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Abstract

The mutant epidermal growth factor receptor, EGFRVIL, is associated with
tumour aggressiveness and drug resistance in glioblastoma. Our lab has shown that the
molecular chaperone Hsp90 interacts with nascent EGFRVIIL, and that EGFRvIII
expression and function is dependent upon Hsp90 activity. In tumours, Hsp90 is found
exclusively in an active form, where it is bound to cochaperones. One of these
cochaperones, Cdc37, was found in the Hsp90/nascent EGFRVIII complex. Cdc37’s role
is to recruit certain kinase proteins to Hsp90 for folding. Its ability to bind these kinases
is thought to be dependent upon phosphorylation of serine 13 in its client-binding domain
by the kinase CK2. Here I have shown that Cdc37 is a limiting factor in EGFRVIII
maturation, and its absence or inactivity may limit recruitment to Hsp90 and result in
degradation. Using mutant constructs designed to mimic non-phosphorylated and
phosphorylated Cdc37, I evaluated the role of Cdc37 phosphorylation in the stability of
nascent EGFRVIIL Expression of the phospho-mimetic Cdc37 construct raised protein
levels of nascent and mature EGFRVIIL, while the non-phosphorylatable Cdc37 S13A
mutant could not. Approximately 100 times more of the phospho-mimetic construct
bound to nascent EGFRVIII than did the non-phosphorylatable form, and this increased
Cdc37 binding was associated with more Hsp90 binding as well. Treatment of cells with
the selective CK2 inhibitor, TBB, lowered the amount of Cdc37 and Hsp90 bound to
nascent EGFRVIII, and reduced EGFRVIII protein levels. Taken together, these data
indicate a positive role for Cdc37 and CK2 in EGFRVIII biogenesis, and suggest that
Cdc37 phosphorylation may be a key factor in the recruitment of client to the Hsp90

complex.
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Chapter 1: Introduction

1.1 Glioblastoma

In 2006, brain tumours will account for an estimated 1.6% of new cancer cases
diagnosed and 2.3% of cancer-related deaths in Canada (Canadian Cancer Society, 2006).
Eighty percent of these brain tumours arise in adults between the ages of 50 and 60, and they
are the most common form of solid tumour found in children (BC Cancer Agency, 2003).

Glioblastoma, a stage 4 astrocytoma, is the most aggressive form of brain tumour and
patients have a median survival time with treatment of 9-12 months. Glioblastomas can be
classified as secondary glioblastomas, which progress from lower grade tumours, or as
primary or de novo glioblastomas, which develop without evidence that they have
progressed from lower grade astrocytomas.

Treatment options for glioblastoma are very limited. Surgical removal of the
complete tumour is generally impossible because of its invasiveness into neighboring tissue.
Radiation treatment is a viable option that can improve survival rates (Yuile et al, 2006), but
must be strictly controlled to minimize damage to healthy brain tissues, especially around
the brain stem. Chemotherapeutic options are also limited. Currently, the drug temozolomide
is often used in combination with radiotherapy as the most effective method of treatment
(Stupp et al, 2005; Athanassiou et al, 2005). However, the frequency of recurrence for
glioblastoma is very high, and exceedingly few patients remain alive and functional two
years after diagnosis.

It is because of the inescapable outcome of the malignancy that a great deal of

research has gone into studying glioblastoma. One important line of research has found the



epidermal growth factor receptor (EGFR) to be critically involved in the aggressiveness of a

subset of primary glioblastomas (Reviewed in Ohgaki, 2005).

1.2 EGFR

Approximately 50% of glioblastomas have EGFR gene amplification (Libermann et
al, 1985). EGFR, encoded by the c-erbBI gene (7p11-13, chromosome 7), is a
transmembrane receptor protein that promotes cell growth and cell survival. Gene
amplification of the receptor is thought to provide a means of increasing cell sensitivity and
growth response to lower levels of ligand (Merlino et al, 1984).

EGFR belongs to the Type I receptor tyrosine kinase family of proteins, including
EGFR (ErbB1), ErbB2 (HER2, neu), ErbB3 (HER3), and ErbB4 (HER4). This family of
transmembrane receptor proteins binds at least 11 different ligands, which may be secreted
and bound in either an autocrine or paracrine manner. Of the ligands, EGFR has the highest
affinity for EGF and TGFa, but also binds amphiregulin, epiregulin, betacellulin, and
heparin binding-EGF. The extracellular portion of EGFR is divided into 4 subdomains.
Subdomains I and III support ligand binding, while subdomains II and IV serve structural
roles (reviewed in Citri and Yarden, 2006).

Following binding of ligand to EGFR, the receptor undergoes dimerization.
Dimerization occurs as a result of conformational changes in structural subdomains II and IV
following ligand binding. These changes promote the exposure of a region on subdomain II
called the “dimerization loop”, which is the key mediator of the intermolecular interactions
between the receptor pairs (Ogiso et al, 2002; Dawson et al, 2005). This loop is otherwise

involved in intramolecular interactions between subdomains II and IV that prevent the loop



from binding to other ErbB molecules (Ferguson et al, 2003). This means that molecules of
EGFR will not dimerize unless bound to a ligand (Citri and Yarden, 2006). EGFR may form
dimers in any combination with ErbB family members (i.e. both homo- and hetero-dimers
may form).

After dimerization, the tyrosine kinase domain on the intracellular portion of the
receptor becomes activated, promoting trans-autophosphorylation of selected residues on its
dimerization partner, and activation of downstream signaling. This signaling utilizes
pathways including Ras and PI3K to promote cell proliferation, invasion, angiogenesis, and

chemoresistance, creating a more robust, faster growing cell (Reviewed in Normanno et al,

2004).

1.3 EGFRvIII

Several types of EGFR mutant variants arise during EGFR gene amplification in
brain tumours. Of these mutants, a mutation known as EGFRVIII (for variant III) is the most
common and is seen in over 50% of cases with EGFR amplification (Bigner et al, 1990;
Moscatello et al, 1995). The EGFRVIII gene has a deletion of exons 2-7, resulting in an
801bp in-frame deletion in the mRNA product. The EGFRVIII protein retains its membrane
localization sequence, but lacks a ligand binding domain and one of its extracellular
structural domains (Figure 1). Due to partial deletions in subdomains I and II, EGFRVIII can
no longer bind ligand, but retains a weak ability to dimerize (Huang et al, 1997). The
resulting protein has a constitutively active tyrosine kinase domain, which activates

signaling pathways differently than wild-type EGFR (Chu et al, 1997; Lorimer et al, 2001).



Figure 1: Structural features of proteins EGFR, EGFRVIIIL, Hsp90, and Cdc37.

EGFR and EGFRVIII are transmembrane proteins with their tyrosine kinase and C-terminal
tail domains extending into the cytoplasm. The C-terminal tail contains all 5
autophosphorylation sites. EGFRVIII contains a deletion of amino acids 6-273 in its N-
terminal extracellular domain, which prevents it from binding ligand. In EGFRVIIL, amino
acids 5 and 274 flank the deleted segment, which is replaced by a single glycine residue.
This results in a loss of most of subdomain I, part of subdomain II, and 4 of the 12 N-linked
glycosylation sites for on the mature receptor. B) Representation of the Hsp90 dimer. The
major feature of the N-terminal domain is its ATPase domain and cochaperone binding
ability. The middle domain is primarily responsible for client and cochaperone binding,
while the C-terminus mediates Hsp90’s dimerization and has a secondary, less characterized
ATPase domain. C) Representation of Cdc37. Cdc37 interacts with N-terminal domain of
Hsp90 via its middle and C-terminal portion. Binding to client is mediated by Cdc37’s N-
terminal domain, which contains a CK2 phosphorylation site on Serine 13. Serine 13 is the
only phosphorylation site on Cdc37.
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Furthermore, the internalization rate of mutant EGFRVIII following activation is reduced,
resulting in enhancement of the signal (Huang et al, 1997). This signaling promotes
increased proliferation, angiogenesis, and survival for the tumour and is independent of
extracellular influence (Tang et al, 2000; Mishima et al, 2001, Montgomery et al, 2000).
EGFRVIII has also been found in patients with carcinomas of the breast, lung, and
ovary (Silva et al, 2006; Wikstand et al, 1995; Okamoto et al, 2003; Moscatello et al, 1995).
Its expression is linked to poor prognosis in the subset of glioblastoma patients that survive
for more than one year (Heimberger et al, 2005), and contributes to overall lower survival in
glioblastoma cases with detectable EGFR amplification (Shinojima et al, 2003). Due to its
role in such aggressive tumours, much research has gone into understanding EGFRVIII to

assist in development of new therapeutic strategies.

