resulted in the inhibition of the transcription of WNT5A, a key gene in cancer cell
proliferation (Katoh and Katoh, 2007).

Although HSP90 is required for both cancer and normal cells, cancer cells appear to have a
higher sensitivity to inhibition of the HSP90 chaperone function (Park et al., 2003). Inhibitors
of HSP90 could thus be used in addition to or as an alternative to chemotherapy (Pick et al.,
2007). On the other hand, it must be noted that to compromise the HSP90 function could
result in exposing the underlying genotypic diversity, such as the cancer stem-like cells,
resulting in an acceleration of malignancy in advanced cancers (Whitesell and Lindquist,
2005). It can therefore be said that timing of cancer therapies is a key factor. There is
suggestion for the potential role of HSP90 as a prognostic marker since high HSP90

expression is associated with decreased survival in primary breast cancer (Pick et al., 2007).
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Table 1.2 HSP90 client proteins involved in proliferation and survival of cancer cells

Client Function of client protein and association with HSP90 | Reference

protein

mutated p53 | Tumour suppressor protein. Abrogated p53 interacts with | Zhau et al.,
HSP90/p23 to form stable complex 2000; Vousden

and Lu, 2002

p60v-src HSP90 associates with p60v-src and assists with the | Brugge, 1983
translocation of its inactive form to the plasma membrane

CK2 Involved in cell proliferation. HSP90 binds to CK 2 and is | Miyata and
involved in kinase activity, preventing self aggregation Yahara, 1992

Cdk4/ Cdk6 | Involved in cell progression through G1 phase. HSP90 | Stepanova et al.,
folds and maintains Cdk4 in an primed, inactive state 1996

STAT3 Inhibits apoptosis and increases cell transformation. | Kim et al., 2008

HSP90 stabilizes STAT-transporter interactions

p60v-src, tyrosine kinase of Rous sarcoma virus, CK, casein kinase, Cdk4, cyclin dependent kinase 4, STAT3, signal
transducer and activator of transcription 3

1.9 HSP90 inhibitors

A number of HSP90 inhibitors have been investigated, which are separated into four classes
according to their method of inhibition (Table 1.3). Benzoquinone ansamycins, such as
geldanamycin, bind to the N-terminus of HSP90, competing with ATP. HSP9O0 is thus kept in
its ADP-bound conformation and therefore prevented from clamping around a client protein,
resulting in the degradation of the client protein (Blagg and Kerr, 2006; Neckers, 2006). In a
similar manner, novobiocin binds to the C-terminus of HSP90 and therefore results in the

degradation of client proteins (Marcu et al., 2000).

HSP90 receives client proteins from HSP70/HSP40 with the aid of Hop and client protein
association is increased in the presence of other co-chaperones such as p23 and Cdc37
(Richter and Buchner, 2001). In comparison to targeting the ATP binding, HSP90 inhibitors
that target the co-chaperone association with HSP90 or HSP90 and client protein association,
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provide a better target of inhibition since the progression of the chaperone cycle is inhibited
(Pearl et al., 2008).

Table 1.3. Examples of HSP90 inhibitors and their mode of action (adapted from Prinsloo et al., 2010)

HSP90 Inhibitor Inhibitor mode of action

Geldanamycin®,  17-AAG?, IPI-504°, | Competitive inhibition of ATP at N-terminus
Radicocol®, 17-DMAG?

Novobiocin®, chlorobiocin®, coumermycin | Competitive inhibition of ATP at C-terminus
AL’

Celastrol® Targeting of HSP90/ co-chaperone
association

Shepherdin’ Targeting of HSP90/ client protein
association

Tubocapsenolide A® Interference with post-translational

modification of HSP90

1 . .
Roe et al., 1999. 2 Goetz et al., 2003. * Hollingshead et al., 2005. * Marcu et al., 2000. *Burlison and Blagg, 2006. ® Zhang et al., 2009B. ’
Plescia et al., 2005. ®Chen et al., 2008

There are currently 13 HP90 inhibitors in clinical trial (Kim et al., 2009), such as 17-AAG,
which has been used in Phase 1 trials since 1999 (Pacey et al., 2006) and is now being tested
in Phase 2 clinical trials (Ronnen et al., 2006). Together with trastuzumab, 17-AAG has
shown promising anti-tumour activity (Modi et al., 2007). However, it must be noted that 17-
AAG has a few disadvantages, such as low water-solubility, instability in solution and

decreased oral bioavailability (Messaoudi et al., 2008).

Different client proteins respond differently to HSP90 inhibitors, with some exhibiting more
sensitivity than others. For example, HER-2 is more sensitive than Akt in response to HSP90
inhibition by ansamycin antibiotics (Basso et al., 2002A). Client proteins that are rapidly
degraded are more likely to require HSP9O0 for stability (Liu and Carpenter, 1993; Xu et al.,
2001). A factor that may influence the sensitivity and kinetics of a client protein for HSP9O0 is
the affinity of the protein for the HSP90 complex as well as the intracellular concentration of
the protein in the cell (Zhang and Burrows, 2004). Therapies targeted at the inhibition of
HSP90 alone could be counter-intuitive since other co-chaperones could be upregulated as a
result. Instead, therapies should be aimed at targeting the co-chaperone interaction (reviewed
in Prinsloo et al., 2010).
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1.10 Cytosolic HSP90 and the Wnt pathway

Very little is known about the role of HSP90 in the Wnt signaling pathway in breast cancer.
One study suggested that HSP90 assisted in the correct folding of GSK-3p, preventing the
kinase from degradation (Banz et al., 2009). It was also shown to be involved in the
autophosphorylation of GSK-3 in rabbit reticulocyte lysate; a process which occurs as GSK-
3B matures. HSP90-induced inhibition by geldanamycin had an effect on the transitional
intermediate of GSK-3p, but did not affect the mature, phosphorylated GSK-3f (Lochhead et
al., 2006). More recently, HSP90 has been found to be associated with GSK-3f in human
hepatocellular carcinoma Hep3B cells, thus indicating the importance of HSP90 for the

serine/threonine activity of the mature GSK-3 (Banz et al., 2009).

IkB kinase (IKK) has been found to be associated with HSP90 and Cdc37 (Chen et al., 2002).
IKK regulates -catenin by phosphorylation resulting in degradation (Lamberti et al., 2001)
therefore providing a link between HSP90 and the Wnt pathway. Zhang and Burrows (2004)
reviewed that because B-catenin is involved in cell-cell adhesions and plays a role in the
association of E-cadherin with intracellular actins, inhibition of HSP90 could influence these
events of cell adhesion.

More recently, Kurashina et al. (2009) showed that upon 17-AAG and D-MAG treatment,
there was a decreased expression of the downstream target gene encoding for TCF7L2 in
adult T cell leukemia/lymphoma (ATL) cells. They hypothesized that treatment with HSP90
inhibitors cause the dephosphorylation of Akt, thus activating GSK-3B, which in turn

phosphorylates B-catenin for ubiquitination.

Other potential HSP90 clients involved in the Wnt pathway include casein kinase 2 (CK2),
which is linked to the phosphorylation of Cdc37 in the HSP90-Cdc37 complex (Miyata,
2009). Since Cdc37 mediates the recruitment of HSP90 to kinases (Hinz et al., 2007),
Prinsloo et al. (2010) proposed that the CK2-HSP90-Cdc37 complex is associated with the
Whnt destruction complex by GSK-3.

It would be important to characterize the possible association between HSP90 and the
components of the Wnt signaling pathway in breast cancer in order to provide a mechanistic
understanding of the fundamental regulation of the Wnt pathway. In would thus allow for an
understanding of where to target therapeutic HSP90 inhibitors to disrupt the Wnt pathway.
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1.11 Problem statement and knowledge gap

The multichaperone complex requires clarification in the Wnt pathway in breast cancer.
HSP90 has been found to be associated with GSK-3B but little is known about the
involvement of HSP90 with other members of the Wnt pathway in breast cancer. In addition
to this, the interactions between HSP90 and the Wnt pathway proteins, particularly -catenin

and p-p-catenin require clarification in breast cancer.

1.12 Hypothesis
HSP90 plays a significant role in the Wnt pathway through the modulation of the disheveled

complex and p-B-catenin in breast cancer.

1.13 Objectives
The broad objective is to characterize the interaction between HSP90 and the Wnt pathway
components in the breast cancer line MCF7, with a comparative analysis of expression levels

in the colon cancer line HT29.

1.13.1 Specific Objectives

o Culturing MCF7 and HT29 cells and comparing the protein expression levels between the
two cell lines.

o ldentification of associations between HSP90 and the members of the Wnt pathway, such
as GSK-3B, axinl, B-catenin and p- PB-catenin, by co-immunoprecipitation, will be
performed.

o ldentification of the effects of HSP90 inhibition by geldanamycin, 17-AAG and
novobiocin on protein expression levels of the members of the Wnt pathway.

o ldentification of localization and co-localization of HSP90 and the members of the Wnt

pathway, and the effect of HSP90 inhibitors on the localization of these proteins.
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Chapter 2: Materials and Methods
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2.1 Materials

All chemicals, culture media, molecular biology reagents, suppliers, catalogue numbers and

equipment are listed in Appendix A5-8. The antibodies used in this study are listed below

(Table 2.1-2.3). Unless stated otherwise, all reagents were of the highest grade and purity.

Table 2.1. List of primary antibodies used for Western analysis and confocal microscopy

Antibody Company catalogue | dilution for | dilution for
Western confocal
detection microscopy

mouse anti-human HSP90a/p | Santa Cruz sc 13119 | 1:1000 1:100

1gG,, monoclonal antibody Biotechnologies

rabbit polyclonal anti-human | Santa Cruz sc 9166 1:1000 1:100

GSK-3p Biotechnologies

rabbit polyclonal anti-human | Santa Cruz sc 7199 1:1000 1:100

B-catenin Biotechnologies

rabbit polyclonal anti-human | Santa Cruz sc 14029 | 1:1000 1:100

axinl Biotechnologies

rabbit polyclonal anti-actin Sigma-Aldrich A 2103 1:2000

mouse  monoclonal  anti- | Sigma-Aldrich C 4231 1:800 1:100

phospho-B-catenin

(pSer33/pSer37)

mouse monoclonal anti-human | Santa Cruz sc 8059 1:1000

p-STAT3 IgG2, Biotechnologies

rabbit polyclonal anti-human | Santa Cruz sc 482 1:1000

STAT3 1gG Biotechnologies

rabbit polyclonal anti-human | Santa Cruz sc 8312 1:1000

Akt1/2/3 Biotechnologies

Table 2.2. Secondary antibodies for Western detection

Antibody Company | Catalogue | Dilution

Goat anti-mouse IgG F(ab’), Polyclonal Antibody, | KPL 474 1806 1:5000

HRP

Donkey anti-rabbit 1gG polyclonal antibody, HRP GE NA 934V 1:5000

Healthcare

Table 2.3. Secondary antibodies for confocal microscopy

Antibody Company Catalogue | Dilution | Colour

Alexa Fluor® 488 chicken anti- Invitrogen A21441 1:1000 | green

rabbit 19G (H+L)

Alexa Fluor® 546 donkey anti- Invitrogen A10036 1:1000 | red

mouse IgG (H+L)

Alexa Fluor® 633 donkey anti- Invitrogen A21082 1:1000 | purple

goat 1gG (H+L)
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2.2 Methods

2.2.1 Mammalian tissue culture

2.2.1.1 Routine maintenance of MCF7 breast cancer epithelial cells

The MCF7 human breast epithelial cancer cells (a gift from Dr Sharon Prince, Department of
Human Biology, University of Cape Town, Cape Town, South Africa) were initially seeded
onto 25 cm® tissue culture flasks (T25, Corning) to increase cell confluency as determined by
light microscopy. The cells were then passaged by trypsinization onto 75 cm? tissue culture
flasks (T75, Corning) and maintained in complete media comprising Dulbecco’s modified
Eagle’s medium (DMEM), 5 % (v/v) heat inactivated fetal calf serum (HIFCS), 50/50
penicillin/streptomycin (100 U/ml). The cells were incubated in a humidified incubator at
37 °C, ina 9 % CO, atmosphere.

Cell cultures were split 1:2 once 80 % confluency was attained, as judged by light
microscopy. Cells were split by washing with phosphate buffered saline (PBS) pH 7.4,
following which trypsin/ethylenediaminetetraacetic acid (EDTA) was added for a few
minutes at 37 °C to generate a single cell suspension. Complete media was added to the
trypsin suspension to inhibit further trypsinization, and the cell suspension was transferred to
a sterile 15 ml tube. A small aliquot was removed from the cell suspension which was used
for cell counting using a volume hemocytometer. Trypan Blue was used to stain the cells,
with blue cells being identified as dead. Centrifugation of the cell suspension was carried out
at 720 g, at 4 °C for 2 minutes. The supernatant was poured off the pelleted cells, and the
cells were resuspended in the residual volume to create a single cell suspension, before more
complete media (20 ml) was added. The cells were then seeded onto 2 x 75 cm? tissue culture
flasks. All cell cultures were routinely checked for Mycoplasma (see Appendix Al for

protocol).

2.2.1.2 Routine maintenance of human colorectal cancer line HT29

Human colorectal cancer line, HT29 (a gift from Dr C. Penny, Wits University,
Johannesburg, South Africa) were maintained in the same way as the MCF7 cells (see section
2.2.1.1). The cells were split 1:4 and more frequently than MCF7 cells. HT29 cells were
found to be contaminated with Mycoplasma prior to immunoprecipitation studies therefore
were only used as a comparative cell line for determining the expression level of Wnt

pathway proteins.
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2.2.1.3 Cryopreservation of mammalian cells

Following trypsinization (see section 2.2.1.1), cells from one confluent T75 flask were
resuspended in complete media, followed by centrifugation at 720 g. The pelleted cells were
resuspended in 1 ml cryopreservation media (10 % (v/v) dimethyl sulphoxide [DMSO] in
HIFCS). The solution was transferred to 1 cryo vial, kept on ice for about half an hour before
being stored at -80 °C.

2.2.2 Association of members of the Wnt pathway and HSP90 in MCF7 and
HT29 cells

2.2.2.1 Harvesting cells for immunoprecipitation

Four flasks (T75) of MCF7 cells (approximately 2-3 x 10" cells) were harvested at
approximately 100 % confluency. The cells were washed with PBS (pH 7.4) before
trypsinization. Further trypsinization was inhibited by adding complete media. A small
aliquot of cell suspension was then removed to be used for cell counting. Cells were pooled
and pelleted by centrifugation at 720 g, 4 °C, for 2 minutes. The pooled, pellet of cells was

resuspended in 1 ml PBS pH 7.4 and transferred to a sterile 1.5 ml microcentrifuge tube.

2.2.2.2 Cell lysate preparation

Trypsinized cells were immediately pelleted at 720 g, for 2 minutes. After centrifugation, the
supernatant was removed and the pelleted cells were resuspended in the residual volume
before 200 pl of ice cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1mM NazVOy, 1 % (v/v) Nonidet P40 (NP40), 1 mM
sodium deoxycholate, | mM PMSF, 2 pg/ml protease inhibitor cocktail) was added. Lysis
was allowed to occur on ice, on a rocking platform for 30 to 60 minutes. Cell debris was
discarded by centrifugation at 12 000 g, 4 °C for 30 minutes, and the supernatant used for

immunoprecipitation.

2.2.2.3 Immunoprecipitation

Lysate aliquots (100 pl) were transferred to 2 separate 1.5 ml microcentrifuge tubes. The
remaining residual volume was aliquoted (10 ul) and stored at -20 °C to be used as the
positive control. A preclearing step was performed during which protein A/G PLUS-agarose
immunoprecipitation reagent (Santa Cruz Biotechnologies, USA) (20 ul) was added to the
lysates and the resulting slurries were incubated for 1 hr on a rotating shaker at 180-200 rpm
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at 4°C. Centrifugation at 1000 g for 5 mins was performed, and the supernatants were
transferred to a new 1.5 ml microcentrifuge tube. Primary antibodies (4 ng), such as anti-
human GSK-3p, anti-human HSP90o/p and anti-human B-catenin antibodies (see Table 2.1
for details of the antibodies), were added to the test sample and incubated for 2 hrs at 4 °C on
a rotating shake at 180-200 rpm. After incubation, protein A/G PLUS agarose
immunoprecipitation reagent (40 ul) was added to the sample and incubation was continued
overnight on ice on a rocking platform at 180-200 rpm. The control samples included lysate
being subjected to immunoprecipitation without antibody; and protein A/G PLUS-agarose
and antibody, without lysate. In each case, the volumes were kept constant by the addition of
RIPA lysis buffer.

Following overnight incubation, the complexes were centrifuged at 1000 g for 5 mins at 4 °C,
and the pellet washed 4 times with PBS pH 7.4, repeating the centrifugation steps. The final
pellet was resuspended in 5 X sodium dodecyl sulphate (SDS) sample loading buffer
(0.063 M Tris, 10 % glycerol, 2 % SDS, 2.5 % bromophenol blue, 6 % [-mercaptoethanol)
(50 pl) and the sample boiled for 10 min. After boiling, the sample (10 pl) was resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) (12 % acrylamide) according to Laemmli
(1970) (see section 2.2.3) for Western blot analysis (see section 2.2.4).

2.2.2.4 Immunoprecipitation using Invitrogen (Dynal bead separations)
Dynabeads co-immunoprecipitation kit

Rabbit polyclonal anti-human GSK-3B (5 upg) antibody (Table 2.1) was coupled to
Dynabeads® M-270 Epoxy (5 mg) overnight according to manufacturer’s instructions
(Invitrogen). Bovine serum albumin (5ug) was coupled to Dynabeads® M-270 Epoxy (5 mg)
overnight as the control. Four T75 flasks (approximately 2-3 x 10’ cells) of MCF7 cells were
harvested (see Section 2.2.2.1) and the resulting pellet was weighed before lysing the cells in
the calculated volume of extraction buffer for 15 minutes on ice. Co-immunoprecipitation
was carried out on the supernatant according to manufacturer’s instructions.
Immunoprecipitation using bovine serum albumin coupled to Dynabeads® M-270 Epoxy
instead of antibody coupled to the beads was performed in exactly the same manner as a
control. In the final step, the protein complex was eluted in 60 pl elution buffer, after which
20 ul of 5 X SDS sample loading buffer was added to the sample. Samples were boiled for 10
minutes at 100 °C before the 10 pl aliquots were resolved by SDS-PAGE (12 % acrylamide;

see section 2.2.3) and Western blot analysis (see section 2.2.4).
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2.2.3 SDS-PAGE

Discontinuous SDS-PAGE (12 % acrylamide: bis-acrylamide 30:1) analysis was carried out
according to Laemmli (1970). Proteins were resolved on an SDS gel (4 % acrylamide
stacking gel, pH 6.8, 12 % acrylamide resolving gel, pH 8.8) (see Appendix A6 for recipe) at
200 V, 64 mA for approximately 1 hour 10 minutes in 1 X SDS-PAGE running buffer (0.3 M
(w/v) Tris, 1.44 % (w/v) glycine, 0.1 % (w/v) SDS). The gel was stained overnight using
Coomassie Brilliant Blue staining (0.2 % Coomassie R-250, 40 % (v/v) methanol, 10 % (v/v)
glacial acetic acid), and destained in destain solution (40 % (v/v) methanol, 10 % (v/v) glacial
acetic acid). Samples were treated with 5 X SDS-PAGE sample loading buffer (0.063 M Tris,
10 % glycerol, 2 % SDS, 2.5 % bromophenol blue, 6 % B-mercaptoethanol) and heated for 5
— 10 minutes at 100 °C on a heating block, before loading onto the gel (12 % acrylamide: bis-
acrylamide 30:1).

2.2.4 Western blot analysis

Western blot analysis was performed according to Towbin et al. (1979). Samples were
resolved on 12 % acrylamide gel by SDS-PAGE. Prior to electroblotting, the gel was washed
in ice cold transfer buffer (25 mM Tris, 192 mM glycine and 20 % (v/v) methanol) to remove
excess SDS. Transfer of the resolved proteins was performed onto Trans-Blot® transfer
nitrocellulose membrane (BioRad, South Africa) in transfer buffer for 1 hr 30 min at 100 V
(500 mA) with stirring and cooling. Ponceau (0.1 % (w/v) Ponceau S, 1 % (v/v) glacial acetic
acid) staining was used to confirm protein transfer and the stained membrane was
photographed. Non-specific binding sites were blocked for 1 hr in 5 % blocking solution (5 %
(w/v) fat free milk powder in tris-buffered saline (TBS) (0.8 % (w/v) NaCl, 0.24 % (w/v)
Tris, pH 7.6) in plastic zip-lock bags on a shaker at 180-200 rpm at 4 °C. Primary antibody
(see Table 2.1) was added to the 2 % blocking solution and the membrane was further
incubated overnight on the shaker at high speed at 4 °C. The membrane was then washed for
1 hour in TBS with 0.1 % tween (TBS-T), at 15 min intervals followed by incubation with
secondary antibody (see Table 2.2) for 45 minutes at 4 °C on the shaker. Three 15 minute
rinses were performed before detection using the ECL Advanced Western Blotting Kit
(Amersham Biosciences, GE Healthcare, UK) in Chemidoc™ EQ (BioRad, UK).
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2.2.4.1 Stripping and reprobing Western blots

Stripping and reprobing was executed according to the ECL Kit™ (Amersham Biosciences,
GE Healthcare, UK) protocol. Briefly, the stripping buffer (100 mM 2-mercaptoethanol, 2 %
(w/v) SDS, 62.5 mM Tris-HCI pH 6.8) was preheated to 50 °C before covering the
membrane for 10 minutes in an incubator at 50 °C. For a more stringent strip, the membrane
was incubated with the stripping buffer for 30 minutes. Two 10 minute washes using TBS-T
were performed at room temperature before the membrane was blocked for 1 hr in blocking
solution (5 % (w/v) fat free milk powder in TBS). The procedure was performed as

previously described (Section 2.2.4).

2.2.5 Inhibition studies

2.2.5.1 Treatment with 17-Allylamino-17-demethoxygeldanamycin (17-AAG)

MCF7 and HT29 cells were seeded onto 6 well culture plates (Corning, USA) at a density of
5 x 10° cells per well, fed with 2 ml complete media and allowed to adhere to the plate
overnight at 37 °C, 9 % CO,. The following day, the cells were serum-starved for 1 hour
prior to 17-AAG treatment. 17-AAG stocks (Sigma-Aldrich, USA) were prepared in DMSO
(1M). Different concentrations of 17-AAG (1 uM, 5 uM, 10 uM) were made up from the
stock (1M) in complete media and added to the different wells. Media containing only
DMSO, no 17-AAG, was used as the control. The cells were treated for 72 hours at 37 °C, 9
% CO,. Following treatment, the media was removed from the cells and non-adherent
floating cells were pelleted at 720 g for 2 minutes. The adherent and pelleted cells were
washed with PBS pH 7.4 to removed excess FCS in the media. Lysis was allowed to occur by
adding 250 ul 5 x SDS-PAGE sample loading buffer to the adherent cells for 15 minutes at 4
°C, followed by scraping of the lysate into the microcentrifuge tubes containing the pelleted
cells. The microcentrifuge tubes were boiled for 10 minutes at 100 °C. The samples were
stored at -20 °C prior to being resolved by SDS-PAGE and Western transfer and analysis.

2.2.5.2 Treatment with geldanamycin

MCF7 and HT29 cells were seeded as previously described (see Section 2.2.5.1). The
following day, the cells were serum starved for 1 hour prior to geldanamycin treatment.
Geldanamycin stock solutions (BioMol International, USA) (5 mM) were made up in DMSO
and stored at -20 °C. Working solutions of geldanamycin at 0.1 uM, 0.5 uM, 1 uM, 10 uM

were made up in complete media and added to the different wells. Media containing only
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DMSO, no geldanamycin, was used as the control. The cells were treated for 24 hours at 37
°C, 9 % CO,. Following treatment, the media was removed from the cells and the floating
cells were pelleted at 720 g for 2 minutes. The same lysis procedure, using 500 pl 5 x SDS-
PAGE sample loading buffer, was performed as previously described (see Section 2.2.5.1).

2.2.5.3 Treatment with novobiocin

Fresh stock solutions of novobiocin (10 mM) were made up in distilled water and filter
sterilized (0.22 puM). The same procedure was carried out as in section 2.2.5.2 with
concentrations of 100 uM, 260 pM, 500 uM novobiocin being used to treat the cells for 24
hours. Media without novobiocin was used as the control.

2.2.6 Comparison of the levels of Wnt pathway proteins between MCF7 and
HT29 cells

Each cell line was trypsinized and the single cell suspension was transferred to a 1.5 ml

microcentrifuge tube in 1 ml PBS. Whole cell lysates were made by lysing the cells in 5 X

SDS sample loading buffer at a final concentration of 1 x 10° cells/ul and boiling for 10 min

at 100 °C. The protein samples (5 pl) were resolved by SDS-PAGE and Western blot analysis

was performed. The Ponceau stained membranes and actin levels were used as the loading

control.

2.2.7 Localization of Wnt protein members and co-localization studies
between Wnt members and HSP90

2.2.7.1 Treatment of cells for confocal microscopy

Each cell line was seeded (1 X 10° cells/ well) on borosilicate glass cover slips in 4 well
culture plates (Nunclon™, Nunc), and allowed to adhere overnight at 37 °C, 9 % CO,. The
following day, the cells were treated for 5 hours with complete medium containing either
novobiocin (500 uM final concentration), or 17-AAG (10 uM final concentration). Untreated
complete medium was used as the control for novobiocin experiments. Completed medium
containing only DMSO, no 17-AAG was used as the control for 17-AAG experiments.
Following treatment, complete medium was aspirated, and the cells were washed with PBS
pH 7.4, before fixing with ice cold methanol (100 % (v/v)). The cells were allowed to dry
before blocking with filter-sterilized (0.22 uM) blocking solution (1 % bovine serum albumin
(BSA/ PBS) for 30 mins at room temperature. The cells were then incubated with primary
antibody (1:100 (v/v) in 0.1 % BSA/PBS solution) (see Table 2.1) overnight at 4 °C.
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Following overnight incubation, the secondary antibody (1:1000 (v/v) in 0.1 % BSA/PBS
solution) (see Table 2.3) was incubated at room temperature for 1 hour in the dark, before 2
washes of 5 minutes were performed with 0.1 % (w/v) BSA/PBS solution. Nuclear material
was stained with Hoechst 33342 solution (1:1000 in water (v/v)) and the cover slips were
dried before mounting with Dako fluorescent mounting medium (Dako, USA). The same

procedure was performed, without primary antibody, as a control.

Samples were analysed using the Zeiss LSM 510 confocal microscope with 40 X or 60 X oil
objective with the relevant wavelengths (see Table 2.4). Images were recorded digitally using
the LSM software (Zeiss, Germany). With each image capture, care was taken that the same
parameters were used. The inhibitor study images were enhanced by changing the brightness
and contrast in ImageJ v1.421 (MacroBiophotonics, USA) so that if any change in
localization occurred, the change could be seen (see Appendix A2, Figures A2.1-A2.3 for
original images). Cross sections of the cells were analyzed using LSM Image Browser
v4.2.121 (Zeiss, Germany) to identify the location of the proteins by analyzing the intensity
of the staining relative to nuclear staining. Non-specific staining was not observed upon

staining with secondary antibodies only.

Table 2.4 Excitation and emission wavelengths of the antibodies used in Confocal Microscopy

Secondary antibody Colour | Excitation wavelength (nm) | Emission Wavelength (nm)
Alexa™™ 488 green 499 519
Alexa™™ 546 red 561 572
Alexa " 633 purple | 632 648

2.2.7.1.1 Quantification of co-localization studies

Quantitative analysis of the co-localization studies on 3 separate, unedited images was
performed by calculating the average of the Pearson’s correlation coefficient (Rr), Mander’s
overlap coefficient (R) and the coefficients M; and M, in the program Image] v1.421
(MacroBiophotonics, USA).

In addition to this, the colocalization coefficients, My (for red signal) and M, (for green
signal) were used to identify how well each channel overlapped with the other. These
coefficients could be used to determine if a red signal overlapped considerably with a green
signal (Bolte and Cordeliéres, 2006).
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Chapter 3: Localization studies on

Wnt protein members
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3.1 Introduction

It is well known that molecular chaperones are involved in the modulation of folding and
assembly of target proteins (Pearl and Prodromou, 2001). Previous studies have shown that
HSP90 is important for signaling pathways (Schulte, et al., 1995) and it has been suggested
that HSP90 is involved in the Wnt pathway by association with GSK-3f in Hep3B cells
(Banz et al., 2009). However, Lochhead et al. (2006) noted that this association in rabbit
reticulocyte lysates only takes place for the maturation of GSK-3f, and the mature form of
GSK-3f does not require HSP90.

3.1.1 Cytoplasmic localization of proteins

In this study, cytoplasmic localization incorporates both the cytosol and cytoplasm.
HSP900/B is mainly localized in the cytoplasm (Taherian et al., 2007), whilst the isoforms
HSP90N has been found to be associated with the membrane (Grammatikakis et al., 2002),
Grp94 in the endoplasmic-reticulum (Ni and Lee, 2007) and Trapl in the mitochondria (Felts
et al., 2000).

The members of the Wnt pathway including: p-catenin (LOopez-Knowles et al., 2010), p-pB-
catenin (Nakopoulou et al., 2006), GSK-3f and axinl have also been found to be localized
mainly to the cytoplasm (Wiechens et al., 2004; Caspi et al., 2008). Two isoforms of axin
have been identified, which include axinl and axin2. Axinl is constitutively expressed and
regulates the basal level of Wnt signaling, whilst axin2 is upregulated when there is an
increase in the B-catenin level thus it plays a role in the duration and intensity of a Wnt signal
(Yan et al., 2001; Lustig et al., 2002). It is thought that axinl is associated with microtubules
and is involved in the regulation of the microtubules stability through Dsh (Ciani et al.,
2004). Endogenous axin has been found to be located in small, punctate structures in the
cytoplasm that shift closer to the plasma membrane when cells are treated with LiCl which
inhibits GSK-3p (Levina et al., 2004; Wiechens et al., 2004). Since axin recruited other
members of the destruction complex into these structures, it is thought that these structures
may be important for -catenin degradation (Faux et al., 2008). Upon Wnt stimulation, axin
relocates from the cytoplasm to the plasma membrane in a Dsh dependent manner (Neo et al.,
2000).

B-catenin forms cell-cell contacts in a complex with E-cadherin and a-catenin at the plasma

membrane (Kam and Quaranta, 2009). In breast carcinoma cells, B-catenin has been found to
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be localized in the cytoplasm and plasma membrane (LOopez-Knowles et al., 2010). High
cytoplasmic f-catenin expression has been associated with poor clinical outcome, high-grade
tumours with increased rate of proliferation, ER-negative and HER-2 positive breast cancers
(Lopez-Knowles et al., 2010). B-catenin can become stabilized in the cytoplasm in breast
cancer due to low APC expression (Ozaki et al., 2005), methylation of the APC promoter
(Prasad et al., 2008) or APC truncation (Schlosshauer et al., 2000). Studies have suggested
that cytoplasmic accumulation of B-catenin is linked to endocrine therapy resistance (Hiscox
et al., 2006; Lopez-Knowles et al., 2010). On the other hand, cytoplasmic localization of p-f-

catenin is linked to good prognosis in breast cancer patients (Nakopoulou et al., 2006).

3.1.2 Nuclear localization of proteins

Heat stress and hypoxic shock cause the shift in localization of HSP90o/p to the nucleus
(Katschinski et al., 2002; Langer et al., 2003). A shift in some of the proteins of the Wnt
pathway is also seen after Wnt stimulation (Polakis, 2000). This includes the nuclear
localization of dephosphorylated, stabilized B-catenin (Chan et al., 2002; Staal et al., 2002).
An increase in nuclear B-catenin can also be seen when stable B-catenin is overexpressed in
transgenic mice (Harada et al., 1999) or in cell lines (Morin et al., 1999), as well as by using

inhibitors to prevent B-catenin degradation (Simcha et al., 1998; Henderson et al., 2002).

GSK-3p and axinl, although mainly localized in the cytoplasm have also been found to occur
in the nucleus (Salahshor and Woodgett, 2005; Caspi et al., 2008). Nuclear GSK-3f is
thought to play a role in decreasing the expression level of -catenin in the Wnt pathway that
is independent of its phosphorylation of B-catenin (Caspi et al., 2008). It does this by
decreasing the level of P-catenin/TCF dependent transcription (Caspi et al., 2008).
Adenocarcinomas and tumours have also been found to have nuclear axinl and axin2
(Salahshor and Woodgett, 2005). Since axinl can move between the cytoplasm and nucleus,
it is suggested that it acts as a chaperone for $-catenin such that it is required for the shuttling

of B-catenin from the nucleus into the cytoplasm (Cong et al., 2004A; Wiechens et al., 2004).