1.4 EGFRUVIII Biogenesis

EGFRUVIIL, like EGFR, is synthesized on the rough endoplasmic reticulum as a
transmembrane protein (Figure 2). The truncated N-terminus of the protein resides within the
ER, while the C-terminal kinase domain extends into the cytoplasm (Johns et al, 2005). In
the ER, the chaperone proteins BiP and Grp94 interact with EGFRVIII’s N-terminus,
presumably to assist the stability of the nascent protein (Lavictoire et al, 2003). The N-
terminus is also modified via N-linked core glycosylation at 8 separate sites while inside the
ER. Nascent EGFRVIII is then transported to the Golgi apparatus where complex
oligosaccharides are added to modify the core glycosylation motifs. From the Golgi,

EGFRVIII is transported to the cell membrane as a mature protein, which may form dimers,



Figure 2: Biogenesis of EGFRVIII.

Translation of EGFRVIII occurs on the rough endoplasmic reticulum where a protein
translocation channel protein likely assists in the insertion of the N-terminal domains into the
ER. After translation, core glycosylation of N-terminal domain occurs within the ER lumen,
while Hsp90 and cochaperone Cdc37 bind the cytoplasmic, C-terminal tail of EGFRVIIL
Once complete, nascent EGFRVIII is be shipped in vesicles to the Golgi body where it is
further modified through addition of complex oligosaccharides. It is unknown if association
with Hsp90 continues at this point. Following passage through the Golgi, EGFRVIII is
placed on the outer cell membrane, where it may dimerize, allowing for trans-
autophosphorylation, and downstream signaling.
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autophosphorylate, and activate downstream signaling molecules. It is the mature form of

EGFRVIII that is the dominant form found in cells (Wikstrand et al, 1997).

1.5 EGFRVvIII and Hsp90

In 2003, our research group published a report that identified an interaction of Hsp90
with the nascent form of EGFRVIII (Lavictoire et al, 2003). It was found that treatment with
Hsp90 inhibitors decreased the expression of EGFRVIII in glioblastoma cells. Additionally,
nascent EGFRVIII copurified with Hsp90 and Hsp70, their ER homologues Grp94 and Bip,
as well as the Hsp90 cochaperone Cdc37. Together, these findings suggest that nascent
EGFRVIII is a client protein of Hsp90 and is unable to mature without support from the
chaperone system. Further understanding of this interaction may provide new avenues for
targeting of EGFRVIII in glioblastoma.

One important innovation from our previous study was the discovery that a Flag-
tagged EGFRVIII protein could be used to selectively purify nascent EGFRVIIL The tagged
EGFRVIII expressed at the same level as an unmodified EGFRVIII construct, and showed
identical levels of tyrosine kinase activity. However, the immunoreactivity of the N-terminal
triple Flag epitope was only detectable in the endoplasmic reticulum and not on the cell
membrane (Figure 2, Flag tag is not detectable within or after passage through the Golgi).
By Western blot, tagged-EGFRVIII had a molecular weight that was slightly higher than
untagged EGFRVIIL Further analysis of the Flag epitope suggested that it was covalently
modified during trafficking in the Golgi, which rendered it undetectable by the anti-Flag
antibody. This behavior of the Flag epitope was exploited to selectively study the pool of

nascent EGFRVIII (Lavictoire et al, 2003).



1.6 Hsp90

Hsp90 is a stress-inducible 90KDa molecular chaperone. Found constitutively
expressed in the cytoplasm of all cells types, Hsp90 functions to assist in the folding of a
large, but selective set of proteins, known as client proteins. While it can compose up to 1-
2% of total protein in normal cells, Hsp90 levels can increase a further two-fold during stress
(Lai et al, 1984).

Hsp90’s function as a chaperone relies upon its formation of homodimers. The action
of the Hsp90 dimer is commonly described using the “molecular clamp” hypothesis. By this
hypothesis, the flexible structure of the Hsp90 dimer resembles a clamp that closes around
client proteins to provide a controlled folding environment (Figure 3). The opening and
closing of the Hsp90 chaperone clamp is driven by ATP binding and hydrolysis, and the
entire process is regulated by Hsp90-interacting proteins termed “cochaperones”, which
control all aspects of Hsp90 activity, including ATP hydrolysis, client binding and release,

and the conformational switching of Hsp90 (Prodromou et al, 2000).

1.7 Hsp90 Structure-Function Relationship

Structurally, Hsp90 consists of 3 major domains: N-terminal, middle, and C-terminal,
all of which are necessary for its function (Figure 1). The N-terminal domain contains a
major ATPase subdomain, which provides energy that is essential to the “molecular clamp”
action in the chaperoning cycle (Figure 3). In its nucleotide-free state, the N-terminal domain
is in an open conformation, permitting client binding. After a client has been complexed

with Hsp90, ATP is recruited, and the N-terminal domain closes over the client protein,



Figure 3: Overview of the Hsp90 ATPase cycle for Cdc37 clients.

Hsp90’s chaperone function is dependent upon its ability to use ATP to drive conformational
changes that mediate client binding and release to the Hsp90 dimer. Clockwise from the left:
The Hsp90 dimer in its “client loading” phase is considered to be in an “open”, receptive
conformation with ADP bound. Association of the cochaperone Cdc37, which recruits
certain protein kinase clients, at this phase locks Hsp90 in its open form, and may help to
directly mediate the recruitment of client to Hsp90. Following binding of an immature client
protein, ATP is recruited, which causes the closing of the N-terminal portions of the Hsp90
dimer, creating a pocket for client folding. During this phase, Cdc37 is displaced from the
complex by an unknown mechanism. In this closed conformation, the client protein may fold
into its intended, mature form, and is released from the complex when Hsp90 hydrolyzes the
bound ATP into ADP. ATP hydrolysis triggers the Hsp90 dimer to reopen, expel the mature
client, and reassume its receptive conformation.



Hsp90
ATPase
Cycle

“Closed”
Mature Complex

Client Loading

Mature Client
Release

Immature Client Protein

Mature Client Protein




forming a pocket in which the client may fold. Recently, it was determined by examining
crystal structures of a yeast Hsp90 complex in a closed conformation that the Hsp90 dimer
does not close fully around its client protein as previous thought (Ali et al, 2006). Instead,
the closed dimer creates a pocket which provides the folding environment for the client
protein. The length of time that Hsp90 remains closed is conditional, likely under strict
regulation by cochaperones, like p23, and dependent upon the nature of the client. The final
stage of the ATPase cycle comes when ATP is hydrolyzed, and the N-terminal domains of
the Hsp90 complex open, allowing for release of the client protein. The movement of the N-
terminal domain is permitted by a flexible linker region which separates it from the middle
domain.

The middle domain of Hsp90 plays a role in mediating interactions with both client
proteins and select cochaperones (Meyer et al, 2003). Due to overlap of binding sites, only
certain combinations of cochaperones may be bound at any one time. The middle domain
contains a tetratricopeptide repeat domain, used for interaction to a subset of cochaperones
(Cliff et al, 2006). These tetratricopeptide repeat domain cochaperones include the
immunophilins, Hop and PP5 (Smith, 2004). Other cochaperones interact with other, specific
sites on the protein.

Hsp90 is found in the cytoplasm primarily as a homodimer. Dimerization is mediated
through the C-terminus of the protein and is required for Hsp90 chaperone activity. A
second, weaker, but necessary ATPase domain has been reported on the C-terminus;

however its specific role in regulating the chaperone cycle is unknown (Marcu et al, 2000).
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1.8 Hsp90 and Cancer

Although ubiquitously expressed in all cells, Hsp90 is overexpressed in many
tumours, where it also has an activity about 40 times higher than in normal cells (Kamal et
al, 2003). It was also shown that Hsp90 found in tumour cells is almost entirely active, and
found in cochaperone complexes, whereas Hsp90 in normal cells is in an inactive,
uncomplexed form. This suggests that inhibitors that target Hsp90 in its active form should
have tumour specific activity. Kamal et al proposed that the increased expression and
activity of Hsp90 in tumours allows them to cope with increasing numbers of overexpressed
and mutated signaling proteins as the tumour progresses. Another factor may be that more
active Hsp90 is required to help these cells maintain proper protein form and function amid
the many stresses of the tumour micro-environment, which include ischemia, acidosis,
nutrient deprivation, and cytotoxic drug treatments.

Hsp90 is considered a promising drug target against cancer because it assists in the
expression of many oncogenic client proteins. These clients include EGFR, EGFRVIII,
ErbB2, Akt, Raf-1, Erk1/2, Cdk4, Ber-Abl, and mutant p53 (Xu et al, 2001; Stancato et al,
1997; Zhang et al, 2005; Setalo et al, 2002; Yu et al, 2002). By stabilizing or assisting in the
activation of these proteins, Hsp90 improves their capacity to function within the cell, and
enhances their tumourigenicity.

Along with its role in stabilizing oncoproteins, Hsp90 may also act as a capacitor for
evolution in cancer. Drosophila studies have found that partial inhibition of Hsp90 causes
large-scale phenotypic variation in flies (Rutherford and Lindquist, 1998; Queitsch et al,
2002; Sollars et al, 2002). This has been attributed to Hsp90’s ability to silence the effects of

protein variants by guiding them towards stable conformations with wild-type activities.

11



Promoting wild-type function of mutant proteins permits genetic drift and heterogeneity
within the tumour cell population. This population diversity may make a tumour more
robust, as acquired mutations may provide a survival advantage under selective conditions.
Thus, ablating Hsp90 activity may result in destabilization of proteins that could help a
tumour cope with the selection conditions provided by radio- and chemotherapeutics.
Experimentally, the drug geldanamycin (GA) has shown high molecular selectivity
for Hsp90 and the ability to inhibit Hsp90 activity at nanomolar concentrations
(Gooljarsingh et al, 2006). Geldanamycin binds to the ATP binding site on the N-terminal
ATPase domain of Hsp90, inhibiting its function, and leading to degradation of client
proteins. Clinically, however, GA has shown severe hepatotoxicity, attributed to a product of
its degradation, and not Hsp90 inhibition (Eiseman et al, 2005; Page et al, 1997). Due to this
failing, a second generation drug, known as 17-allylaminogeldanamycin, was designed to
improve GA’s stability and bioavailability (Reviewed in Sharp and Workman, 2006).
Currently, 17-AAG is undergoing phase II clinical trials, showing promise against advanced
refractory cancers, including prostate cancer, melanoma, and multiple myeloma (Heath et al,

2005, Banerji et al, 2005, Duus et al, 2006).

1.9 Hsp90 Cochaperones

Hsp90 cochaperones are non-client interactors that regulate Hsp90’s function by
controlling its progression through the ATPase cycle. Most of the cochaperones slow
Hsp90’s ATPase activity, which is thought to improve the efficiency of client recruitment
and folding. Over a dozen cochaperones are known to exist, each having a relatively unique

and specific function. Some of the most studied cochaperones include Hsp70, p23, Hop,

12



Ahal, CHIP, Hsp40, Cdc37, and the immunophilins FKBP51 and FKBP52. This list can be
loosely divided into early and late-stage cochaperones, depending on the stage of the Hsp90
ATPase cycle during which they interact with Hsp90. Although the components of the
pathway vary from client to client, the roles of each particular cochaperone appear to be
consistent. In general, the first step of the chaperoning pathway involves the binding of
Hsp40 to Hsp70, which activates Hsp70 and stimulates its ability to bind client (Fan et al,
2003). Hop then acts as a scaffold between Hsp70 and the Hsp90 dimer, which results in the
transfer of client to Hsp90 (Johnson et al, 1998). At this point, Hsp90 binds ATP, and is
recognized by p23, whose binding appears to cause dissociation of the early stage
cochaperones Hsp70, Hop, and Hsp40 (Sullivan et al, 2002). P23, binds to the middle
domain of the ATP-bound, closed-conformation form of Hsp90, and stabilizes this state,
extending the timeframe for client folding, while slowing ATP turnover (Morishima et al,
2003). At this point, another cochaperone, Ahal, which also binds to the middle domain of
Hsp90, displaces p23 from the late-stage Hsp90-client complex and promotes ATP
hydrolysis and client release from the complex (Harst et al, 2005).

Although numerous cochaperones have been identified, there are still many questions
remaining about their function. Little is known about the triggers that induce binding and
release of cochaperones to and from the Hsp90 complex. As well, the cochaperones involved
in folding of an Hsp90 client appear to vary between client proteins. This means that the
requirement for a cochaperone may vary depending upon the particular needs of the client,
which cannot be predicted by our current knowledge of the system.

With respect to EGFRVIIL, we have previously identified Hsp90, Hsp70 and the

cochaperone Cdc37 as cytosolic interactors with the nascent form of the protein (Lavictoire
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et al, 2003). Cdc37 is an early stage cochaperone that is directly responsible for the
recruitment of many protein kinase clients, including many oncogenic proteins, to the Hsp90
complex. Cdc37 has also been shown to bind ErbB2, as well as an EGFR protein mutated
within its kinase domain, and is speculated to control their differential recruitment to Hsp90
(Xu et al, 2005). However, the role of Cdc37 in the chaperoning of these clients, or any other

protein synthesized on the ER, has not yet been examined.

1.10 Cdc37

Cdc37 is a cochaperone protein with a principal role in the recruitment of certain
protein kinases to the Hsp90 complex. The specificity of Cdc37 for kinases makes it unique

among the cochaperones, and has attracted interest from the anti-cancer field.

1.11 Cdc37 in Cancer

Aside from its role as a regulator of the cell division cycle in yeast (Gerber et al,
1995), Cdc37 also appears to have an important role in mammalian tumours. The human
homologue of Cdc37 is a 50 kDa protein that has a role in recruiting many important
oncogenic protein kinases to the Hsp90 chaperone complex. Cdc37 overexpression has been
linked to prostate tumour formation in humans and mammary tumour formation in mice,
where it is believed it normally exists as a rate-limiting factor in the activity of its oncogenic
clients (Schwarze et al, 2003; Stepanova et al, 2000). The list of known Cdc37 client kinases
involves many important proteins involved in cell proliferation, including Cdk4, Aurora B,
v-src, Rafl, Akt, MOK, CK2, ErbB2, and EGFRVIII (Miyata and Nishida, 2004; Bandhakavi

et al, 2003; Xu et al, 2005; Lavictoire et al, 2003; reviewed in Pearl, 2005). Although
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evidence suggests that its primary role is its function as an Hsp90 cochaperone, its ability to
partially compensate for lack of Hsp90 in yeast suggests possible Hsp90-independent

functions that should not be overlooked (Rao et at, 2001; Kimura et al, 1997).

1.12 Cdc37 in the Hsp90 Chaperone Cycle

Cdc37 functions as an adaptor protein, promoting the interactions between Hsp90
and client protein kinases (Figure 3). This is mediated through separate interactions of two of
its major structural domains (Figure 1) (Reviewed in Pearl, 2005; Prodromou and Pearl,
2003). While its N-terminal domain binds client proteins, Cdc37 uses its middle and C-
terminal domains to directly bind to the N-terminus of Hsp90. This interaction maintains
Hsp90 in its “open”, receptive conformation and temporarily arrests ATPase activity
(Siligardi et al, 2004). It is believed that by locking Hsp90 in this receptive conformation,
Cdc37 can more efficiently recruit its specific subset of client proteins to the chaperone
complex. While Cdc37 stops the ATPase activity of Hsp90, this does not interfere with the
binding of nucleotides, or inhibitors, to the ATPase domain of Hsp90 (Siligardi et al, 2002).
Thus, Cdc37 may render Hsp90 more susceptible to ATPase inhibitors by giving them an
extended window in which to bind. This means that client proteins recruited by Cdc37 may
be more sensitive to Hsp90 inhibitors than other client proteins (Siligardi et al, 2004).