P-B-catenin has also been located in the nucleus of cancers including: melanoma (Kielhorn et
al., 2003), colorectal (Chung et al., 2001) and breast cancer (Nakopoulou et al., 2006) which
could be a result of overexpression of the protein and oversaturation of the degradation
complex such that nuclear localization results (Nakopoulou et al., 2006). Furthermore,
nuclear p-B-catenin has been linked to poor clinical outcome due to its association with

aggressive and invasive tumour phenotypes (Nakopoulou et al., 2006).
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Immunofluorescence and confocal microscopy are used to identify the spatial distribution of
molecules within a cell. Based on antigen specificity and the development of multiple
fluorophores, protein presence and location can detected by immunofluorescence (Paddock,
2005). Co-localization occurs when a signal is emitted at the same pixel position in different
fluorescence microscopy images (Zinchuk et al., 2007). It gives insight into the structural and
functional characteristics of proteins analyzed, although not necessarily providing direct
evidence of their functional relationship (Zinchuk et al., 2007). The Pearson’s correlation
coefficient (Rr) describes the similarity between the patterns of the intensity distribution, but
does not factor the intensities of the signals. The values range from -1 to 1, where 0
represents no significant correlation and a value from 0.5 to 1 represents co-localization. A
disadvantage of the Pearson’s correlation coefficient is that it is restricted to samples with
approximately equal number of densities in each channel (Manders et al., 1992). To
overcome this, the Mander’s overlap coefficient was also used which describes the degree of
localization by assessing the overlap of the signals. The values range from 0 to 1, with 0.5
representing 50 % overlap between the pixels in each image (Zinchuk et al., 2007). Values

from 0.6 to 1 for Mander’s overlap coefficient indicate co-localization.

In this study, immunostaining of MCF7 cells was performed to identify whether there is an
overlap of signals between HSP90 and the components of the Wnt pathway, including GSK-
3B, axinl, B-catenin and p-B-catenin, to see if a possible association of HSP90 exists with
these proteins. Treatment of MCF7 cells with the HSP90 inhibitors, geldanamycin, 17-AAG
and novobiocin, was performed to identify whether a change in the localization of the Wnt

pathway members would occur.
3.2 Results

3.2.1 Localization of HSP90 and the Wnt members, GSK-3B, axin1, B-catenin
and phospho-B-catenin in MCF7 cells

3.2.1.1 GSK-3B and HSP90a/

Using indirect immunofluorescence and confocal microscopy, GSK-3p was found to be
localized mainly in the cytoplasm in all of the cells, although apparent weak nuclear
localization was identified in some cells assayed (Figure 3.1A). HSP90o/B was found to be
localized in the cytoplasm in all of the cells, with some nuclear localization (Figure 3.1A).
The staining profiles for HSP90o/p and GSK-3p were similar (Figure 3.1B), with both

proteins having peak intensities outside the nucleus, in the cytoplasmic region.
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Immunofluorescence and confocal microscopy also suggested that HSP90a/B was situated in

a similar location within the cell as GSK-3p (Figure 3.1A, merged).

Quantitative analysis of the immunofluorescence signals gave a Pearson’s correlation
coefficient (Rr) of 0.78 (+0.008) and Mander’s overlap coefficient (R) of 0.91 (£0.004),
suggesting co-localization of HSP90a/p and GSK-3p. Furthermore, the M; (0.996 +0.002)
and M; (0.994 + (0.002) values indicated that there was a strong overlap between the red and

green channels, representative of HSP90a/p and GSK-3 staining, respectively.
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Figure 3.1. HSP90o/p and GSK-3p co-localize. A. Confocal microscopy images of stained MCF7 cells
captured using a Zeiss LSM 510 confocal microscope. Hoechst: blue nuclear staining. HSP90a/B (red) using
anti-human HSP90o/p antibody. GSK-3 (green) using anti-human GSK-3p. Merged: the overlap of Hoechst,
GSK-3pB and HSP90o/p signals with the yellow area highlighting co-localization of GSK-3p and HSP90a/p. B.
Cross section of a MCF7 cell representing the similar staining profiles for GSK-3p and HSP90o/f. Profiles
were obtained using the program Zeiss LSM Image Browser. The blue line represents Hoechst staining of the
nucleus, the green line represents the signaling for GSK-3f staining and the red line represents the signal for
HSP900/B staining. Scale bars represent 20 um. Dotted line represents cross section of cell used for intensity
profile.

3.2.1.2 Axin1 and HSP90a/3

Immunofluorescence and confocal microscopy illustrated how axinl was localized
throughout the MCF7 cell in most of the cells (Figure 3.2A), however, the axinl signal was
weak. In accordance with section 3.2.1.1, HSP90o/p was found to be localized mainly in the
cytoplasm in all of the cells assayed, with some nuclear HSP90a/p localization in some of the
cells (Figure 3.2A). The signals for HSP90a/p staining showed that HSP90a/p appeared to be

localized mainly in the cytoplasm, with some nuclear localization (Figure 3.2B). The signal
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for axinl staining was low and did not change in the different locations throughout the cell.
(Figure 3.2B). It was difficult to analyze the co-localization between axinl and HSP90a/
since the axinl staining was weak and there was a difference in the signal intensities of the
staining of the 2 proteins (Figure 3.2B).

Quantitative analysis of the immunofluorescence signals gave a low Pearson’s correlation
coefficient of 0.237 (£0.1). In contrast, the Mander’s overlap coefficient of 0.636 (+0.07)
showed that there was about 64 % co-localization between HSP90o/p and axinl. The
coefficients, M; (0.95 £0.06) and M, (0.8 £0.1) values illustrated that there was a higher
overlap between the red signal of HSP90o/B with the green signal of axinl than there was

vice versa.
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Figure 3.2. Co-localization of HSP90a/p and axinl. A. Confocal microscopy images of stained MCF7 cells
captured using a Zeiss LSM 510 confocal microscope. Hoechst: blue nuclear staining. HSP90o/f (red) using
anti-human HSP90a/p antibody. Axinl (green) using anti-human axinl. Merged: the overlap of Hoechst, axinl
and HSP90o/B signals. B. Cross section of MCF7 cell representing the similar staining profiles for axinl and
HSP900/B. Profiles were obtained using the program Zeiss LSM Image Browser. The blue line represents
Hoechst staining of the nucleus, the green line represents the signaling for axinl staining and the red line
represents the signal for HSP90a/p staining. Scale bars represent 20 um. Dotted line represents cross section of
cell used for intensity profile.

3.2.1.3 B-catenin and HSP90a/f

Immunofluorescence confocal microscopy revealed that B-catenin was localized to distinct
punctate structures just outside the nucleus in all of the MCF7 cells (Figure 3.3A, arrow),
whilst there was some localization within the cytoplasm and membranes. The signal

intensities representative of B-catenin staining were highest just outside the nucleus and at the
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membrane (Figure 3.3B). On the other hand, HSP90a/B had diffuse cytoplasmic staining with
some perinuclear staining in most of the cells (Figure 3.3A, top right panel), with high signal

intensities, representative of HSP90o/f staining, outside the nucleus (Figure 3.3B).

Quantitative analysis of the immunofluorescence signals gave high values for both the
Mander’s overlap coefficient (R=0.819 +0.03) and the Pearson’s correlation coefficient
(Rr=0.654 +0.1). The M; (0.98 +0.02) and M, (0.98 +0.02) coefficients suggested that there
was about a 98 % overlap in signals between the red and green signals representing

HSP900/B and B-catenin staining, respectively.
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Figure 3.3. Co-localization analysis of total B-catenin and HSP90a/p. A. Confocal microscopy images of
stained MCF7 cells captured using a Zeiss LSM 510 confocal microscope. Hoechst: blue nuclear staining.
HSP900/B (red) using anti-human HSP90a/B antibody. B-catenin (green) using anti-human p-catenin. Merged:
the overlap of Hoechst, B-catenin and HSP90o/B signals. B. Cross section of MCF7 cell representing the
staining profiles for p-catenin and HSP90o/B. Profiles were obtained using the program Zeiss LSM Image
Browser. The blue line represents Hoechst staining of the nucleus, the green line represents the signaling for
total B-catenin staining and the red line represents the signal for HSP90a/p staining. Scale bars represent 20 pum.
Dotted line represents cross section of cell used for intensity profile. Arrows point toward punctate structures. m
represents B-catenin that is predicted to be at the plasma membrane. pn represents [3-catenin that is predicted to
be in the perinuclear region.

3.2.1.4 Phospho-B-catenin and HSP90a/B

Using immunofluorescence microscopy staining, both p-B-catenin and HSP90a/p were
localized mainly in the cytoplasm in all of the cells (Figure 3.4). Both proteins had similar
localizations (Figure 3.4, merge) and the intensity signals representative of p-p-catenin and
HSP900/p staining were highest in the cytoplasm (Figure 3.4B).
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Quantitative analysis of the immunofluorescence signals gave a Pearson’s correlation
coefficient of 0.427 (£0.05) and a Mander’s overlap coefficient of 0.78 (£0.02) suggesting
that there was 78 % co-localization between p-B-catenin and HSP90o/f. Both the coefficients
M; (0.97 £0.01) and M, (0.94 £0.02) showed a high correlation between the red and green

signals representative of the staining of HSP90a/p and p-f-catenin respectively.

These results suggested that there was a high possibility of co-localization between
HSP900/B and p-B-catenin. Co-immunoprecipitation of HSP90a/p and p-B-catenin would be

needed to confirm this finding.
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Figure 3.4. Co-localization analysis of HSP90a/p and p-p-catenin. A. Confocal microscopy images of stained
MCF7 cells captured using a Zeiss LSM 510 confocal microscope. Hoechst: blue nuclear staining. HSP90o/f
(red) using anti-human HSP90o/B antibody. P-B-catenin (green) using anti-human p-p-catenin. Merged: the
overlap of Hoechst, p-p-catenin and HSP90a/p signals. B. Cross section of MCF7 cell representing the staining
profiles for p-p-catenin and HSP90o/f. Profiles were obtained using the program Zeiss LSM Image Browser.
The blue line represents Hoechst staining of the nucleus, the green line represents the signaling for p-p-catenin
staining and the red line represents the signal for HSP90a/p staining. Scale bars represent 20 pm. Dotted line
represents cross section of cell used for intensity profile.

3.2.2 Effects of HSP90 inhibitors, 17-AAG and novobiocin on the localization
of HSP90a/B, GSK-3p, axin1, B-catenin and p-B-catenin

MCF7 cells were treated with the compounds, 17-AAG and novobiocin, to identify if HSP90
inhibition had an effect on the localization of the Wnt pathway members, GSK-3p, axinl, B-

catenin and p-p-catenin.
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3.2.2.1 GSK-3B8 and HSP90a/B

Using immunofluorescence and confocal microscopy, it was found that in untreated MCF 7
cells, HSP90a/p and GSK-3p were localized in the cytoplasm of most of the cells (Figure
3.5A). Treatment of MCF7 cells with the HSP90 inhibitor, novobiocin (500 uM) (Figure
3.5B) resulted in very little change in the localization of HSP90o/f and GSK-3B in
comparison to untreated cells (Figure 3.5A), although it did appear that there was a slight
shift of HSP90a/B to the perinuclear region in some of the cells after novobiocin treatment
(Figure 3.5C). Exposure to 17-AAG (10 uM), resulted in a morphological change in most of
the MCF7 cells whereby the cells had a smaller, rounded phenotype in comparison to
untreated cells (Figure 3.5C). As a result of this, it appeared that there was a slight shift of
localization to the perinuclear region for HSP90a/p and GSK-3f in most of the cells (Figure
3.5C).

The signal intensity profiles of the pattern distribution of HSP90o/p and GSK-33 (Figure
3.5D-F) were obtained by taking cross sections of the merged images of HSP900/p and GSK-
3B (Figure 3.5G-1). In each of the studies: untreated (Figure 3.5D), novobiocin treated (Figure
3.5E) and 17-AAG (Figure 3.5F) treated MCF7 cells, there was an overlap in the pattern of
distribution of HSP90a/p and GSK-3f staining. The signal intensity profile of untreated cells
showed that there was a similar pattern of distribution between HSP90o/ and GSK-3f3
(Figure 3.5D). The highest signal for HSP90o/p and GSK-3p staining, in untreated cells, was
located outside the nucleus, in what appeared to be the cytoplasmic region, although signals
were detected within the nucleus (Figure 3.5D). The signal intensity profile of novobiocin
treated cells showed that there was a slight shift of signals representing HSP90a/p and GSK-
3 staining, to what appeared to be the perinuclear region (Figure 3.5E). This could be due to
the morphological change of the cells, whereby the cells appeared to be large and flattened
(Figure 3.5H). There was a slight shift of the pattern of HSP900/f and GSK-3p staining to
what appeared to be the perinuclear region in 17-AAG treated cells, with some cytoplasmic
staining (Figure 3.51).
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Figure 3.5. Effects of HSP90 inhibitors on the localization of HSP90a/p and GSK-3p. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with inhibitors.
Confocal microscopy images of stained MCF7 cells captured using a Zeiss LSM 510 confocal microscope. A. Untreated MCF7 cells. B. Novobiocin (500 uM) treated MCF7
cells. C. 17-AAG (10 pM) treated MCF7 cells. Hoechst: blue nuclear staining. HSP90o/B (purple) using anti-human HSP90a/p antibody. GSK-3p (green) using anti-human
GSK-3p antibody. D, E, F: Intensity profile studies of GSK-3p (green), HSP900/B (red), Hoechst (blue) for: untreated MCF7 cells (D), Novobiocin (500 uM) treated MCF7
cells (E); and 17-AAG (10 uM) treated MCF7 cells (F). The blue line represents Hoechst staining of the nucleus, the red line represents the signal for HSP90a/f staining and
the green line represents the signal for GSK-3p staining. G, H, |: Immunofluorescence confocal microscopy images representing the merged images of HSP90a/B, GSK-3/3
and Hoechst. Scale bars represent 20 um. Dotted line represents cross sections of cells used for intensity profiles. Arrows point towards morphological change to “rounded”
phenotype after 17-AAG treatment. Images were enhanced by adjusting contrast and brightness using MacBiophotonics ImageJ for better identification of localization
patterns.
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3.2.2.2 Axinl and HSP90a/B

Immunofluorescence and confocal microscopy revealed that axinl appeared to be localized
throughout most of the untreated cells (Figure 3.6A), although the intensity of the staining
was very weak. After novobiocin treatment, there appeared to be an increase in the
localization of axinl at what appeared to be the plasma membrane in most of the cells (Figure
3.6B, arrows). However, this would need to be confirmed with antibodies that stain
membrane structures. Although it appeared that axinl appeared to localize more to what
appeared to be the perinuclear region, after 17-AAG treatment, this could also be attributed to
the rounder phenotype of the MCF7 cells (Figure 3.6C). HSP90a/p had similar localization
patterns as was previously described (Section 3.2.2.1), with what appeared to be cytoplasmic
localization in most of the untreated cells (Figure 3.6A) and a slight shift to what appeared to
be the perinuclear region in novobiocin (Figure 3.6B) and 17-AAG (Figure 3.6C) treated
MCFT7 cells.