Following recruitment of a kinase client protein, Cdc37 dissociates from the
complex, allowing the Hsp90 clamp to close, and permit Hsp90 and other cochaperones to
facilitate stabilization of the protein. It is not well understood what causes the release of

Cdc37 from the Hsp90 complex after client binding; however the recruitment of late-stage
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chaperones, such as p23, which bind in a mutually-exclusive manner with Cdc37, may be

responsible for its displacement (Harst et al, 2005).

1.13 Cdc37 Binding to Client Proteins

The binding of Cdc37 to client proteins is largely mediated by its N-terminal domain.
While some researchers have tried to find a common Cdc37-binding motif shared among its
clients, it appears that no such conserved amino acid sequence can be universally defined
(Terasawa et al, 2006; Prince et al, 2005; Prince and Matts, 2005). Identifying these
interaction motifs is particularly difficult because Cdc37 interactions are extremely selective,
discriminating between members of highly homologous kinase families. Instead, it is most
likely that Cdc37, like Hsp90, identifies specific properties of exposed surfaces on clients
(Citri et al, 2006). The shared properties of these surfaces, however, have not yet been
defined.

Whether Cdc37 first binds to the client protein or Hsp90 is debated. Complexes
containing only Cdc37 and Cdk4 have been identified, suggesting that client binding may
occur independently of Hsp90 (Vaughan et al, 2006). However, treatment of cells with
geldanamycin was shown to prevent both Cdc37 and Hsp90 from interacting with the client
elF2 alpha kinase (Shao et al, 2001). This geldanamycin sensitivity was lost on a C-
terminally truncated form of Cdc37, which could not bind Hsp90 but could still bind client.

This suggested a strong regulatory role for Hsp90 on controlling Cdc37 client binding.
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1.14 Cdc37 Serine 13 Phosphorylation

The amino acids nearest the N-terminus of Cdc37 are highly conserved and are
crucial for client binding (Fliss et al, 1997). Specific attention has been paid in recent years
to a serine residue in this domain whose phosphorylation may be required for client binding
to take place. The importance of this site was first recognized in a strain of yeast expressing
a mutant Cdc37 protein that significantly slowed proliferation (Fliss et al, 1997). The
mutation responsible was recognized as a Ser-14 to Leu-14 mutation, equivalent to Ser-13 in
mammals. At this time, there are only a small number of publications concerning the role of
serine-13 phosphorylation in mammalian Cdc37. These are summarized in the following.

One study by Shao et al. focused on evaluating the necessity and impact of Cdc37
phosphorylation on its ability to interact with Hsp90 and client proteins (Shao et al, 2003).
They used an in vitro approach using rabbit reticulocyte lysates expressing the Hsp90/Cdc37
client heme-regulated elF2-a kinase (HRI) and various mutant forms of Cdc37. A S13A
Cdc37 mutant was created to examine the function of a non-phosphorylated Cdc37. This
mutant had a 98% lower binding affinity for HRI than wild-type Cdc37 and a 40% lower
affinity for Hsp90. A S13E mutant was also studied as a possible phospho-mimetic Cdc37,
based on the similar steric and electronic properties between the carboxylate anion of
glutamic acid and phosphorylated serine. This mutation showed an 85% decrease in binding
to HRI, and a 10% lower aftinity to Hsp90. These data were taken to mean that
phosphorylation of Ser-13 is critical for binding of Cdc37 to HRI, and confirmed that a S13E
mutant could partially mimic the binding of a pool of wild-type Cdc37 (Sricharan et al,

2003).
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The same group also identified the serine-13 phosphorylation site as a CK2
phosphorylation motif and showed using purified proteins that CK2 could successfully
phosphorylate this site (Shao et al, 2003). In this case, matrix-assisted laser
desorption/ionization — time of flight mass spectrometry was used to experimentally identify
the phosphorylation site on Cdc37. Additionally, they found that the wild-type Cdc37 in
their rabbit reticulocyte lysates and in K562 human leukemia cells was almost entirely in its
phosphorylated, active form.

In another study, Arlander et al. reported that the protein Chk1 is a client protein of
Hsp90 and Cdc37 (Arlander et al, 2006). In their report, they sought to determine the
minimum chaperone components necessary for stabilization and activation of Chk1. Using
purified proteins in an iz vitro model, they determined that the reaction required both Cdc37
and CK2 in addition to other chaperone components, and that a S13A Cdc37 mutant could
not compensate for wild-type Cdc37 in the presence of CK2.

Two other studies in the field were performed by Miyata and Nishida that elaborated
upon the importance of the Cdc37 / CK2 interaction (Miyata and Nishida, 2004; Miyata and
Nishida, 2005). After showing a direct association between Cdc37 and the catalytic subunit
of CK2, they demonstrated that CK2 phosphorylates Cdc37 only on serine-13, and that this
phosphorylation is lost when cells are treated with the CK2 inhibitor, TBB. They found that
treatment of cells with TBB destabilized the Cdc37 client proteins MOK and Raf-1, but not
non-client proteins. Furthermore, they reported that relative to wild-type Cdc37, a S13A
Cdc37 mutant had a decreased binding affinity to Hsp90 and client proteins Akt, Cdk4, v-

Src, Aurora-B, MAK, MRK, MOK, and Raf-1.
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Most recently, a study looking at the interaction of Cdc37 with Cdk4 noted that
Cdc37, which co-purified with the Cdk4/Hsp90 complex, was phosphorylated on serine 13,
and was resistant to phosphatase treatment inside this complexed form (Vaughan et al,
2006).

Taken together these data agree that phosphorylation of serine 13 on Cdc37 is
essential for client protein binding, and that CK2 is likely the only kinase able to
phosphorylate this site. This suggests a novel therapeutic strategy for selectively targeting

the many oncogenic client proteins of Cdc37 in cancer.

1.15 CK2

CK2 is a ubiquitously expressed, highly conserved pleiotropic serine/threonine
kinase that consists of two different catalytic a/a” subunits and two identical regulatory 3
subunits (reviewed in Litchfield, 2003). The catalytic subunits of CK2 have constitutive
activity and are positively regulated via the stabilizing interactions with their regulatory
subunits. CK2 is a truly pleiotropic kinase with over 100 known physiological substrates and
is not confined to any one compartment in the cell, providing a further level of complexity to
its study. Regulation of CK2 is somewhat unclear and seems to be independent of second
messengers or phosphorylation events. Although its molecular functions are not precisely
defined, CK2 is known to promote cell proliferation, regulate cell death, and is required for
growth and development in mice and C. elegans (Guerra and Issinger, 1999).

CK2 protein levels appear to be tightly regulated in normal cells but are upregulated
in numerous tumour types, including breast, lung, prostate, and head and neck (Guerra and

Issinger, 1999). Therapeutics have been designed with CK2 in mind. Most notably, an anti-
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sense oligodeoxynucleotide specific to CK2 o has shown to be highly effective in mouse
xenograft model with little effect on normal cells, both in vitro and in vivo (Ahmad et al,
2005). For experimental purposes, several chemical CK2 inhibitors exist; mostly these are
competitive inhibitors for the ATP binding site on the catalytic subunits. Of these, TBB is
thought to be the most specific and is commonly used as a CK2 inhibitor in studies on

cultured cells (Sarno et al, 2005).