Signal intensity profiles were obtained from the cross sections of the merged images of
HSP900/pB and axinl (Figure 3.6G-I). In untreated cells, the signal intensity of axinl staining
was much lower than that of HSP90o/B staining (Figure 3.6D). Furthermore, the signal
intensity of axinl staining was the same throughout the cell in untreated MCF7 cells (Figure
3.6D). In novobiocin treated cells, the signal intensity of axinl staining was also lower than
that of HSP90o/B staining, and remained constant throughout the cell (Figure 3.6E). The
increase in signal intensity corresponding to axinl staining at what appeared to be the plasma
membrane (Figure 3.6H), was difficult to see since the intensity of staining was so low
(Figure 3.6E). There appeared to be a similar staining profile for axinl and HSP90a/f after
17-AAG treatment (Figure 3.6F), with most of the signal for axinl staining being located
outside the nucleus in what appeared to be the cytoplasmic region (Figure 3.6F). The signal

intensity profiles for HSP90o/p were similar to those previously described (Section 3.2.2.1).
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Figure 3.6. Effects of HSP90 inhibitors on the localization of HSP90a/p and axinl. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with inhibitors.
Confocal microscopy images of stained MCF7 cells captured using a Zeiss LSM 510 confocal microscope. A. Untreated MCF7 cells. B. Novobiocin (500 uM) treated MCF7
cells. C. 17-AAG (10 uM) treated MCF7 cells. Hoechst: blue nuclear staining. HSP90a/B (purple) using anti-human HSP90o/f antibody. Axinl (green) using anti-human
axinl antibody. D, E, F: Intensity profile studies of axinl (green), HSP90a/p (red), Hoechst (blue) for: untreated MCF7 cells (D) (same image as Figure 3.2B), Novobiocin
(500 uM) treated MCF7 cells (E); and 17-AAG (10 uM) treated MCF7 cells (F). The blue line represents Hoechst staining of the nucleus, the red line represents the signal for
HSP900/p staining and the green line represents the signal for axinl staining. G, H, I: Immunofluorescence confocal microscopy images representing the merged images of
HSP900/B, axinl and Hoechst. Scale bars represent 20 um. Dotted line represents cross sections of cells used for intensity profiles. Arrows point toward what appears to be
the plasma membrane. Images were enhanced by adjusting contrast and brightness using MacBiophotonics ImageJ for better identification of localization patterns.
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3.2.2.3 p-B-catenin and B-catenin

Immunofluorescence and confocal microscopy revealed that p-B-catenin had what appeared
to be diffuse cytoplasmic staining in most of the untreated and HSP90 inhibitor-treated
MCF7 cells (Figure 3.7A-C). Neither novobiocin (Figure 3.7B) nor 17-AAG (Figure 3.7C)
treatment caused any notable change in the localization of p-B-catenin in MCF7 cells. B- was
localized to punctate structures in what appeared to be the perinuclear region in all of the
untreated cells (Figure 3.7A, arrow). There was also diffuse cytoplasmic staining of B-catenin
in most of the untreated cells (Figure 3.7A), with some localization at what appeared to be the
plasma membrane (Figure 3.7A). There was no distinct change in the localization pattern of
B-catenin after treatment with novobiocin (Figure 3.7B) or 17-AAG (Figure 3.7C); however
it did appear that there was a slight shift in B-catenin to what appeared to be the perinuclear

region after novobiocin treatment (Figure 3.7B).

Cross sections of MCF7 cells (Figure 3.7A-C, dotted lines) were used to create signal
intensity profiles (Figure 3.7D-F) of p-B-catenin and B-catenin staining. The level of signal
intensity for p-B-catenin staining was low in all of the MCF7 cells (Figure 3.7D-F), although
it appeared to be slightly higher in what appeared to be the cytoplasmic region in most of the
cells (Figure 3.7D-F). Treatment with novobiocin and 17-AAG did not cause any notable
change in the distribution pattern of the signal intensities for p-p-catenin (Figure 3.7E and F).
The signal intensities for B-catenin staining were highest at what appeared to be the
perinuclear region in both untreated (Figure 3.7D) and treated (Figure 3.7E and F) MCF7
cells. There was no notable change in the distribution pattern of B-catenin staining after
novobiocin (Figure 3.7E) or 17-AAG treatment (Figure 3.7F).

3.2.2.4 p-B-catenin and HSP90a/B

The signal intensity profiles of p-B-catenin and HSP90o/p staining in MCF7 cells (Figure
3.8A-C) were obtained by taking cross-sections of immunofluorescence merged images of p-
B-catenin and HSP90o/p staining (Figure 3.8D-F). The signal intensity profile of HSP90o/3
staining was the same as previously described (Section 3.2.2.1) with the signal for HSP90a/3
staining being highest in what appeared to be the cytoplasm, with some nuclear staining in
the untreated (Figure 3.8A) and treated (Figure 3.8B and C) MCF7 cells. The signal intensity
profile for p-B-catenin staining was also the same as previously described (Section 3.2.2.3).

The staining patterns of p-p-catenin and HSP90a/p are different to each other for untreated
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(Figure 3.8A) and novobiocin treated (Figure 3.8B) MCF7 cells; however they appear similar
after treatment with 17-AAG (Figure 3.8C).
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Figure 3.7. Effects of HSP90 inhibition on the localization of p- B catenin and |3 catenm. MCF7 cells were
serum-starved for 1 hour prior to 5 hour treatment with inhibitors. Immunofluorescence confocal microscopy
images of stained MCF7 cells captured using a Zeiss LSM 510 confocal microscope. A. Untreated MCF7 cells.
B. Novobiocin (500 pM) treated MCF7 cells. C. 17-AAG (10 uM) treated MCF7 cells. Hoechst: blue nuclear
staining. [-catenin (green) using anti-human B-catenin antibody. p-p-catenin (red) using anti-human p-p-catenin
antibody. Cross sections of MCF7 cell representing the staining profiles for: B-catenin for untreated cells (D);
novobiocin (500 uM) treated MCF7 cells (E); 17-AAG (10 uM) treated MCF7 cells (F). Profiles were obtained
using the program Zeiss LSM Image Browser. The blue line represents Hoechst staining of the nucleus; the
green line represents the signaling for B-catenin staining. The red line represents the signaling for p-B-catenin
staining. Scale bars represent 20 um. Dotted line represents cross section of cell used for intensity profile.
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Figure 3.8. Intensity profile studies of the subcellular localization change of p-g-catenin and HSP90a/p in
response to HSP90 inhibition. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with
inhibitors. Immunofluorescence and confocal microscopy images of stained MCF7 cells were captured using a
Zeiss LSM 510 confocal microscope. Cross sections of MCF7 cell representing the staining profiles for
HSP900/B for: untreated cells (A); novobiocin (500 uM) treated MCF7 cells (B); and 17-AAG (10 uM) treated
MCF7 cells (C). The blue line represents Hoechst staining of the nucleus, the red line represents the signal for
HSP900/B staining and the green line represents the signal for p-p-catenin staining. Confocal microscopy
images representing the merged images of HSP90a/f, p-p-catenin and Hoechst of untreated MCF7 cells (D),
novobiocin treated MCF7 cells (E) and 17-AAG treated cells (F). Scale bars represent 20 um. Dotted line
represents cross section of cell used for intensity profile.
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3.3 Discussion

HSP90a/B was found to be localized mainly in the cytoplasm in untreated MCF7 cells which
concurs with literature where HSP90a/p is mainly located in the cytoplasm (Borkovich et al.,
1989; Taherian et al., 2007). As expected, GSK-3B was also localized mainly in the
cytoplasm where it could interact with the destruction complex of the Wnt pathway.
However, nuclear localization was observed in some of the cells which could be as a result of
GSK-3p being involved in the regulation of B-catenin independently of the Wnt destruction
complex (Caspi et al., 2008). Axinl was localized throughout the cell at a low concentration
which could be due to axin being the limiting factor in the Wnt pathway and thus found at
low concentrations (Lee et al., 2003). It must be noted, however, that this could also be a
result of the primary antibody not being as sensitive as the other antibodies for confocal

microscopy.

P-B-catenin was found to be localized in the cytoplasm where it gets targeted for degradation
by the destruction complex. Furthermore, high levels of cytoplasmic p-B-catenin have been
linked to good clinical outcome in breast cancer patients (Nakopoulou et al., 2006). On the
other hand, total B-catenin was localized to distinct punctate structures in the cytoplasm
(Figure 3.3), close to the nucleus. Studies have shown that B-catenin exists in different
subcellular locations within the cell, which include the plasma membrane (Ozawa, 1989),
cytoplasm (L6pez-Knowles et al., 2010), cytosol or nucleus (Kikuchi, 2000; Morin et al.,
1999). In normal ducts of myoepithelial cells, B-catenin is localized to the plasma membrane,
whilst breast carcinoma cells have both cytoplasmic and plasma membrane localized
expression of B-catenin (Lopez-Knowles et al., 2010). Kikuchi (2000) identified cytosolic B-
catenin to be complexed with the destruction complex, whilst Faux et al. (2008) found that
punctate structures were the sites of these destruction complexes. Schwarz-Romond et al.
(2005) recognized these structures as protein assemblies instead of vesicles within the
cytoplasm. Again, they found Dsh to be associated with these complexes providing further
evidence that these structures are the site of destruction complexes. It can therefore be
proposed that in this MCF7 cell line, B-catenin was associated with destruction complexes

close to the nucleus.

This study showed that there was possible co-localization between HSP90a/p and GSK-3f3
(Figure 3.1) which concurs with literature since HSP90o/B is required for the
autophosphorylation of GSK-3p (Lochhead et al., 2006; Schlange et al., 2007). Furthermore,
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since the signals of axinl and HSP90a/p staining did overlap, as did p-B-catenin and
HSP90a/B, it is possible that there was some association between HSP90a/p and these
proteins. Although B-catenin was localized in distinct punctate structures, quantitative
analysis revealed that there was partial co-localization with HSP90a/p indicating a possible

association between the two proteins.

When MCF7 cells were treated with HSP90 inhibitors, 17-AAG and novobiocin, very little
change occurred in the subcellular localization of GSK-3p (Figure 3.5), B-catenin (Figure
3.7) or p-B-catenin (Figure 3.7), although the morphology of the cells did change with both
17-AAG and novobiocin treatment in most of the cells. Interestingly, a shift of axinl to what
appeared to be the plasma membrane was seen after the MCF7 cells were treated with
novobiocin (Figure 3.6B). A possible explanation for this localization change could be that
the interaction between HSP90o/p and axinl was disrupted by novobiocin such that the
destruction complex was no longer stabilized by HSP90a/p, and axinl located to the

membrane.

In conclusion, analysis by confocal microscopy revealed that there was a possible association
of HSP90o/B with GSK-3B and possibly with axinl and p-f-catenin since they appeared to
share similar subcellular localizations to HSP90o/f. It must be noted, however, that the signal
intensities of both axinl and p-p-catenin were very low therefore no definite conclusion could
be drawn from the study. HSP90 inhibition caused a shift in the localization of axinl which
gives further evidence of a possible association between axinl and HSP90a/p. Although B-
catenin had a different localization pattern in comparison to HSP900/p3, there was an overlap
of signals. It would therefore be necessary to validate these claims biochemically by

performing co-immunoprecipitation studies, which will be described in the next chapter.
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Chapter 4: Association of
members of the Wnt pathway with
HSP9O0
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4.1 Introduction

It is well-known that the Wnt pathway is in a “switched on” state in colon cancer lines due to
mutations in the destruction complex (Morin et al. 1996; Moon et al., 2004). Although
mutations within the Wnt pathway in breast cancer have not been identified, other factors,
such as sFRP1 downregulation and Dsh upregulation may play a role in aberrantly activating
the pathway (Schlange et al., 2007). Interestingly, in MCF7 cells, treatment with sFRP1 did
not affect the cell proliferation or result in a reduction in active B-catenin levels, nor did
knockdown of Dsh have any effect (Schlange et al., 2007). These results indicate that in
MCEF?7 cells, some other factor influences the activation of Wnt pathway. It is an interesting
study to determine the levels of the proteins involved in the Wnt pathway in both breast
cancer and colon cancer to determine if there is a difference. HT29 is a colorectal cancer cell
line that is extensively used for research because it has maintained its biologic and
physiologic features of normal colorectal epithelial cells (von Kleist et al., 1975). In this
study, the expression levels of the proteins involved in the Wnt pathway in MCF7 and HT29
cells were determined by Western Blot analysis to ensure that the proteins were detectable

prior to performing immunoprecipitation studies.

The association of HSP90 with members of the full Wnt pathway needs to be established.
The previous study (section 3) gave preliminary evidence that a possible association between
HSP90 and GSK-3f, axinl and p-B-catenin since they were localized to similar positions
within the cell. To further verify these associations in MCF7 cells, co-immunoprecipitation
experiments were performed to isolate complexes containing Hsp90o/B, B-catenin, GSK-3f3
and axinl. The proteins were resolved by SDS-PAGE and Western Blot analysis was
performed to identify the complexed proteins. To ensure that each immunoprecipitation had
worked, the immunoprecipitation samples were subjected to Western analysis for detection of

the expected protein, before analysis of co-precipitated proteins.
4.2 Results

4.2.1 Protein expression levels of MCF7 in comparison to HT29 cells

Equal numbers of MCF7 and HT29 cells were loaded on the SDS gel by loading the same
quantity of lysate (see Section 2.2.1). Western blot analysis of the proteins expressed
indicated that Akt (Figure 4.1A) was expressed at a slightly higher level in MCF7 cells in

comparison to HT29 cells, whilst HSP900o/p expression levels appeared to be similar between

56



the 2 cell lines (Figure 4.1B). Furthermore, GSK-3p also appeared to be expressed at a
similar level in both MCF7 and HT29 cells (Figure 4.1C). The higher molecular weight
protein of axinl appeared to be expressed at a higher level in HT29 cells in comparison to
MCF7 cells (Figure 4.1D). A lower molecular weight signal was identified for axinl which
could be a degradation product or truncated form of the protein. HT29 cells expressed higher
levels of both total B-catenin (Figure 4.1E, H) and p-B-catenin (Figure 4.1F) in comparison to
MCEF7 cells (Figure 4.1E and F, M).
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Figure 4.1 Wnt pathway is switched on in colorectal cancer line. Western analysis of cell lysates of MCF7
(M) HT29 cell lysates (H). Equivalent number of cells was loaded per lane. A. Detection of Akt (56 kDa) using
anti-human Akt antibody. B. Detection of HSP90o/B (90 kDa) using anti-human HSP90a/p antibody. C.
Detection of GSK-3f (43 kDa) using anti-human GSK-3p antibody. D. Detection of axinl (95 kDa) using anti-
human axinl antibody. E. Detection of B-catenin (94 kDa) using anti-human B-catenin antibody. F. Detection of
p-B-catenin (94 kDa) using anti-human p-p-catenin antibody. Actin was used as the loading control.

4.2.2 Association of members of the Wnt pathway with HSP90 by co-
immunoprecipitation

Immunoprecipitation using anti-HSP90o/p antibodies was successful (Figure 4.2A, lane 4)
since a signal corresponding to HSP90o/B (Figure 4.2A, lane 1) was identified in the
immunoprecipitation sample (Figure 4.2A, lane 4). This signal was not detected in either of
the negative controls (Figure 4.2A, lane 2 and 3) which meant that HSP90o/f did not bind
non-specifically to the beads. Heavy chain (Figure 4.2, Hc) and light chain (Figure 4.2A, Lc)
IgG bands were identified in the negative control and immunoprecipitation sample (Figure
4.2A, lane 3 and 4).

Immunoprecipitation using B-catenin antibodies was also successful since [-catenin was
identified in the immunoprecipitation sample (Figure 4.2B, lane 4) and positive control of

free lysate (Figure 4.2B, lane 1) but not in either of the negative controls (Figure 4.2B, lane 2
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and 3). Heavy chain (Figure 4.2, Hc) and light chain 1gG bands (Figure 4.2A, Lc) were
identified in the negative control and immunoprecipitation sample (Figure 4.2B, lane 3 and
4).

Axinl was detected as 2 bands in the positive control of free MCF7 lysate (Figure 4.2C, lane
1), with the lower molecular weight band appearing darker than the higher molecular weight
band. The higher molecular weight band did not appear in the immunoprecipitation sample
(Figure 4.2C, lane 4), and the lower molecular weight band may have been masked by the
heavy chain IgG (Figure 4.2C, lane 4).

Although GSK-3p was identified in the free MCF7 lysate (Figure 4.2D, lane 1), it was
difficult to identify whether GSK-3B was successfully isolated by the immunoprecipitation
experiment since the heavy chain IgG signal potentially masked the GSK-3p signal (Figure
4.2D, lane 4). The negative control (GSK-3p antibody coupled to protein A/G-PLUS beads
only) was not performed in this experiment; therefore the size of the heavy chain IgG could

not be confirmed.
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Figure 4.2. Validation of antibodies to Wnt pathway proteins and HSP90 in IP assays. Western Blot
analyses of immunoprecipitation samples carried out in MCF7 lysates. A. Western detection of HSP90o/ after
immunoprecipitation using an anti-human HSP90o/f antibody. B. Western detection of [-catenin after
immunoprecipitation using an anti-human f-catenin antibody. C. Western detection of axinl after
immunoprecipitation using an anti-human axinl antibody. D. Western detection of GSK-3f after
immunoprecipitation after using an anti-human GSK-3f antibody. Lane 1: free MCF7 lysate. Lane 2: negative
control: lysate subjected to immunoprecipitation without antibody. Lane 3: immunoprecipitation antibody and
protein A/G plus agarose beads without lysate. Lane 4: immunoprecipitation sample.
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To determine whether HSP90 was complexed to B-catenin, the samples of both HSP90a/p
immunoprecipitation and B-catenin immunoprecipitation were resolved by SDS-PAGE and
Western detection was performed for B-catenin in the HSP90a/p immunoprecipitation sample

(Figure 4.3A), and HSP900o/p in the B-catenin immunoprecipitation sample (Figure 4.3B).