1.16 Hypothesis

Our lab has shown that the molecular chaperone Hsp90 interacts with nascent
EGFRVIIL, and that EGFRVIII expression is dependent upon Hsp90 activity. In tumours,
Hsp90 is found exclusively in an active form, where it is bound to cochaperones. Of these
cochaperones, we found Cdc37 in a complex with EGFRVIII and Hsp90. I hypothesize that
Cdc37 may control EGFRVIII biogenesis by regulating its recruitment to Hsp90. Since
phosphorylation of Cdc37 is necessary for its recruitment of client proteins to Hsp90, it may

also be a means by which to control EGFRVIII stability.

1.17 Specific of Objectives

1) Determine the role for Cdc37 in EGFRVIII biogenesis
2) Determine the importance of Cdc37 phosphorylation in EGFRVIII biogenesis
3) Determine if inhibiting CK2 activity affects the stability of EGFRVIII and its

recruitment to Cdc37
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Chapter 2: Materials and Methods

2.1 Cell lines

The human glioblastoma cell line U87MGtftA, which expresses triple-Flag tagged
EGFRVIIL was created as described previously (Lavictoire et al., 2003). All cells were
cultured in 5% CO, at 37°C in Dulbecco’s modified Eagle’s medium supplemented with
2mM glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, and 10% serum (3:1 v/v

mixture of donor bovine serum and fetal bovine serum).

2.2 Antibodies and Reagents

Mouse monoclonal antibody for Cdc37 was obtained from Affinity Bioreagents.
Rabbit polyclonal antibody to Cdc37, as well as antibodies against EGFRVIII (Ab-12) and
Cdk4 (Ab-6) were from Neomarkers. Antibodies against actin and Flag (M2) were from
Sigma, while pan-ERK and phosphotyrosine (PY-20) were from BD Biosciences.

Geldanamycin was purchased from Calbiochem. Both 4,5,6,7-Tetrabromo-2-
azabenzimidazole (TBB) and proteasome inhibitor cocktail were obtained from Sigma.

Custom DNA oligonucleotides were synthesized by Integrated DNA Technologies.

2.3 Mutagenesis of Cdc37

Serine 13 of Cdc37 was mutated in the pLPCX/Cdc37 WT vector to create non-
phosphorylatable alanine and phosphomimetic glutamic acid mutant constructs.
Mutagenesis of serine 13 on Cdc37 to alanine (Cdc37 S13A) and glutamic acid (Cdc37

S13E) was performed on pLPCX/Cdc37 WT using the QuikChange XL site-directed
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mutagenesis kit (Stratagene). The following primer pairs were used for the respective
mutations: S13A primers — fwd 5’
GGGACCACATTGAGGTGGCTGATGATGAAGACGAGACGC 3’ rev 5’
GCGTCTCGTCTTCATCATCAGCCACCTCAATGTGGTCCC 3’; S13E primers — fwd 5°
GGGACCACATTGAGGTGGAAGATGATGAAGACGAGACGC 3, rev S’
GCGTCTCGTCTTCATCATCTTCCACCTCAATGTGGTCCC 3°. Codons for the mutated
amino acids are underlined. Both sets of primers were annealed at 60°C for 50 s followed by
a 12 minute extension at 68°C. All other procedures for the mutagenesis are outlined by the
kit. Positive mutants were confirmed by sequencing the Cdc37 cDNA insert using primers
flanking the multiple cloning site of pLPCX (5> AGCTCGTTTAGTGAACCGTCAGATC

3’ and 5> ACCTACAGGTGGGGTCTTTCATTCCC 3°).

2.4 Transduction of Cdc37 Constructs

U87MGtftAEGFR cells were stably transduced to express Cde37 WT, Cde37 S13A,
Cdc37 S13E, or an empty vector control using a replication-incompetent MoMLYV retroviral
vector targeting the ecotropic receptor presented by these cells. These retroviruses were
created using a three plasmid transfection technique (Soneoka et al., 1995). Briefly, this
involved the mixture of 7 ug of three plasmids: pHIT 60 (gag and po! genes), pHIT123
(ecotropic env), and the pLPCX/Cdc37 contructs (¥ packaging signal, amp resistance,
inserted Cdc37 cDNA) with ddH,O to a volume of 90 pL. DNA was then precipitated by
addition of 10 pL 3M sodium acetate (pH 5.2) and 200 pL anhydrous ethanol, then chilling
on ice. After 1 hour, the tube was spun at >15,000 x g for 10 minutes to pellet the DNA.

Supernatant was carefully removed from the pellet, which was then allowed to dry for 10
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minutes. The pellet was dissolved in 450 pL ddH,0. The redissolved pellet was added to 50
uL of 2.5 M CaCl,, then added dropwise, with mixing into 500 pL of 2X HeBs solution (42
mM HEPES, 2.8 mM Na,HPOQy, 274mM NaCl, pH 7.1). This was left for 20 minutes at
room temperature, then added to 293T cells plated the day before at 2x10° per 10 cm plate in
10 mL medium. The following day, the media was removed from each plate, followed by a
rinse with PBS (137 mM NaCl, 10 mM Na,HPO,, 2.7mM NacCl, pH 7.4) and addition of 10
mL of fresh media. Virus was rescued the next day by collecting the media from each plate,
passing it through a 0.45 pum filter, then adding it in a 1:1 mixture with S mL 16 pg/uL
polybrene. This was added to U87MGtfA cells plated the day before at 2x10° cells per 10
cm dish. Virus-containing media was removed following 16 hours and replaced with
standard media. Cells were permitted to grow for two days before being submitted to
selection with 1 ug/mL puromycin. Selection was maintained for approx. 10 days. A mock

transduction with virus-free 293T media was performed as a control for efficient selection.

2.5 Immunoprecipitation of Triple-Flag Tagged EGFRvIII

U87MGtftAEGFR cells transduced to express Cde37wt, Cdc37S13A, Cdc37S13E, or
the empty vector control were plated at 6x10° cells per 10 cm plate. A US7MG cell line
expressing untagged EGFRVIII and Cdc37S13E was plated for use as a negative control. The
next day, cells were rinsed twice with ice-cold PBS, then 600 pL IP buffer (10 mM Tris-
HCl, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 2 mM NazVOy, 0.5% NP-40, 0.2 mM
PMSEF, 1 mM EGTA, 1x Proteasome inhibitor cocktail, 0°C, pH 7.4) was added. Cells were
collected and passed once through a 27-gauge needle, then insoluble debris was removed by

centrifugation at 16,000 x g for 15 minutes at 4°C. 40pL of uniformly suspended Anti-Flag
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resin was prepared for each sample by rinsing twice with 300 uL IP buffer, then suspended
in 400 pL IP buffer for use. 600uL of soluble lysate was added the resin mixture, and
incubated at 4°C for 2 hours on a rocking platform. Resin was pelleted by spinning at 8,000
x g for 30 seconds, then rinsed three times with 300 puL IP buffer. Bound proteins were
eluted by adding 60uL of 2X Laemmli buffer (4% (w/v) sodium dodecyl sulfate, 0.1%
glycerol, 125 mM Tris-HCI, 0.3 mM 2-mercaptoethanol, pH 6.8) and heating at 100°C for 5

minutes.

2.6 Geldanamycin Treatments

U87MGtftAEGFR cells transduced to express Cdc37S13A or Cdc37S13E were
plated at 2x10° cells per well in 6 cm plate. The next day, cells were treated with either
geldanamycin (300 nM or 500 nM) or DMSO control. After 16 hours, cells were harvested

in lysis buffer. Protein levels were analyzed by Western blot.

2.7 TBB Treatments

U87MGHftAEGFR cells transduced to express Cdc37wt or empty vector control were
plated at 2x10° cells per well in 6 cm plate. The next day, cells were treated with either TBB
(60 pM or 120 pM) or DMSO control. After 16 hours, cells were harvested in lysis buffer

for immunoprecipitation or Western blot.
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2.8 Two-Dimensional Gel Electrophoresis

US7MGtftAEGFR/ Cdc37 WT cells were plated at 2x10° cells in a 10cm plate. After
24 hours, cells were rinsed with PBS and collected in 0.5mL sucrose buffer (0.3M sucrose).
Cells were pelleted by centrifugation at 300 x g for 5 min, then resuspended in 0.5 mL IEF
buffer (7 M Urea, 2 M Thiourea, 0.1 M CHAPS, 0.1 M DTT, 0.1% bromophenol blue).
Undissolved particles were then removed by centrifuging at 12,000 x g for 2 minutes.
Proteins were precipitated from solution by adding 5 mL acetone, and incubating for exactly
4 min at room temperature. Protein was pelleted by spinning at 1,000 x g for 5 min.
Supernatant was discarded and the pellet was dried under vacuum for 2 min. The pellet was
then resuspended in 0.3 pL IEF buffer + 50 pL biolytes (3/10, Biorad). This volume was
pipetted along the edge of a disposable strip dish and a pH 4-7 IPTG strip (BioRad) was
placed on top, covered in mineral oil, and allowed to absorb for 16 hours. The next day,
excess 0il was removed and the strip was placed in an isoelectric focusing chamber (BioRad)
programmed for 1 hr at 200 V, 1hr at 500 V, 5 hr ramp to 5,000 V, 80,000 V hours focusing
at 5,000 V, then maintained at 500 V until shut off. A urea solution was prepared (3.6 g
Urea, 3.0 g glycerol, 0.92 mL 1.5 M Tris-HCI pH 8.8, fill to 10 mL dH,O). The strip was
then placed in reducing (5 mL Urea solution, 0.05 g DTT, 0.1 g SDS) and alkylating (5 mL
Urea solution, 0.2 g iodoacetamide, 0.1 g SDS) solutions for 15 min each, then rinsed in
running buffer and run on a 12% polyacrylamide gel. Proteins were transferred to a PVDF

membrane, and Cdc37 protein was detected by traditional Western blotting techniques.
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2.9 SDS-PAGE and Western Blot

Total cell lysates were collected in boiling-hot lysis buffer (100 mM Tris, 1% sodium
dodecyl sulfate, 10% glycerol, pH 6.8). Lysates were heated at 100°C for 5 minutes,
sonicated to disrupt protein-protein interactions, then heated again at 100°C for 5 minutes.
Protein concentration was determined using the BCA Protein Assay Kit (Pierce). 80 pg of
protein lysate was added to 2X Laemmli buffer (4% (w/v) sodium dodecyl sulfate, 0.1%
glycerol, 125 mM Tris-HCI, 0.3 mM 2-mercaptoethanol, pH 6.8) for a total volume of 50
pL, then heated at 100°C for 5 minutes. Samples were loaded and run on NuPAGE 4-12%
Bis-Tris polyacrylamide gels (Invitrogen) then transferred to PVDF membrane (Amersham)
using the XCell II Blot Module (Invitrogen). Membranes were stained for total protein using
amido black to ensure equal loading and transfer. Protein bands identified by Western blot
were visualized using a GeneGnome (Gene Flow, UK) analysis instrument and quantified,

where applicable, using Gene Tools software (Gene Flow).

2.10 Flow Cytometry

Cell cycle analysis was performed by flow cytometry using propidium iodide
staining. Cells were plated at 2x10° cells per 10 ¢m plate in complete media containing
either 0.5 or 10% serum. Cells were collected the next day by treating with trypsin, pelleted
by centrifugation at 3,000 x g for 5 minutes, and rinsed twice with PBS. Pelleted cells were
then resuspended in 1mL ice-cold ethanol and allowed to fix for at least 2 hours at 4°C.
Fixed cells were rinsed twice in PBS, pelleted, and resuspended in 1mL propidium iodide
solution (50 pg/mL propidium iodide in PBS) plus 50 pL of 10 pg/mL RNase A. After at

least 1 hour incubation at 4°C, stained cells were analyzed on a Beckman-Coulter Epics XL
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(BD Biosciences). Data were analyzed using ModFit LT (Verity Software House, Topsham,
Maine) to determine the status of the samples in the cell cycle. This experiment was
performed using triplicate samples and was repeated twice. Statistical analysis of data was

performed using two-tailed T-tests in Microsoft Excel.
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Chapter 3: Results

3.1 Activation Status of Nascent Flag-tagged EGFRVIII

Our lab has previously demonstrated that the Flag epitope of triple-Flag tagged
EGFRVIII (tftAEGFR) is only detectable on the nascent form of the protein in the
endoplasmic reticulum (Lavictoire et al, 2003). The epitope was covalently modified inside
the Golgi such that it was undetectable by an anti-Flag antibody. Although the Flag epitope
was modified, the level of expression and activity of the mature receptor was equivalent to
that of untagged EGFRVIIL

It was found that EGFRVIII can be detected as two bands by Western blot. Analysis
of EGFRVIII banding patterns following treatment with deoxymannojirimycin, an inhibitor
of complex oligosaccharide formation, and tunicamycin, an inhibitor of core-glycosylation,
showed that the major, upper band of the EGFRVIII doublet is the mature, fully processed
form of EGFRVIII, while the minor, lower band is the immature, partially glycosylated form.
The Flag epitope was only detectable in the lower-weight band of EGFRVIIL, making it a
specific marker for EGFRVIII that has been glycosylated, but lacks the complex
oligosaccharides that are added within the Golgi. One thing that was not analyzed is the
activation status of the nascent form of EGFRVIIL It is possible that a constitutively active
mutant protein, like EGFRVIIL, may have the ability to dimerize, autophosphorylate and
begin signaling before reaching the cell membrane. Since this possibility was not examined,
I first performed Western blot analysis on lysate from U87tftAEGFR cells, looking for an
indication of phosphorylated nascent EGFRVIIL Blots were probed with antibodies against

EGFR, Flag, phospho-Y 1068 (selectively detects phosphorylation of tyrosine 1068 on EGFR
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and EGFRVIII), as well as PY-20, a general phosphotyrosine antibody. As a control for this
experiment, I used lysate from the US7MG cell line, which expresses wild-type EGFR but
not EGFRVIIL Two bands for EGFRVIII were detected, a major upper band, and a faint
lower band that was similar in molecular weight (Figure 4A). An extended exposure time
was required to detect wild-type EGFR by Western blot and, as a result, the lower band of
the EGFRVIII doublet was poorly defined due to the strong intensity of the upper band.
However, the definition between the lower and upper band for EGFRVIII is more apparent in
later figures (see Figures 5 and 6). By carefully aligning blots probed with different
antibodies, I found that the molecular weight of the Flag-detectable product was equal to that
of the lower band of the total-EGFR doublet at approximately 140KDa, in agreement with
our previous work (Lavictoire et al, 2003). The specific phospho-Y1068 antibody and the
general phosphotyrosine antibody, PY-20, each showed only a single phosphorylated species
of EGFRVIII at the molecular weight of the upper band corresponding to mature EGFRVIII.
The second, lower band in the PY-20 blot was found in both cell lines, but it was not
detected with the phospho-Y 1068 antibody, which suggests that the band represents an
approximately 115KDa tyrosine-phosphorylated protein that is not EGFR or EGFRVIIL
From this experiment I concluded that no phosphorylation of nascent EGFRVIII is noticable
by Western blot of total cell lysates.

Interestingly, wild-type EGFR protein was absent from US7tftAEGFR cells, which
are identical to US7MG cells, except that they have been transduced and selected to express
Flag-tagged EGFRVIII and the Moloney murine leukemia virus ecotropic receptor. We are

unsure why wild-type EGFR protein expression was absent from these cells, however we did
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Figure 4: Phosphorylation state of nascent EGFRVIIL.