A signal was detected in the immunoprecipitation sample that corresponded to the same
molecular weight as total B-catenin (Figure 4.3A, lane 4 and lane 1). A faint signal of the
same molecular weight was also detected in the negative control (Figure 4.3A, lane 2)
indicating that there was some non-specific binding of B-catenin to the protein A/G PLUS
agarose beads. The signal in the immunoprecipitation sample (Figure 4.3A, lane 4) did,
however, appear to be darker than that in the negative control (Figure 4.3A, lane 2). When the
anti-human B-catenin antibody was used to immunoprecipitate the complex in MCF7 cells,
followed by Western detection for HSP90o/B, a clean signal was detected in the
immunoprecipitation sample (Figure 4.3B, lane 4) which corresponds to the same molecular
weight as HSP90a/p in the positive control (Figure 4.3B, lane 1). No signal of the same

molecular weight was detected in either of the negative controls (Figure 4.3B, lanes 2 and 3).
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Figure 4.3. HSP90a/p and f-catenin co-immunoprecipitate. A. Western detection for total B-catenin in
HSP90a/p immunprecipitate. B. Western detection for HSP90o/f in B-catenin immunoprecipitate. Lane 1: free
MCF7 lysate. Lane 2: negative control: MCF7 lysate subjected to immunoprecipitation without antibody. Lane
3: immunoprecipitation antibody and protein A/G PLUS agarose beads without lysate. Lane 4:
immunoprecipitation sample using antibody and MCF7 lysate.

Axinl appeared to co-immunoprecipitate with HSP90a/p since a signal for axin was detected
in the HSP90o/B immunoprecipitation sample (Figure 4.4A, lane 4) and HSP90o/ was
detected in the axin immunoprecipitation sample (Figure 4.4C, lane 4). No signals of the
same molecular weight as HSP90 (approximately 90 kDa) of axinl (approximately 95 kDa)
were detected in either of the negative controls (Figure 4.4A, lane 2 and 3 and Figure 4.4C,
lane 2 and 3) indicating that both HSP90w/B and axinl were isolated by the relevant
immunoprecipitation antibody. P-B-catenin was also detected in the HSP90a/p

immunoprecipitate (Figure 4.4B, lane 4) and axin immunoprecipitate (Figure 4.4D, lane 4). A
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signal of the same intensity at the same molecular weight (approximately 94 kDa) was not
identified in either of the negative controls for both immunoprecipitation experiments (Figure
4.4B and D, lanes 2 and 3).
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Figure 4.4. HSP90o/B co-immunoprecipitates with axinl and p-f-catenin. A. Western detection for axinl
in HSP90w/p immunoprecipitation. B. Western detection for p-p-catenin (pSer**/pSer®’) in HSP90a/B
immunoprecipitate. C. Western detection of HSP90o/B in axinl immunoprecipitate. D. Western detection of
p-B-catenin (pSer**/pSer®’) in axinl immunoprecipitate. Lane 1. Free MCF?7 lysate. Lane 2. Negative control
of MCF7 lysate subjected to immunoprecipitation without the antibody. Lane 3: immunoprecipitation
antibody and protein A/G PLUS-agarose beads. Lane 4. Immunoprecipitation sample using antibody and
MCF7 lysate. Arrows point towards the protein of interest.

To further identify whether HSP90o/p was in a common complex with GSK-3 in MCF7
cells, immunoprecipitation using anti-human GSK-3p antibodies with protein A/G PLUS
agarose was carried out and the samples were probed for HSP90o/B (Figure 4.5). The same
immunoprecipitation experiment was carried out using anti-human HSP90a/p antibodies
instead of anti-human GSK-3f antibodies to isolate the complex, but no conclusions could be
made from the Western detections for GSK-3f since the heavy chain IgG masked any

possible GSK-3f signal in the immunoprecipitation sample.

A signal corresponding to the same molecular weight as HSP90a/p (about 95 kDa) appeared
in the immunoprecipitation sample (Figure 4.5, lane 3) and free lysate sample (Figure 4.5,

lane 1), but did not appear in the negative control (Figure 4.5, lane 2).

1 2 3
kDa

95__ - <—HSP90 a/f

Figure 4.5. Potential co-immunoprecipitation of GSK-3p and HSP90¢/f. Immunoprecipitation was
performed using anti-human GSK-3p antibodies with protein A/G PLUS agarose beads. Western detection for
HSP900/B using an anti-human HSP90a/p antibody. Lane 1. Free MCF7 lysate. Lane 2. MCF7 lysate subjected
to immunoprecipitation without antibody. Lane 3. Immunoprecipitate sample using antibody and MCF7 lysate.
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To test whether the anti-human GSK-3f antibody was indeed working efficiently in isolating
complexes, and to overcome any possible signals being masked by the heavy chain 1gG, the
immunoprecipitation experiment was performed using the Dynal Bead Separations
Dynabeads co-immunoprecipitation kit (Dynal Bead Separations). This kit uses antibodies
coupled to Dynabeads® M-270 Epoxy instead of protein A/G PLUS agarose to isolate any
possible complexes. The antibody is thus coupled permanently to the Dynabeads® M-270
Epoxy, and will not dissociate, therefore preventing the detection of the heavy and light chain
IgG. The anti-human GSK-3p antibody was coupled to the Dynabeads® M-270 Epoxy beads
according to manufacturer’s instructions, and the resulting eluted complexes were resolved

by SDS-PAGE for Western blot analysis (Figure 4.6).

It appeared that the anti-human GSK-3p antibody coupled to Dynabeads® M-270 Epoxy
successfully isolated GSK-3p (Figure 4.6A, lane 3). Although p-p-catenin co-
immunoprecipitated with GSK-3f (Figure 4.6B, lane 3), it appeared that the amount of p-p-
catenin detected in the immunoprecipitation sample (Figure 4.6B, lane 3) was much less than

that in the free lysate (Figure 4.6B, lane 1).

A.

kDa 2 °
43— <GSK-3p
B.
2 3
<~ p-B-catenin

Figure 4.6. Potential co-immunoprecipitation of GSK-3B and p-p-catenin. GSK-3B immunoprecipitation
was performed with GSK-3p antibody coupled to Dynabeads® M-270 Epoxy. A. Western detection for human
GSK-3p. B. Western detection for p-B-catenin. Lane 1. Free MCF7 lysate. Lane 2. Negative control of MCF7
lysate subjected to immunoprecipitation with BSA coupled to Dynabeads® M-270 Epoxy instead of antibody.
Lane 4. Immunoprecipitation sample.

4.3 Discussion

The proteins, HSP90o/f, axinl, total $-catenin and p-B-catenin were successfully detected in
both MCF7 cells and HT29 cells by Western Blot analysis (Figure 4.1), thus allowing for
further studies on these proteins to be carried out. When a comparison of these protein

expression levels was made between the 2 cells lines, it was found that HT29 cells had higher
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levels of both total B-catenin and p-p-catenin compared to MCF7 cells. Since both cell lines
have an activated Wnt pathway (Morin et al., 1996; Yang et al., 2006; Schlange et al., 2007),
it was interesting to note that HT29 cells had a higher expression level of both total 3-catenin
and its phosphorylated form. This was unexpected since p-B-catenin gets targeted for
ubiquitination and degradation and thus the levels should be low. A possible explanation for
this is that although the Wnt pathway may be aberrantly activated in the HT29 cells, B-
catenin may still be getting phosphorylated, but the phosphorylated form is being prevented
from being degraded. In contrast to this, another explanation could be that although there
might be a mutation in the APC gene, which is associated with colorectal cancer (Yang et al.,
2006), the overexpression of axin in the absence of APC in HT29 cells has allowed for the
destruction complex’s activity to return to normal (reviewed in Clevers, 2006). Furthermore,
it can be said that cancer cells are heterogeneous thus pathways are constantly being
stimulated and inhibited at different time periods, thus a certain time point study of protein
expression levels might not be indicative of what the protein levels are throughout the cell
cycle. In addition to this, the qualitative Western analysis did not allow for the proportion of
[B-catenin to p-p-catenin to be determined nor absolute levels to be identified. This was
because the antibodies might have different sensitivities to the proteins that they detect
therefore no comparative analysis could be done. Although a qualitative analysis was
performed on the protein expression levels, a quantitative analysis comparing the protein
expression levels between HT29 and MCF7 cells could not be performed. This was due to
different protein amounts (as determined by Ponceau staining) being loaded for the two cell
lines despite loading the same number of cells. These data confirmed that the Wnt pathway
proteins were detectable by Western Analysis in MCF7 cells and thus made the cell line
viable to continue with further studies to identify possible associations of the proteins with
HSP90.

Using co-immunoprecipitation analysis of HSP90a/p and B-catenin, it was found that there
was possible association between the two proteins. By isolating 3-catenin using an antibody
against HSP90a/p and performing the vice versa with a B-catenin antibody and isolating
HSP900/B (Figure 4.3), it can be said that HSP90o/pB and B-catenin appeared to be associated
in a common complex. Although there was apparent non-specific binding of B-catenin to the
protein A/G PLUS agarose beads (Figure 4.3A, lane 2), densitometric analysis revealed that
the B-catenin isolated by co-immunoprecipitation using anti-HSP90a/p (arbitrary unit: 1) was

more than the B-catenin bound non-specifically to the beads (arbitrary unit: 0.8) (See
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Appendix A4). Furthermore, since the reverse IP could be performed, this association

between HSP90o/f and B-catenin was specific.

Co-immunoprecipitation, using an anti-HSP900/p antibody, successfully isolated p-p-catenin
(Figure 4.4B), thus giving preliminary evidence that p-B-catenin and HSP90o/pB are
associated in a common complex. This association was not a result of non-specific binding
of the p-B-catenin to the protein A/G PLUS agarose beads since no signal was detected in

either of the negative controls (Figure 4.4B, lane 2 and 3).

A possible association between axinl and HSP90o/f was identified by co-
immunoprecipitation (Figure 4.4). Axinl was successfully isolated by immunoprecipitation
using anti-HSP90a/B antibodies (Figure 4.4A); and the reverse was also seen with HSP90o/3
being isolated by anti-axinl antibodies (Figure 4.4C). This therefore revealed that for the first
time, HSP90a/p has found to occur in a common complex with axinl. Furthermore, anti-
axinl and anti-HSP90o/p antibodies successfully isolated p-B-catenin, a by-product of the
Whnt destruction complex (Clevers, 2006). It can thus be proposed that HSP90o/f is
potentially involved in the destruction complex in the Wnt pathway.

A possible association was shown between GSK-3p and HSP90o/fp by co-
immunoprecipitation since HSP90o/p was isolated using an anti-GSK-3f3 antibody (Figure
4.5). The signal detected in the immunoprecipitation sample (Figure 4.5, lane 3)
corresponded to the same molecular weight as HSP90o/B in the free lysate (Figure 4.5, lane
1), indicating that HSP90a/B was isolated by GSK-3f antibodies. This signal was not present
in the negative control (Figure 4.5, lane 2), therefore was not a result of HSP90o/p binding
non-specifically to the beads. It was difficult to identify whether GSK-3p was isolated from
the MCF7 lysate by immunoprecipitation using anti-human GSK-3f antibodies, since the
signal (43 kDa) was potentially masked by the signal for the heavy chain IgG (55 kDa)
(Figure 4.2D, lane 4).

Using anti-human GSK-3f antibodies coupled to Dynabeads® M-270 Epoxy, p-p-catenin
was successfully isolated (Figure 4.6B). However, the signal for p-B-catenin was faint,
indicating that the level of p-p-catenin isolated was low. No signal was detected for
HSP900/B in the immunoprecipitation sample using anti-human GSK-3p antibodies coupled
to Dynabeads® M-270 Epoxy (data not shown). A possible explanation for this is that the

association between HSP90o/p and GSK-3f3 was only transient, therefore only small amounts
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of HSP90o/B co-immunoprecipitated with GSK-3B which were too low to be detected by
Western blot analysis, especially since the large volume of elution buffer required by the
Dynal Bead Separations Dynabeads co-immunoprecipitation kit to elute the complexed
proteins would have reduced the concentration of HSP900/p to untraceable amounts. It would
therefore be necessary to concentrate the IP fractions so that detection of signals could be
performed. Another explanation could be that the association between GSK-3 and HSP90
was unstable, as has been reported of HSP90 with other clients (Arlander et al., 2006). This
means the association between HSP90 and GSK-3f could not withstand the lysis or washing

conditions that were performed during immunoprecipitation.

In conclusion, the protein expression study of the Wnt pathway proteins confirmed that B-
catenin, p-B-catenin, axinl, GSK-3B and HSP90o/B were all detectable by Western analysis
in MCF7 cells, thus allowing for further biochemical experiments to be performed. The co-
immunoprecipitation data gave the first preliminary evidence that HSP90a/B is associated
with axinl, p-p-catenin, B-catenin and GSK-3p. In the next chapter, HSP90 inhibition studies,
will be used to confirm the possible association of HSP90a/p with the Wnt destruction in
MCFT7 cells.
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Chapter 5: Effects on the Wnt
pathway proteins by HSP90

iInhibition

65



5.1 Introduction

Numerous HSP90 inhibitors have been investigated for their potential therapeutic uses in
cancer. The HSP90 client oncoproteins that are being targeted for drug interventions include
HER-2, Akt, polo-like kinase, EGFR, Src, Abl, c-Met and RAF-1 (Sreedhar et al., 2004).
HSP90 inhibitors have been found to have a higher affinity for HSP90 in tumour cells, which
could be due to HSP90 existing mainly in the complexed form in tumour cells (Kamal et al.,
2003), and the HSP90 inhibitors preferentially associating with the HSP90 chaperone
complex. HSP90 inhibitors not only have clinical uses, but also provide excellent research

tools to study the HSP90-client and co-chaperone activity..

5.1.1 Geldanamycin and geldanamycin analogues

Geldanamycin, a naturally occurring antibiotic, is also an ansamycin with a benzoquinone
moiety that makes it selective for HSP90 (Figure 5.1) (Zhang and Burrows, 2004).
Geldanamycin was initially identified as an anti-tumour agent when it could inhibit the
phosphorylation of v-Src, thus reversing the v-Src transformation in cells (Uehara et al.,
1986). It was later discovered that geldanamycin binds to the ATP-binding pocket of HSP90
(Prodromou et al., 1997; Roe et al., 1999), preventing the mature HSP90 complex from
forming and thus linking it to the degradation of the client proteins previously shown by
Whitesell et al. (1994). Although geldanamycin showed promising anti-tumour activity, it
was quite hepatotoxic in animals, preventing its further use in humans (Supko et al., 1995).
This therefore lead to the development of the geldanamycin derivative, 17-AAG, which is a
geldanamycin analog that has an allyl amino group instead of the methoxy group in the
position 17 (Figure 5.1) (Goetz et al., 2003). 17-AAG was less hepatotoxic in animals than
geldanamycin, but had similar antitumour activity (Schulte and Neckers, 1998; Workman et
al., 2007). It has an ICs value of about 128 nM for MCF7 cells (Maroney et al., 2006). 17-
AAG is being investigated in clinical trials in the USA and the United Kingdom (Goetz et al.,
2003). Other inhibitors include GA derivative (17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17-DMAG) and hydroquinone hydrochloride analogue of 17-
AAG, 17-allylamino-17-demethoxygeldanamycin hydroquinone hydrochloride (IP1-504)
(Workman et al., 2007). 17-DMAG is more water soluble than 17-AAG and has entered
Phase 1 and 2 clinical testing with lower toxicity in comparison to 17-AAG (Hollingshead et
al., 2005). IPI-504 is in Phase 1 and 2 clinical trials for treating chemotherapy-resistant

cancer (Peng et al., 2007). Radicicol, a macrocyclic natural antibiotic, also competes for the
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N-terminal HSP90 ATP pocket (Roe et al., 1999). It is however chemically and metabolically
unstable and therefore had anti-cancer activity in vitro but not in vivo (Pearl et al., 2008).

Derivatives are currently being investigated (Li et al., 2009).

Geldanamycin R = OCH;
17-AAG R = NHCH,CH=CH,
17-DMAG R = NHCH,CH,N(CH3),

Figure 5.1. Chemical structure of geldanamycin and its derivatives 17-Allylamino-17-
demethoxygeldanamycin (17-AAG), and 17-dimethylaminoethylamino-17- demethoxygeldanamycin (17-
DMAG) (Li et al., 2009).

5.1.2 Novobiocin

Novobiocin is a coumarin antibiotic (Figure 5.2) that binds weakly to the ATP binding site of
HSP90 at its C-terminus, disrupting the HSP90 chaperone complex and resulting in the
degradation of HSP90 clients (Marcu et al., 2000). Inhibition with novobiocin had similar
effects as N-terminal inhibitors, such as the degradation of client proteins, HER-2, RAF-1
and p53 (Marcu et al., 2000; Allan et al., 2006; McConkey and Zhu, 2008). The 1Csy of
novobiocin for MCF7 cells is quite high (260 uM) (Radanyi et al., 2008) therefore for an
effect to be seen, a high concentration would be required in vivo, which could have
detrimental effects on other pathways for the normal functioning of the cell. Other related
coumarin analogs include chlorobiocin and coumermycin Al which bind to the HSP90 C-
terminus and have better activity in comparison to novobiocin (Marcu et al., 2000; Burlison
and Blagg, 2006).

In this study, the HSP90 inhibitors, geldanamycin, 17-AAG and novobiocin were used to
treat MCF7 to identify whether HSP90 inhibition would have an effect on the expression
levels of the Wnt proteins, B-catenin, axinl and GSK-3B. The data presented in this chapter
will provide further insight into the associations that have already been identified (Chapter 3

and 4) between HSP900/pB and these Wnt pathway proteins.
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Figure 5.2. Chemical structure of novobiocin (Li et al., 2009).

5.2 Results

5.2.1 Determination of HSP90 protein expression levels by inhibition

5.2.1.1 Geldanamycin and 17-AAG inhibition

A range of geldanamycin and 17-AAG concentrations were used to treat MCF7 cells (Figure
5.3A and B) for 24 hours and 72 hours respectively. No treatment (Figure 5.3A, 0 and Figure
5.3B, 0) was used as the control in both experiments. In addition to this, cells treated with
media supplemented with DMSO, were also used as a control in geldanamycin treatment
(Figure 5.3A, DMSO).

When MCF7 cells were treated with geldanamycin and 17-AAG (Figure 5.3), little or no
change occurred in the HSP90a/B expression levels with increasing concentrations of both
geldanamycin (Figure 5.3A) and 17-AAG (Figure 5.3B).

[GA] uM [17AAG] UM
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Figure 5.3. HSP90o/p expression levels in MCF7 cells treated with 17-AAG and geldanamycin. A.
Western detection for HSP90a/p in geldanamycin treated MCF cells. B. Western detection for HSP90o/f in 17-
AAG treated MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth
media (0) or media containing only DMSO (DMSQ), in the absence of 17-AAG or geldanamycin.

5.2.1.2 Novobhiocin

MCEF7 cells were treated with increasing concentrations of novobiocin (Figure 5.4, 100 uM,
260uM, 500uM) for 24 hours. No treatment (Figure 5.4, 0) was used as the control.
Treatment of MCF7 cells with increasing concentrations of novobiocin resulted in a slight

increase in HSP90o/B (Figure 5.4) at 100 uM novobiocin concentration, whilst the other
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concentrations, 260 and 500 uM had expression levels similar to no treatment, 0 uM. It may
therefore be concluded that no apparent change in HSP90o/p expression occurred after

novobiocin treatment.

[Novobiocin] uM

0 100 260 500
———— HSP900/]

-~ Actin
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Figure 5.4. HSP90u/p expression levels in MCF7 cells treated with novobiocin. Western detection for
HSP900/B in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in
normal growth media in the absence of novobiocin (0).

5.2.2 Effect of HSP90 inhibition on client proteins

The effects of geldanamycin, 17-AAG and novobiocin were tested on known client proteins
STATS3, p-STATS3, and Akt, so as to establish an experimental framework from which to test
if B-catenin, p-p-catenin, GSK-3p and axinl were client proteins. The client proteins have
previously been found to have decreased expression levels when treated with HSP90
inhibitors such as geldanamycin (Basso et al., 2002A and B; Sato et al., 2003). HSP90
stabilizes its client proteins so that they can be activated (Sato et al., 2003). It is involved in
the activation of client proteins by bringing them in contact with their kinases (Fujita et al.,
2002). Therefore, disruption of this association by geldanamycin, 17-AAG or novobiocin

would cause a decrease in the phosphorylated, active forms of the client proteins.
5.2.2.1 STAT3

5.2.2.1.1 Total STAT3

A range of geldanamycin and 17-AAG concentrations were used to treat MCF7 cells (Figure
5.5A and B) for 24 hours and 72 hours respectively. No treatment (Figure 5.5A, 0 and Figure
5.5B, 0) was used as the control in both experiments. In addition to this, cells treated with
media supplemented with DMSO were also used as a control in geldanamycin treatment
(Figure 5.5A, DMSO).

When MCF7 cells were treated with geldanamycin, a decrease in the level of STAT3
expression was seen at the higher concentrations of geldanamycin (Figure 5.5A); however

this decrease was very slight for 1 and 10 uM geldanamycin when normalized to actin
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(Appendix, Figure A4.1A ). On the other hand, there was very little or no change in the
STATS3 levels with increasing concentrations of 17-AAG (Figure 5.5B).

MCF7 cells were treated with increasing concentrations of novobiocin (Figure 5.6, 100 uM,
260 uM, 500 uM) for 24 hours. No treatment (Figure 5.6, 0) was used as the control. There
was a decrease in the expression of STAT3 with increasing concentrations of novobiocin
(Figure 5.6). Although less protein was loaded in lane 4 and 5 (Figure 5.6, 260 and 500 puM
concentrations), the densitometric analysis confirmed that there was an overall decrease in

STAT3 with increasing novobiocin concentrations (Appendix, Figure A4.1C).
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Figure 5.5. Total STAT3 expression levels in MCF7 cells treated with 17-AAG and geldanamycin. A.
Western detection for STAT3 in geldanamycin treated MCF cells. B. Western detection for STAT3 in 17-AAG
treated MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth media
(0) or media containing only DMSO (DMSO), in the absence of 17-AAG or geldanamycin.
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Figure 5.6. Total STAT3 expression levels in MCF7 cells treated with novobiocin. Western detection for
STAT3 in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in
normal growth media in the absence of novobiocin (0).

5.2.2.1.2 P-STAT3

MCEF7 cells were exposed to increasing concentrations of 17-AAG and novobiocin for 72 and
24 hours respectively (Figure 5.7 and 5.8). No treatment (Figure 5.7, 0) was used as the
control. The relative levels of p-STAT3 were analyzed by Western blot analysis of total
protein lysates after the 17-AAG treatments (Figure 5.7) and novobiocin (Figure 5.8)
treatments. There was a decrease in the p-STAT3 signal at 10 uM 17-AAG (Figure 5.7A),
which was also shown when the densitometric analysis was performed (Appendix, Figure
A4.3).
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Figure 5.7. p-STAT3 expression levels in MCF7 cells treated with 17-AAG. Western detection for p-STAT3
in 17-AAG treated MCF7 cells. Actin was used as the loading control. No Control cells were treated in normal
growth media (0) or media containing only DMSO (DMSO), in the absence of 17-AAG.

The level of p-STAT3 decreased with increasing concentration of novobiocin (Figure 5.8A),
with 260 and 500 uM novobiocin causing more of a decrease in the p-STAT3 than 100 uM
(Figure 5.8B).
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Figure 5.8. P-STAT3 expression levels in MCF7 cells treated with novobiocin. Western detection for
STAT3 in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in
normal growth media in the absence of novobiocin (0).

5.2.2.2 Akt

Akt is another client protein that was used as a control to test the effects of the HSP90
inhibitors on client proteins (Figure 5.9). HSP90 binds to the active form of Akt, allowing for
its phosphorylation (Basso et al., 2002A and 2002B). Inhibition of HSP90 by geldanamycin
and other derivatives results in a decrease in Akt activity and protein expression as shown by

previous studies (Basso et al., 2002A and B).

There was not much change in the expression of Akt with 17-AAG treatment (Figure 5.9).
On the other hand there was a decreasing trend in the Akt expression level with increasing

concentrations of novobiocin (Figure 5.10).

[17AAG] uM
0 1 5 10
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Figure 5.9. Akt expression levels in MCF7 cells treated with 17-AAG. A. Western detection for Akt in 17-
AAG treated MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth
media (0) or media containing only DMSO (DMSO), in the absence of 17-AAG.
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Figure 5.10. Akt expression levels in MCF7 cells treated with novobiocin. A. Western detection for Akt in
novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in normal
growth media in the absence of novobiocin (0).

5.2.2.3 GSK-38

Different concentrations of geldanamycin and 17-AAG were used to treat MCF7 cells (Figure
5.11A and B) for 24 hours and 72 hours respectively. No treatment (Figure 5.11A, 0 and
Figure 5.11B, 0) was used as the control in both experiments. In addition to this, cells treated
with media supplemented with DMSO were also used as a control in geldanamycin treatment
(Figure 5.11A, DMSO).

Treatment with geldanamycin resulted in a decrease in GSK-3B expression at high
concentrations (Figure 5.11A, 10 uM concentration). HSP90-induced inhibition by 17-AAG
in MCF7 cells did not result in a notable change in the expression levels of GSK-3p (Figure
5.11B).

After treatment of MCF7 cells with varying concentrations of novobiocin, there was a
decrease in the expression level of GSK-3B at the higher concentrations (Figure 5.12,
500 uM).
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Figure 5.11. GSK-3p expression levels in MCF7 cells treated with 17-AAG and geldanamycin. A. Western
detection for GSK-3p in geldanamycin treated MCF cells. B. Western detection for GSK-3p in 17-AAG treated
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MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth media (0) or
media containing only DMSO (DMSO), in the absence of 17-AAG or geldanamycin.
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Figure 5.12. GSK-3p expression levels in MCF7 cells treated with novobiocin. Western detection for GSK-
3B in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in normal
growth media in the absence of novobiocin (0).

5.2.3 B-catenin

There is preliminary evidence that HSP90 and total B-catenin associated by co-
immunoprecipitation (Chapter 4, Section 4.2.2); therefore exposure of MCF7 cells to HSP90
inhibitors could have an effect on the protein expression level of B-catenin.

MCEF7 cells were treated with increasing concentrations of geldanamycin (Figure 5.13A) and
17-AAG (Figure 5.13B). No treatment (Figure 5.13, lane 0) and media supplemented with
DMSO (Figure 5.13A, DMSO) were used as the controls. Treatment with geldanamycin
(Figure 5.13A) and 17-AAG (Figure 5.13B) did not decrease the level of total 3-catenin, and
seemed to cause a very slight increase in protein expression level at the higher concentration
of 17-AAG (Figure 5.13B, 10 uM). Although it appeared that the level of B-catenin had
decreased at the high concentration of 17-AAG (Figure 5.13B, 10 uM), densitometric
analysis of triplicate studies revealed that there was actually a slight increase in the B-catenin

level (Appendix, Figure A4.6C).

A decrease in protein expression level of B-catenin was seen at higher concentrations (500
uM) of novobiocin treatment (Figure 5.14, 500 uM). This decrease was also reflected in the
densitometric study (Appendix, Figure A4.6B).
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Figure 5.13. B-catenin expression levels in MCF7 cells treated with 17-AAG and geldanamycin. A.
Western detection for B-catenin in geldanamycin treated MCF cells. B. Western detection for p-catenin in 17-
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AAG treated MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth
media (0) or media containing only DMSO (DMSO), in the absence of 17-AAG or geldanamycin.
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Figure 5.14. B-catenin expression levels in MCF7 cells treated with novobiocin. Western detection for B-
catenin in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in
normal growth media in the absence of novobiocin (0).

5.2.3.1 p-B-catenin

HSP900/B co-immunoprecipitated with the phosphorylated form of p-catenin (Chapter 4,
section 4.2.2), therefore giving the first preliminary evidence that there was potential
association between HSP90a/p and p-p-catenin. Western analysis for p-p-catenin was
performed on MCF7 cells treated with HSP90 inhibitors at increasing concentrations. MCF7
cells were treated with geldanamycin (Figure 5.15A, 0.1 uM, 0.5 uM, 1 uM, 10 puM) and
novobiocin (Figure 5.16, 100 uM, 260 uM, 500 uM) for 24 hours. Treatment with 17-AAG
(Figure 5.15B, 0.05 uM, 0.1 uM, 0.5 uM, 1 uM) occurred for 72 hours. No treatment (Figure
5.15 and 5.16, lane 0) and media supplemented with DMSO (Figure 5.15A, DMSO) were

used as the controls.

Each HSP90 inhibitor treatment resulted in a decrease in the protein expression level of p-p-
catenin (Figure 5.15A and B; 5.16). At the high concentration of geldanamycin (Figure
5.15A, 10 uM), the p-B-catenin level had also decreased in comparison to no treatment and
the DMSO control (Figure 5.15A, DMSO). p-p-catenin protein expression levels also
decreased with increasing 17-AAG (Figure 5.15B), from a concentration as low as 0.5 pM.
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Figure 5.15. p-p-catenin expression levels in MCF7 cells treated with 17-AAG and geldanamycin. A.
Western detection for p-B-catenin in geldanamycin treated MCF cells. B. Western detection for p-B-catenin in
17-AAG treated MCF7 cells. Actin was used as the loading control. Control cells were treated in normal growth
media (0) or media containing only DMSO (DMSOQ), in the absence of 17-AAG or geldanamycin.
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Increasing the concentration of novobiocin decreased the concentration of p-f-catenin (Figure
5.16) such that at 500 uM novobiocin, the p-B-catenin signal was much less than that of no
treatment (Figure 5.16, 500 uM).
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Figure 5.16. P-B-catenin expression levels in MCF7 cells treated with novobiocin. A. Western detection for
p-B-catenin in novobiocin treated MCF cells. Actin was used as the loading control. Control cells were treated in
normal growth media in the absence of novobiocin (0).

5.3 Discussion

The compound, 17-AAG binds to the N-terminus of HSP90, and results in a degradation of
client proteins. HSP90a/p expression levels were not affected although the 17-AAG was
preventing ATP from binding to the N-terminus (Roe et al., 1999). The known client
proteins, STAT3, Akt and p-STAT3 were tested in this study to ensure that the efficacy of the
compound was not compromised and also to provide a framework to which a comparison of
the effect of the inhibitors on the Wnt proteins could be made. There was very little change in
the expression levels of STAT3 (Figure 5.5) and Akt (Figure 5.9) with increasing
concentrations of 17-AAG, whilst the expression of the phosphorylated form of STAT3
decreased slightly with increasing concentrations of 17-AAG (Figure 5.7). Interestingly,
studies have found that client proteins that degrade slowly are more likely to interact with
HSP90 in a transient manner during conformational maturation and therefore become
degraded at rates according to their protein half life (Liu et al., 1993; Xu et al., 2001).
Furthermore, HSP90 inhibition prevented the client protein from becoming activated, such as
STATS3 from being phosphorylated (Sato et al., 2003). 17-AAG did not have an effect on the
expression levels of B-catenin (Figure 5.13C) and GSK-38 (Figure 5.11C). In contrast to this,
the expression level of p-B-catenin decreased with increasing concentrations of 17-AAG thus
illustrating that p-p-catenin was a potential client of HSP90 and was sensitive to HSP90
inhibition. It can be suggested that 17-AAG efficiency was only sub-optimal for some of the
experiments since an effect on the client protein, p-STAT3, was only seen at very high

concentrations such as 10 uM.
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To further validate the effects that 17-AAG inhibition had on the Wnt proteins, geldanamycin
was used. Similar to 17-AAG, increasing concentrations of geldanamycin did not have an
effect on the expression levels of HSP90, nor did it cause a change in the total B-catenin
expression. Interestingly, there was only a slight decrease in GSK-3f at high geldanamycin
concentrations (Figure 5.11A and B); whilst in literature GSK-3p has been found to be
sensitive to geldanamycin concentrations in Hep3B cells (Banz et al., 2009). P-B-catenin also
decreased with increasing geldanamycin concentrations (Figure 5.15B) which concurs with
the study done by Banz et al. (2009). Banz et al. (2009) suggested that geldanamycin-induced
HSP90 inhibition can also affect the kinases upstream of GSK-3p, such as Akt. This would
result in the inhibition of GSK-3, preventing GSK-3p from phosphorylating p-f-catenin.