A) Western blotting was used to characterize the nascent and mature forms of Flag-tagged
EGFRUVIII using anti-Flag, -EGFR, and -phosphotyrosine antibodies. Total cell lysates from
US7MGHRtAEGEFR cells, which expressed a triple Flag-tagged EGFRVIIL, were subjected to
Western blot analysis. Lysates from U87MG cells, which express EGFR, were used for
relative comparison. Western blots were aligned based upon molecular weight markers to
show differences in weight between the forms of EGFRVIII as detected using EGFR Ab-12,
and an anti-Flag antibody. The phospho-tyrosine antibody PY-20, has a general affinity to
phosphorylated tyrosine residues, meaning it may recognize other proteins besides EGFR
and EGFRUVIIL The antibody to phospho-Y1068 specifically recognizes one of the 5
autophosphorylation sites on EGFR and EGFRVIIL. B) Phosphorylation of nascent EGFRVIII
was detected by immunoprecipitation, followed by Western blot. Nascent EGFRVIII was
selectively purified using anti-Flag resin, and the purified fractions were separated by SDS-
PAGE and analyzed by Western blot for Flag and phospho-Y1068. Lysate from
USTMGLRAEGFR cells, which express un-tagged EGFRVIIL, were used as a negative control
Data is representative of at least 2 independent experiments.
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not feel that it would impact our experiments studying the biogenesis of EGFRVIII as the
EGEFR protein was consistently absent in all experiments.

Since no phosphorylation of nascent EGFRVIII was observed by Western blot of total
cell lysates, I decided to use a more sensitive approach using immunopurified nascent
receptor. [ immunoprecipitated nascent EGFRVIII from U87tftAEGFR cells using the Flag-
epitope and looked for the presence of tyrosine phosphorylation by Western blot (Figure
4B). By this technique, I detected a single band using the phospho-Y 1068 antibody at the
molecular weight of the Flag-tagged nascent receptor, indicating some tyrosine
phosphorylation on nascent EGFRVIIL. These data suggest that EGFRvIII may dimerize to a
small extent within the ER, however the proportion of active, nascent EGFRVIII is likely
very small compared to that of mature receptor since it was not observable by Western blot
of total cell lysates. Having shown that Flag-detectable EGFRVIII is an immature form of the
protein with a limited capacity for activation, I then sought to confirm its designation as an

Hsp90 client protein.

3.2 Nascent EGFRVIII is a client protein of Hsp90

Many proteins have been identified as clients of Hsp90. Client proteins depend upon
Hsp90 for stability, and/or activity. Loss of Hsp90 function in these instances will lead to
degradation of the misfolded protein, or loss of function. Although requirement for Hsp90
varies, defining new client proteins involves two major defining characteristics. First, a
client protein must have a physical interaction with Hsp90. In some instances, the
requirement for Hsp90 may be minimal or transient, but this interaction must be observed.

Secondly, the client protein must require Hsp90 activity to remain stable, active, or
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activation-competent, depending on its specific situation. This second step is important as it
differentiates client proteins from cochaperones and other non-client interactors, which also
fulfill the first requirement.

To confirm a dependence of tRAEGFR upon Hsp90 activity, US7tft AEGFR were
treated with geldanamycin (GA) or a vehicle control. Concentrations of GA were chosen to
selectively inhibit Hsp90, and not its ER homologue, Grp94, which has a reduced affinity for
the drug (Xu et al, 2001). Treatment with GA produced a significant reduction in protein
levels of both nascent (Flag-detectable) and mature EGFRVIII, as well as loss of tyrosine
phosphorylation. Meanwhile, no change was observed on total Erk protein levels, which do
not rely on Hsp90 for protein stability (Figure 5). The physical interaction between the two
proteins was proven by co-immunoprecipitation as described later in this report (Figure 8).

Having confirmed that the nascent form of EGFRVIII is a client of Hsp90, I then

focused on examining the role of Cdc37 in EGFR stability.

3.3 Effect of Cdc37 Overexpression on EGFRvIII

To examine the importance of Cdc37 in the biogenesis of EGFRVIIL, U87
glioblastoma cells expressing EGFRVIII were transduced with a retrovirus coding for wild-
type Cdc37 (Cdc37 WT). Infected cells were selected using puromycin to ensure the
population of surviving cells overexpressed Cdc37 WT. Western blot analysis of these
Cdc37 WT transduced cells compared to cells transduced with a control vector showed a
strong overexpression of Cdc37, which was associated with an increase in both the upper
and lower (mature and immature, respectively) bands of EGFRVIII (Figure 6A, lanes 1 and

4). This showed that there is a positive role for Cdc37 in EGFRVIII expression. I then chose
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Figure 5: Effect of geldanamycin on EGFRVIIL.

Client proteins of Hsp90 are often degraded following Hsp90 inhibition. To confirm the
effects of the Hsp90 inhibitor Geldanamycin upon EGFRVIII, U§7MGtftAEGFR cells were
plated at 2x10° cells per well in a 6 well dish and treated with 300nM or 500nM
geldanamycin or equivalent DMSO control as outline in “Materials and Methods”. Lysates
were taken 16 hours after treatment and proteins levels were analyzed by Western blot. 80ug
of protein were loaded in each lane. Data shown are representative of two independent
experiments.
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Figure 6: Effects of Cde37 wild-type and mutant expression on EGFRVIII, Cdk4, and
Hsp90.

Cdc37 WT, Cdc37 S13A, and Cdc37 S13E were stably expressed in U§7MGtItAEGFR cells
using a retroviral vector. Infected cells were selected using puromycin for at least one week.
Total cell lysates were collected, separated by SDS-PAGE and protein levels of A) Cdc37,
EGFRVIIL, B) Cdk4, and Hsp90 were analyzed by Western blot. Control lane represents cells
transduced with an empty vector control virus. 80pg of protein was loaded in each lane. Data
are representative of at least 2 independent experiments. Pan-Erk was probed as a loading
control.
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to examine the nature of the Cdc37/EGFRVIII relationship more closely using Cdc37 serine

13 mutants and Flag-tagged EGFR.

3.4 Construction and Expression of Cdc37 Mutants

Mutations of serine 13 on Cdc37 have been shown to alter its ability to bind certain
client proteins, and their recruitment to Hsp90. Having shown a positive role for Cdc37 in
EGFRVIII expression, the goal of this experiment was to determine if stably overexpressing
Cdc37 mutants would alter the stability of nascent and mature EGFRVIII in the
USTtRRAEGFR glioblastoma cell line. Two Cdc37 mutant constructs, S13A and S13E were
created by site directed mutagenesis to convert serine 13 to alanine and glutamic acid,
respectively.

Using a three-plasmid transfection system, ecotropic, non-replicating retroviruses
were created containing Cdc37 WT, S13A, S13E, or control vector (Soneokaet al, 1995).
These viruses were used to transduce US7TttAEGFR cells, which express an ecotropic
receptor. Following transduction, infected cells were selected for puromycin resistance, and
maintained for experimental use. Transduction of these vectors yielded expression of Cdc37
protein at respective levels of approximately 500, 280, and 350% for Cdc37 S13A, S13E and

WT over the endogenous Cdc37 in Control transduced cells (Figure 6A).
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3.5 Effect of Cdc37 Serine 13 Mutants on EGFRvVIIIL, Hsp90, and

Cdk4 Protein Levels.

Having stably transduced cells to express Cdc37 WT, Cde37 S13A, or Cdc37 S13E, 1
then studied their effects on EGFRVIII biogenesis. Relative to control transduced cells,
overexpression of a Cdc37 WT protein resulted in a 50% increase in levels of total, mature
EGFRUVIIL, and a 40% increase in nascent EGFRVIII, as detected with the anti-Flag antibody
(Figure 6A). This increased pool of mature EGFRVIII also showed an enhanced
phosphotyrosine signal, used as a marker of its activity. Meahwhile, expression of Cdc37
S13A protein, which was designed to function as an inactive, non-phosphorylatable Cdc37,
resulted in no change on nascent and mature EGFRVIII protein, as well as a slightly
diminished phosphotyrosine activity. Cdc37 S13E protein expression, which was expected to
partially mimic active, phosphorylated Cdc37, expressed at a slightly lower level than wild-
type Cdc37, but yielded identical increases in EGFRVIII protein levels and level of activity.
This indicated the importance of serine 13 on Cdc37 and suggested a positive role for its
phosphorylation during EGFRVIII biogenesis.