Treatment of MCF7 cells with the compound novobiocin did not cause a change in the
expression level of HSP90a/p (Figure 5.4). On the other hand, the client proteins, STAT3
(Figure 5.6), p-STAT3 (Figure 5.8) and Akt (Figure 5.10) decreased with increasing
concentrations of novobiocin. Interestingly, the members of the Wnt pathway, GSK-3f
(Figure 5.12), B-catenin (Figure 5.14) and p-P-catenin (Figure 5.16) also decreased with

increasing concentrations of novobiocin.

Overall, the results obtained in this study are consistent with the data obtained from co-
localization (Chapter 3) and immunoprecipitation (Chapter 4) studies, suggesting that
HSP90a/p associates with GSK-3, p-p-catenin and B-catenin. Although previous studies
(Banz et al., 2009; Kurashina et al., 2009) have described a decrease in p-f-catenin after
HSP90 inhibition as an indirect result of the inhibition of GSK-3p, the data presented here

have shown that p-p-catenin and HSP90a/p associate in a common complex.
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Chapter 6: Conclusion and future

Work
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6.1 HSP90 association with Wnt members

Aberrant activation of the Wnt pathway has been found in cancer, whereby stabilized -
catenin can translocate to the nucleus and activate and maintain oncogenesis (Hoppler and
Kavanagh, 2007). This can be due to mutations in genes encoding proteins involved in the
destruction complex, such as APC, axin and even P-catenin (Polakis, 2000; Fodde et al.,
2001) or autocrine signaling. In colon cancer, the Wnt pathway is known to be stimulated due
to a mutation in the APC gene (Bienz and Clevers, 2000; Yang et al., 2006). However, in
breast cancer, it is thought that other factors influence the upregulation of stabilized B-catenin
(Veeck et al., 2006). A study of the expression levels of axinl, B-catenin, p-p-catenin, GSK-
3 between the breast cancer cell line MCF7 and the colorectal cancer line HT29 confirmed
that the MCF7 cell line had detectable levels of these proteins by Western analysis, making it
a viable cell line to work with. These results concurred with literature as the Wnt pathway has

been found to be “switched on” in breast cancer (Schlange et al., 2007).

Previous studies have linked HSP90o/B to the Wnt pathway via association with GSK-383
(Lochhead et al., 2006), however little is known about the association of HSP90a/p with
other members of the Wnt pathway in MCF7 cells. For the first time, in this study, an
association of HSP90o/pB with other members of the Wnt pathway, axinl, p-B-catenin and f-

catenin was shown in MCF7 cells.

HSP90 plays a role in the maturation and stabilization of numerous client proteins, many of
which are involved in oncogenesis (Grbovic et al., 2006). Of particular interest is that HSP90
plays a role in many signal transduction pathways, but the mechanistic involvement of
HSP90 in the Wnt signaling pathway has not been clearly defined. Although an association
of HSP90 has been found with GSK-3B (Lochhead et al., 2006), it is argued that this
association is only transient (Banz et al., 2009). Our studies of co-localization by confocal
microscopy confirmed that there was a possible association between HSP90 and GSK-3p.
This was later confirmed by HSP90 inhibition whereby treatment of the cells with high
geldanamycin concentrations resulted in a disruption of this association, leading to a decrease
in detectable levels of GSK-3p. Furthermore, treatment with novobiocin, an HSP90 inhibitor,
that binds to the C-terminus and disrupts co-chaperone interaction (Allan et al., 2006),
resulted in the decrease in detectable levels of GSK-3B. This illustrated that without the
stabilization of the chaperone complex, GSK-3B became unstable and was potentially

degraded. Co-immunoprecipitation analyses confirmed the association of GSK-3B and
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HSP90 by isolating HSP90 by immunoprecipitation with GSK-3p. However the reverse was
difficult to analyze by Western detection since the signal was masked by the heavy chain
IgG. At the same time, a definitive association between GSK-33 and HSP90 was difficult to
confirm by co-immunoprecipitation possibly because there was steric hindrance between the
antibody used to isolate the complex and the protein being detected (Tsaytler et al., 2009). It
could be argued that the association between GSK-3B and HSP90 is only transient therefore
the weak interaction did not withstand the stringent lysis and washing conditions that occur
during immunoprecipitation, as has been reported before for other HSP90 clients (Arlander et
al., 2006). To confirm that the association between GSK-33 and HSP90 was not transient,
other techniques could be employed. These could include using another technique of co-
immunoprecipitation to isolate the HSP90 complex, such as the magnetic DynaBeads®
therefore preventing any signal of GSK-3f3 being masked by the antibody’s heavy and light

chain.

Immunofluorescence and confocal microscopy revealed that the expression level of axinl
was very low in MCF-7 cells which concurs with literature since axinl is the limiting protein
of the destruction complex therefore expressed at low levels (Lee et al., 2003). Furthermore,
axinl was found to be in a similar location to HSP90 suggesting association which was
confirmed by co-immunoprecipitation. Taking into account that axinl is the scaffolding
protein of the Wnt destruction complex, and gets sequestered to the membrane in the
presence of a Wnt signal, and thereafter degraded (Willert et al., 1999), it was interesting to
note that HSP90 inhibition by novobiocin resulted in accumulation of axinl at the membrane
(confocal analysis) and a reduction in the expression level (Western analysis). A possible
explanation for this is that due to the destruction complex being disrupted by HSP90
inhibition, axinl is sequestered to the membrane and degraded. It would be important to
make a comparison between the localization pattern and expression levels of axinl in normal
epithelial cells as well as cells that have the Wnt pathway “switched on” such as HT29 to see
if there is a difference. Furthermore, by stimulating the Wnt pathway in MCF7 cells, confocal
analysis would reveal whether a similar change in localization of axinl as that of HSP90-

inhibition would occur, to prove the hypothesis.

HSP90 was found to have a possible association with the destruction complex via the
proteins, GSK-3p and axinl, total P-catenin and its phosphorylated form. Co-
immunoprecipitation analyses revealed that HSP90 is associated with both total B-catenin and

p-B-catenin, with a strong association being found with the p-B-catenin. Furthermore,
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inhibition by 17-AAG and geldanamycin resulted in a rapid degradation of p-B-catenin, thus
suggesting its reliance on HSP9O0 for stabilization, either directly or in the complexed form.
Novobiocin treatment, at high concentrations resulted in both the total p-catenin and p-f-
catenin expression levels decreasing. This suggested that since the co-chaperone activity of
HSP90 was being inhibited by novobiocin, p-catenin was not able to enter the destruction
complex to get phosphorylated. These results could indicate that HSP90 inhibition is
disrupting a pathway upstream of the Wnt pathway, which could result in the Wnt pathway
being activated so that axinl is sequestered to the membrane after novobiocin treatment. This
theory opposes that of Kurashina and colleagues (2009), who suggested that 17-AAG
treatment inhibits the Wnt pathway by activating GSK-3p via Akt.

These data collected in this study support a possible schematic model of the association of
HSP900/B with the destruction complex (Figure 6.1). The immunoprecipitation data suggest
that HSP90a/B associates in a common complex with p-fB-catenin (Figure 6.1A), which
becomes disrupted upon treatment with an HSP90 inhibitor, such as novobiocin (Figure
6.1B). B-catenin was therefore prevented from associating with the destruction complex
(Figure 6.1B) and thus prevented from being phosphorylated. On the other hand, p-p-catenin
was released from the destruction complex and degraded (Figure 6.1B), whilst the other
destruction complex members, GSK-3p and axinl were no longer stabilized by HSP90 which
resulted in their degradation. If this model is true then p-B-catenin constitutes a small
proportion of the total B-catenin detected. This could explain why there was a notable
decrease in the expression level of p-B-catenin after novobiocin treatment (Figure 5.16),
whilst only a small decrease in total 3-catenin expression levels (Figure 5.14). If this model is
true, then care must be taken in designing HSP90 inhibitor drugs since there is a possibility of
activating the Wnt pathway by HSP90 inhibition, and thus potentially increasing the
aggressiveness of the cancer. Furthermore, by activating the Wnt pathway, there is potential
that dormant cancer stem cell-like cells will be activated, since the Wnt pathway is linked to

stem cell proliferation (Lindvall et al., 2007)

Taken together, these results suggest that HSP90 is directly involved in the destruction
complex of HSP90 in the Wnt pathway, in contrast to previous studies which suggest its
involvement in upstream pathways influencing the Wnt pathway (Banz et al., 2009). It can

therefore be said, that there is a possible involvement of HSP90 in the modulation or
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stabilization of p-B-catenin in the Wnt pathway by association with the proteins axinl, GSK-

3B and p-p-catenin.

A. NO HSP90 INHIBITION

________

P-B-catenin
degradation via
ubiquitination

Figure 6.1. Schematic model of the association of HSP90a/p with p-B-catenin in the destruction complex
in Wnt pathway in MCF7 cells. In the absence of HSP90 inhibition (A), there is a dynamic interaction
between B-catenin and its phosphosphorylated form p-B-catenin. Immunoprecipitation (IP) studies have shown
that HSP90o/B associates with p-B-catenin in a common complex (dotted line around complex). In the presence
of HSP90 inhibitors (B), such as novobiocin, the HSP90 association with the destruction complex is disrupted
and the proteins get degraded. B-catenin is prevented from being phosphorylated shown by blunted line. Primary
antibody shown schematically detecting IP complex. Arrows point towards direction of pathway. Dotted lines in
(B) represent protein degradation. ‘a’ and ‘b’ represent proteins within destruction complex.

6.2 Future work

An interesting study that could be performed in the future would be to compare the
expression levels of the Wnt pathway proteins between a normal breast epithelial cell line and
MCF7 cells to see if there is a difference, and then to stimulate the Wnt pathway in the
normal breast epithelial cell line to see if the expression levels of proteins such as B-catenin

are upregulated to a comparable level.

Another interesting study would be to identify which other proteins in the Wnt pathway could

be associated with HSP90. Many questions need to be answered in order to fully understand
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the role of HSP90 in the Wnt pathway. For example, since HSP90 has been found to be
associated with the destruction complex via axinl and GSK-3B, is it also involved with the
other members, such as APC? Where is HSP90 involved with the destruction complex? How
strong are the associations of HSP90 with these proposed client proteins? If HSP90 is
associated with axinl, which is proposed to be also involved in the transport of p-catenin in
and out of the nucleus, is HSP90 also involved in the nuclear transport of f-catenin?

These questions could be answered by co-immunoprecipitation studies, as well as cross-
linking HSP90 with other proteins involved in the destruction complex such as APC prior to
immunoprecipitation. Treatment of the cells with HSP90 inhibitors prior to co-
immunoprecipitation would further reveal dependency of the complexes on HSP90 for
stabilization and at which terminus the client proteins interact with HSP90. Furthermore, by
treating MCF7 cells with a compound that is known to stimulate the Wnt pathway, confocal
analysis could be performed to test if there is an association of HSP90 with the nuclear
fraction of B-catenin, and whether other associations would change. Co-immunoprecipitations
on subcellular fractionations would reveal where in the cell the associations with HSP90
occur. Furthermore, pTopflash reporter assays, which measure the TCF/LEF transcription,
could be performed to identify whether the Wnt pathway is activated or inhibited after HSP90

treatment.

An alternative method for identifying the protein-protein interactions, such as those between
HSP90 and the APC destruction complex, would be to synthesize a histidine tagged version
of HSP90 and using it affinity purification of the MCF7 lysate. The resulting isolated
complex could then be probed for the respective proteins within the APC destruction
complex. The reverse could be performed by synthesizing histidine tagged versions of the

APC complex proteins and probing for HSP90.

Lastly, this is the first study that provides a possible association of HSP90 with the Wnt
pathway in MCF7 cells. This mechanistic understanding of the involvement of HSP90 in the
Wnt pathway is important since it gives a framework for studying the association of HSP90
in the Wnt pathway in cancer stem cells, thus allowing for the development of therapeutic

drugs targeted at inhibiting the Wnt pathway.
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APPENDIX

Al Mycoplasma detection protocol

Briefly, Mycoplasma were tested for using immunofluorescent microscopy and amplification
of a fragment of the 16S rRNA gene.

Detection by confocal microscopy
e Seed cells and grow on sterile glass cover slips overnight at 37 °C
e Remove media, and wash with PBS
e Fix cells with ice cold methanol (add briefly)
e Dip cover slip into Hoechst 33342 (1:1000 dilution in water) for 15 seconds
e Leave cover slip to dry on paper towel
e Mount cover slip onto glass slide with mounting medium and seal with nail varnish

Negative detection:

e Clean blue nuclei without any other speckled staining around

Positive detection:

e Blue specks (nuclear staining) around and on top of the area on the cytoplasm (Figure
Al).

Figure Al.1 Confocal microscopy image of Caco2 cells contaminated with Mycoplasma. Caco?2 cell nuclei
stained with Hoechst. Scale bar represents 20 uM. Arrows point toward Mycoplasma.
Detection by PCR

1. Isolation of DNA by boiling cells

o T25 flask of cells trypsinized (approx 280 000 cells)

¢ Inhibited further trypsinization by adding media

e Transferred cells in TE buffer into eppendorf

e Centrifuged 2000 rpm, 2 mins

e Resuspended cells in 50 ul TE buffer

e Boiled samples in kettle for 15 minutes to lyse cells (viscosity)

e DNA used for PCR reaction
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2. PCR Reaction

NB Dilute forward and reverse primers stock 1:10 in water before PCR

Mycoplasma primers

Specific for 16S rRNA gene

Forward ( XXIDT 60298391)

Upstream primer GPO-3 5’-GGG AGC AAA CAG GAT TAG ATACCCT-3")
Position 774-798 on gene (Ossewaarde et al., 1996).

Reverse ( XXIDT 60298392)
Downstream primer MGSO 5° — TGC ACC ATC TGT CAC TCT GTT AAC CTC -3°)
Position 1029-1055 on gene (Ossewaarde et al., 1996).

Table Al.1 PCR reaction

Reagent in 50 pl final | Final concentration Company of reagent
volume

Buffer 5 X Green GoTaq 10 pl 1X Promega, M 791A

dNTP 2 ul 0.4 mM Roche, 13873400

forward primer (diluted) 5 ul 1uM XXIDT, 60298391

reverse primer (diluted) 5 ul 1uM XXIDT, 60298392

GoTaq polymerase (5 U/ pul) 0.25 pl 1.25U Promega, 9PIM300

DNA 5 ul

Water 22.75 ul

Table A1.2 PCR Conditions (adapted from Ossewaarde et al., 1996)

Temperature Time
94 °C (denaturation) 1 min
72 °C (extension) 1 min
65 °C (annealing) 1 min

every 2 cycles annealing temperature decreased
by 2 °C until 55 °C

55 °C (final annealing) 30 cycles

4°C o

Set up water control, substituting DNA with water

3. Resolving PCR samples on 2 % agarose gel
2 % =1 g agarose in 50 ml TAE buffer

The size of the PCR product of Mycoplasma contaminated cells is approximately 270 bp
(Figure A1.2).
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«— 270 bp

Figure Al.2. AGE (2 % acrylamide) of PCR product of cells contaminated with Mycoplasma. Positive
signal is detected at 270 bp.
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A2 ORIGINAL, UNEDITED CONFOCAL IMAGES

Hoechst HSP90a/B GSK-3B p-B-catenin

Figure A2.1. Unedited confocal images showing the effects of HSP90 inhibitors on the localization of

HSP90a/p, GSK-3p and p-p-catenin. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with

inhibitors. Confocal microscopy images of stained MCF7 cells were captured using a Zeiss LSM 510 confocal

microscope. A. Untreated MCF7 cells. B. Novobiocin (500 uM) treated MCF7 cells. C. 17-AAG (10 uM)

treated MCF7 cells. Hoechst: blue nuclear staining. HSP90o/B (purple) using anti-human HSP900/f antibody.

GSK-3B (green) using anti-human GSK-3p antibody. P-B-catenin (red) using anti-human p-p-catenin. Scale
axinl p-B-catenin

bars represent 20 uM.
H|||h|| Hspgoaii
| . . ..

Figure A2.2 Unedited confocal images showing the effects of HSP90 inhibitors on the localization of
HSP90a/B, axinl and p-B-catenin. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with
inhibitors. Immunofluorescence confocal microscopy images of stained MCF7 cells captured using a Zeiss LSM
510 confocal microscope. A. Untreated MCF7 cells. B. Novobiocin (500 uM) treated MCF7 cells. C. 17-AAG
(10 uM) treated MCF7 cells. Hoechst: blue nuclear staining. HSP90o/B (purple) using anti-human HSP90o/B
antibody. Axinl (green) using anti-human axinl antibody. P-B-catenin (red) using anti-human p-pB-catenin. Scale
bars represent 20 pM.
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Figure A2.3. Unedited confocal images showing the effect of HSP90 inhibitors on B-catenin and p-p-
catenin localization. MCF7 cells were serum-starved for 1 hour prior to 5 hour treatment with inhibitors.
Immunofluorescence confocal microscopy images of stained MCF7 cells captured using a Zeiss LSM 510
confocal microscope. A. Untreated MCF7 cells. B. Novobiocin (500 uM) treated MCF7 cells. C. 17-AAG (10
uM) treated MCF7 cells. Hoechst: blue nuclear staining. B-catenin (green) using anti-human (3-catenin antibody.
p-B-catenin (red) using anti-human p-B-catenin antibody. Scale bars represent 20 um.
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A3 DENSITOMETRIC ANALYSIS SHOWING TOTAL B-CATENIN
ISOLATED BY HSP90 IMMUNOPRECIPITATION WAS GREATER
THAN NON-SPECIFIC PROTEIN

1.1 -
1.05 A

0.95 -
0.9 A

Arbitrary unit

0.85 -

Control: beads + lysate IP sample

Figure A3.1. Western detection signal representing total B-catenin was higher than the non-specific
signal. Densitometric analysis of signals representing B-catenin and non-specific bands detected in HSP90
immunoprecipitation. Control: protein A/G agarose-PLUS beads in the absence of antibody. IP sample: Signal
representing f-catenin isolated by HSP90o/f immunoprecipitation.
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A4 DENSITOMETRIC ANALYSIS OF PROTEINS NORMALIZED AGAINST
ACTIN IN HSP90 INHIBITION STUDY
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Figure A4.1. Densitometric analysis of HSP90e/B normalized against actin in geldanamycin (A), 17-AAG
(B) and novobiocin (C) treated MCF7 cells. No treatment (0) and DMSO were used as the controls.
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Figure A4.2. Densitometric analysis of STAT3 normalized against actin in geldanamycin (A), 17-AAG (B)
and novobiocin (C) treated MCF7 cells. No treatment (0) and DMSO were used as the controls.
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Figure A4.3. Densitometric analysis of p-STAT3 normalized against actin in geldanamycin (A) and 17-
AAG (B) treated MCF7 cells. No treatment (0) was used as the control.
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Figure A4.4. Densitometric analysis of Akt normalized against actin in geldanamycin (A), 17-AAG (B)
and novobiocin (C) treated MCF7 cells. No treatment (0) was used as the control.
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Figure A4.5. Densitometric analysis of GSK-3B normalized against actin in geldanamycin (A), 17-AAG
(B) and novobiocin (C) treated MCF7 cells. No treatment (0) and DMSO were used as the controls.
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Figure A4.6. Densitometric analysis of B-catenin normalized against actin in geldanamycin (A),
novobiocin (B) 17-AAG (C) treated MCF7 cells. No treatment (0) and DMSO were used as the controls.
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A5 MEDIA AND SOLUTION PREPARATION

10 X phosphate buffered saline (PBS) pH 7.4
Dilute stock 10 X to make 1 X

Reagent Final Concentration (in 1L) Mass (g)
NaCl 1.37M 80

KCI 0.03M 2
NazHPO, 0.16 M 115
KH,PO, 0.02M 2

RIPA lysis buffer
Protease inhibitor cocktail added according to the vendor’s instructions (1 % v/v)

Reagent Final concentration (in 200 ul) | volume (ul)
Tris-HCI and NaCl solution 50 mM and 150 mM 189.8
EGTA/EDTA 1mM 2

NazVO, 1mM 2.2

NP40 1% (VIv) 2

Na deoxycholate 1 mM 2

PMSF 1mM 2

protease inhibitor 2 ug/mi 2
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A6 SDS-PAGE PAGE BUFFERS AND GEL PREPARATIONS

Reagent volume
dH,0 3.55ml
0.5 M Tris-HCI pH 6.8 1.25ml
glycerol 2.5 ml
10 % (wi/v) SDS 2ml
0.5 % (wi/v) bromophenol blue 0.2ml

Add 50 pl B-mercaptoethanol to 950 pl prior to use to make 5 X sample treatment buffer

SDS-PAGE gel preparation

12 % acrylamide resolving gel

Reagent Volume
dH,0 3.35ml
1.5 M Tris-HCI (Ph 8.8) 2.5 ml
10 % SDS 100 pl
Bis-acrylamide 4ml

10 % ammonium persulphate 100 pl
TEMED 20 pl

4 % acrylamide stacking gel

Reagent Volume
dH,0 3.05ml
0.5 M Tris-HCI (Ph 6.8) 1.25ml
10 % SDS 50 pl
Bis-acrylamide 665 pl
10 % ammonium persulphate 100 pl
TEMED 20 pl

10 X SDS-PAGE running buffer

Reagent mass (in 1 L water)
glycine 144 g

SDS 10 g

Tris 30.3¢g

Dilute to 1 X prior to use
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A7 REAGENTS, CHEMICALS AND SOURCES

Tissue culture

Reagent Company Country

4 well culture plates (Nunclon™) NUNC USA

6 well culture plates Corning USA

Dako fluorescent mounting medium Dako USA

dimethyl sulphoxide (DMSO) Sigma-Aldrich USA
Dulbecco’s Modified Eagle Medium (DMEM) | Gibco, Invitrogen | USA

with 4.5 g/L D-glucose, L-glutamine, pyruvate

Fetal calf serum (FCS) PAA Laboratories | USA

Hoechst 33342 Invitrogen USA
L-glutamine Gibco USA
Penicillin-Streptomycin solution stabilizer (5 | Sigma-Aldrich USA

000U and 5 mg strep)

T25 (25 cm®) tissue culture flasks Corning USA

T75 (75 cm®) tissue culture flasks Corning USA

Trypan Blue solution (0.4 %) Sigma-Aldrich USA

Trypsin/ ethylenediaminetetraacetic acid (EDTA) | Sigma-Aldrich USA

General reagents

Reagents Vendor Country
17-AAG Sigma-Aldrich USA
2-mercaptoethanol MERCK South Africa
50 bp marker New England BiolLabs UK

Acetic acid SAARCHEM, MERCK South Africa
Acrylamide BioRad USA
Agarose Whitehead Scientific South Africa
Ammonium persulphate SAARCHEM South Africa
Bromophenol blue Sigma-Aldrich USA

BSA Roche Diagnostics Germany
Coomassie Brilliant Blue-R250 Sigma-Aldrich USA
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Disodium hydrogen orthophosphate Merck South Africa
Dynabeads® co-immunoprecipitation kit | Invitrogen USA

ECL kit GE Healthcare, Amersham USA

EDTA Saarchem USA
Ethidium bromide Sigma-Aldrich USA
Fermentas Marker Plus Fermentas USA
geldanamycin BioMol International USA
Glacial acetic acid SAARCHEM South Africa
Glycerol SAARCHEM South Africa
Glycine Sigma-Aldrich South Africa
HCI Merck South Africa
KCI SAARCHEM South Africa
NaCl Sigma-Aldrich South Africa
NP40 Roche Germany
PBS tablets Sigma-Aldrich USA

pEQ Gold Marker 1V peQ-Lab Germany
Ponceau S Sigma-Aldrich USA
Potassium diydrogen phosphate Merck South Africa
protease inhibitor cocktail Sigma-Aldrich USA

protein A/G PLUS-agarose Santa Cruz Biotechnologies | USA
immunoprecipitation reagent

Sodium diodecyl sulphate Sigma-Aldrich USA
TEMED Sigma-Aldrich USA
Trans-Blot® nitrocellulose membrane Bio-Rad South Africa
trisodium citrate Saarchem South Africa
Triton X-100 Sigma-Aldrich USA
Trizma base Sigma-Aldrich USA
Tryptone (pancreatic digestion of casein) | Biolab, Merck UK
Tween-20 SAARCHEM, MERCK South Africa
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A8 Instruments and sources

Instrument Source

Western blotting power pack Bio-Rad, UK

Centrifuge 8000R Centurion Scientific, UK
Centrifuge 5804R Eppendorf, Germany
Centrifuge 5415R Eppendorf, Germany
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A9 PICARD LIST OF HSP90 INTERACTORS

(website 4)

Chaperones and relatives

Transcription factors

- Ahal and its homolog Hchl

- Cdc37 (p50) and its relative Harc

- p23 (=Shal)

- proteins with TPR motifs, including Hop
(=Stil), FKBP52 (and high MW plant
homologs), FKBP51, FKBP8 (=FKBP38),
FKBP36 (= FKBP6), Plasmodium
FKBP35, cyclophilin-40 (Cpr6 and Cpr7),
PP5 (and yeast Pptl), Tom70, probably
also related Tom71=Tom72, XAP-2
(=AIP=ARAY9), Cnsl and its Drosophila
and human relatives Dpit47 and TTC4,
CHIP, GCUNC-45 (also UNC-45 and
She4), DnaJC7 (=Tpr2=mDj11=CCRP),
CRN, WISp39 (=FKBPL), Tahl
(=Spaghetti), NASP, Toc64, TPR1 (=Ttcl),
SGT (=aSGT=SGTA), DYX1C1

- CS-containing p23 relatives SGT1
(=SUGT1), RARL, Siah-1-interacting
protein (SIP), Chpl/Morgana, B-ind1,
melusin, CHORDC1

- Hsp60

- Hsc70/Hsp70/Hsp72

- Human DnaJ homolog Hsjlb

- S100A1

- Ssel, Sse2

- valosin-containing protein (VCP)/p97

- NudC and NudCL2

- Pihl (=Nop17) (mostly through Tahl)

- Cullins

- Tel2-Ttil1-Tti2 complex

- 12(S)-HETE receptor

- AF9/MLLT3

- all vertebrate steroid receptors (GR, MR,
ERa, ERB, PR, AR)

- BCL-6

- CAR

- cytoplasmic v-erbA

- EcR

- PPARa (PPARB)

- PXR

- Hapl

- HSF-1

- IRF3

- Mal63

- p53

- PAS family members: Dioxin receptor
(=AhR), Sim, HIF-1a, HIF-2a, HIF-3a
- Spl

- Stat3 (also in caveolin-1 complexes in
rafts)

- TonEBP/OREBP

- Ure2

- VDR

- water mold Achlya steroid (antheridiol)
receptor
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Kinases

- Akt/PKB

- ASK1

- Aurora B

- Ber-Abl

- casein kinase Ila catalytic subunit
- Cdc2 (=Cdk1)

- Cdc25¢

- Cdk2, Cdk4, Cdk6, Cdk9, Cdk11
- Chk1

- Cot=Tpl-2

- Death-associated kinases DAPK,
DAPK2, DAPK3

- death domain kinase RIP

- eEF-2 kinase

- elF2-0 kinases HRI, Gen2, Perk, PKR
- EphA2

- ErbB2 (and mutant EGF receptor)
- ERK5

- FIt3

- Fused

- GRK2 and GRK®6

- GSK3p

- HER3

- IkB kinases a, B, v, €

- Insulin receptor

- Insulin-like growth factor 1 receptor
- Integrin-linked kinase

- IP6K2

- IRAK-1

- Irel

- JAK1

- JNK

- ¢-Kit

- KSR

- Lkb1

- LRRK2

- MAPK6

- MEK

- MEKK1 and MEKK3

- Mik1

- MLK3

- MOK, MAK, MRK
- c-Mos

- NIK

- Nucleophosmin-Anaplastic
Kinase

- p38

- p90RSK

- platelet-derived growth factor receptor a
- PDK1

- Pim-1

- Pink1

- PKCA, PKCe and other PKCs
- PIk1

- pp60v-src, c-src

- src related tyrosine Kinases: fer, fes, fgr,
fps, Ick, yes

- Raf-1, B-Raf, Stell

-RET

- RET/PTC1

- Ron

- Ryk

- SGK-1

- Slt2

- SRPK1

- SSTK (= Tssk6)

- TAK1

- TBK1

- TGFp receptors I and 11

- TrkB

- TrkAl and 11

- Tyk2

- VEGFR1, VEGFR2

- Weel, Swel

- ZAP-70

Lymphoma
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Others

- Annexin 11

- ANP receptor

- Apaf-1

- apoB

- Argonaute-1

- Argonaute-2 (= GERp95)

- Bcl-2

- Bel-xL

- Bid

BLM helicase

- BRMS1

- calcineurin (Cna2; catalytic subunit)
- calmodulin

- calponin

- CB2 cannabinoid receptor
-CD91

- Cdc13

- Cdk5 activator p35

- CFTR (nascent polypeptide)

- Chronophin

- CIC-2 chloride channel

- COG complex

-CTAl

- Ctf13/Skpl component of CBF3
- Cup

-cyclin B

- cyclophilin D (mitochondrial)

- cytoskelettal proteins: actin, tubulin
(including ciliary p4-tubulin), myosin
- DEDD

- Dengue virus protein E

- DNA polymerase a

- DNA polymerase 1

- DNMT1

- Dsnl

- eNOS, nNOS (?)

- ether-a-gogo-related cardiac potassium
channel

- FLIPS and FLIPL

- free Py subunit of G protein

- Ga0, Gal?

- Hepatitis virus C protein NS3

- glutathione S-transferase subunit 3 (KS
type)

- HDACG6

Hepatitis E virus capsid protein

- HERG

- Histones H1, H2A, H2B, H3 and H4
- c-1AP1

- Importin

- Inositol 1,4,5-trisphosphate receptor 3
- KSHV K1

- Kir6.2

- knob complexes (in the membrane of
Plasmodium-infected erythrocytes)

- LAMP-2A

- LAP

- LISl

- macromolecular aminoacyl-tRNA
synthetase complex

- Macrophage scavenger receptor

- Mdm2

- MMP2, MMP9

- MRE11/Rad50/NBS1 (MRN) complex
- Msps/XMAP215/ch-TOG

- MTG8

- MUC1

- Na+-K+-Cl- cotransporter 1

- NB-LRR proteins: RPM1 and RPS2,
Nod1, Nod2, NALP2, NALP3, NALP4,
NALP12, IPAF

- Neuropeptide Y

- N-myc downstream-regulated gene 1
(NRDG1)

- Nsl1

- Nup62

- N-WASP

- OsCERK1

- P1 (picornaviral capsid precursor protein
P1)

- p300

- P450 CYP2E1

- P2X7 purinergic receptor

- PB2 subunit of influenza RNA pol.

116




- perilipin

- Mg2+-dependent phosphatidate
phosphohydrolase

- polysomal ribonuclease 1 (PMR1)
- PRMT5

- prolactin receptor

- prostacyclin synthase

- proteasome

- R2TP complex through Pihl

- Rab-aGDI

- Rablla

- Rac/Rop GTPase Racl (rice)

- Racl

- Ral-binding protein 1

- Raptor

- reovirus protein 61

- reverse transcriptase of hepatitis B virus
- ribosomal proteins S3 and S6

- ribosomal protein L2 (E. coli)

- ricin catalytic A chain

- RIG-I

- Rpbl

- R-protein I-2

- SIR2 (SIR2RP1 in Leishmania)
- SKP2 complexes

- SMYD1, SMYD2, SMYD3

- SnoRNP complexes

- SREC-I

- DNA helicase Ssl2

- SUR1 (subunit of B-cell ATP-sensitive

potassium

channel)

- survivin

- SV40 large T-antigen
- a-synuclein

- Tab2/3

- Tau protein

- telomerase

- thiopurine S-methyltransferase

- thrombin receptor (PAR-1)

- thromboxane synthase

- Tissue plasminogen activator (tPA)
- TLR4/MD-2 complex

- TOM40

- Trithorax (and ortholog MLL)

- Tyrosine hydroxylase

- UCH-L1

- Uroporphyrinogen decarboxylase
(HemE) [in cyanobacteria]

- Vaccinia core protein 4a

- misfolded VHL

- Vimentin
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