I also examined the affects of Cdc37 mutant expression upon the levels of Hsp90,
and the Cdc37/Hsp90 client protein, Cdk4. As a client of Cdc37 and Hsp90, I expected to
see increases in Cdk4 with expression of Cde37 WT and S13E. Instead, Cdk4 levels did not
increase, and decreased by 10% relative to control cells (Figure 6B). Cdk4 levels in Cdc37
S13A cellls were identical to the control. Hsp90 levels were fairly even between the cell
lines, with the slightly higher levels seen in Cdc37 WT cells being accounted for by an

increase in the actin loading control.
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3.6 Cdc37 Mutants Function in an Hsp90-dependent Manner

Cdc37 has previously been shown to chaperone the folding of a small number of
client proteins independently of Hsp90 (Rao et at, 2001; Kimura et al, 1997). To determine
whether the enhanced levels of EGFRVIII upon Cdc37 S13E mutant expression are
dependent upon Hsp90, I treated these cells with the Hsp90 inhibitor, geldanamycin (GA,
Figure 7). Although the Cdc37 S13A mutant did not affect EGFRVIII levels, I treated those
cells with GA, as well, to ensure that it did not effect the sensitivity of the Hsp90 system to
such inhibitors. In both cases, EGFRVIII proved to be sensitive to Hsp90 inhibition, with the
mature protein being undetectable by Western blot at 300nM treatment. The similarities in
total and nascent EGFRVIII levels in untreated lanes between the two cell lines was the result
of extended exposure of the Western blot to maximize the signal from treated samples.
Having shown that these Cdc37 mutants work in cooperation with Hsp90, I then analyzed

their abilities to bind and recruit Hsp90 to the nascent protein.

3.7 Binding of Cdc37 Mutants to Nascent EGFRvIII

Previous studies have shown that a S13A mutation on Cdc37 limits Cdc37 and
Hsp90’s ability to bind client proteins (Miyata and Nishida, 2004). These data suggested an
important role for phosphorylation of serine 13 in client recruitment to the Cdc37/Hsp90
complex. Only one study has looked at the binding of Cdc37 S13E, showing it had stronger
binding than S13A, but weaker than wild-type Cdc37 that was largely in its phosphorylated
form (Shao et al, 2003). To explore this with respect to EGFRVIIL, I immunoprepitated the
nascent EGFRVIII protein using the triple Flag-epitope from control, Cdc37 WT, S13A and

S13E transduced cell lines. US7AEGFR cells, which express untagged EGFRVIII, were used
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Figure 7: Cdc37 mutants function in an Hsp90-dependent manner.

To confirm that Cdc37 S13A and S13E mutant proteins do not have Hsp90-independent
activities on EGFRVIII biogenesis, cells were treated with the Hsp90 inhibitor geldanamycin.
US7MGtAEGFR/ Cdc37S13A, and Cdc3713E cells were plated at 2x10° cells per well in a
6 well dish and treated with 60nM or 120nM Geldanamycin or equivalent DMSO control as
outline in “Materials and Methods”. Lysates were taken 16 hours after treatment and
proteins levels were analyzed by Western blot. 80pg of protein were loaded in each lane.
Data shown are representative of two independent experiments. Erk protein levels are used
as a loading control.
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as a negative control. Immunopurified nascent EGFRVIII complex was separated by SDS-
PAGE and bound proteins were analyzed by Western Blot (Figure 8). Levels of Cdc37 were
quantified for relative comparison. The highest level of binding of Cdc37 to nascent
EGFRVIII was seen with Cdc37 S13E. Approximately 40% less Cdc37 WT
immunoprecipitated with nascent EGFRVIII compared to Cdc37 S13E. Although the amount
of nascent EGFRVIII pulled down from the Cdc37 S13E cells appears slightly higher than
the other lanes, the increased association of Cdc37 and Hsp90 was consistently observed
between experiments. Control transduced cells showed an undetectable amount of associated
Cdc37, while Cdc37 bound to nascent EGFRVIII in Cdc37 S13A cells was just barely
detectable at 1% that of Cdc37 S13E. For the most part, Hsp90 binding appeared to correlate
with Cdc37 binding, with the greatest association between nascent EGFRvIII and Hsp90
seen in S13E cells, and the lowest in the control transduced cells. The levels of bound Hsp90
in Cde37 WT and Cdc37 S13A cells were similar and approximately 90% less than levels in
Cdc37 S13E cells. A low amount of background Hsp90 binding was also detected in the
negative control, representing a background level of binding to the antibody or incomplete
washing of this abundant protein. This experiment showed the importance of serine 13 on
Cdc37 for its association with nascent EGFRVIII, and indicated that Hsp90 binding may be

dependent upon the association of Cdc37 to the client.

3.8 Examination of Cdc37 Phosphorylation Status

In order to properly compare the effects of Cdc37 WT expression with Cdc37 S13E,
which was intended to function as a phospho-mimetic, I looked to determine the

phosphorylation status of the population of overexpressed Cdc37 WT. Phosphorylation of
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Figure 8: Association of Cdc37 and Hsp90 with nascent EGFRVIIL.

To examine the importance of serine 13 of Cdc37 in its ability to recruit Hsp90 to nascent
EGFRvVIII, nascent EGFRVIII was selectively purified using its Flag epitope and associated
proteins were analyzed by Western blotting following SDS-PAGE. U87MGtftAEGFR /
Control, Cdc37 WT, S13A, and S13E transduced cells were plated at 4x10° cells per 10cm
plate and harvested for immunoprecipitation after 24 hours. Untagged U87MGDeltaEGFR
lysate was used as a specificity control and total cell lysate from
U87MGtftDeltaEGFR/Cdc37 S13E cells was used as a positive Western blot control.
Nascent EGFRVIII was selectively purified using anti-Flag resin, and the purified fractions
were separated by SDS-PAGE and analyzed by Western blot. Data are representative of at
least 2 independent experiments.
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serine 13 is the only modification known to occur with Cdc37. Previous studies using mass
spectrometry have identified two natural forms of Cdc37: phosphorylated and non-
phosphorylated (Shao et al, 2003). I chose to use 2D gel electrophoresis to separate these
intracellular forms of Cdc37. As a control, I examined Cdc37 S13A, which cannot be
phosphorylated. As expected, the control sample showed only one form of Cdc37, which,
based on previous reports, represents the non-phosphorylated form of Cdc37 (Figure 9).
Examining Cdc37 WT, I discovered two equally abundant species, one form at the same
isoelectric point as in the S13A mutant, and another of more acidic isoelectric point. Since
only two forms of Cdc37 have been found to exist, this second form is most likely the
phosphorylated Cdc37. Combination of equal parts of Cdc37 S13A and Cdc37 WT lysate
showed overlap with one form of Cdc37 WT, suggesting that the other species is the
phosphorylated form. Based on the results of previous studies (Shao et al, 2003), I concluded
that the Cdc37 population in the Cdc37 WT expressing cells is approximately 50%

phosphorylated on serine 13.

3.9 Effect of Cdc37 on the Cell Cycle

Cdc37 is known as a regulator of the cell cycle in yeast (Gerber et al, 1995), and has
been shown to have a role in promoting proliferation in mammalian tumours (Pascale et al,
2005). To analyze the effects of stable Cdc37 WT, S13A and S13E expression on the cell
cycle, I used propidium iodide staining on sub-confluent cells followed by flow cytometry.
To ensure that the growth factors present in the serum in the culture media did not mask the
effects of increased EGFRVIII activity, I looked at cells under both normal (10%) and low

(0.5%) serum conditions (Figure 10). Special care was taken to ensure that
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Figure 9: Examination of Cdc37 phosphorylation by two-dimensional gel
electrophoresis.

The degree of Cdc37 in the US7MGtRAEGFR/Cdc37 WT cell lines phosphorylation was
determined by 2D-gel electrophoresis. Briefly, cell lysates were extracted, and separated by
isoelectric focusing on a pH 5-7 IPTG strip. Proteins from the strip were then separated in a
second dimension by SDS-PAGE, and Cdc37 was detected by Western blotting. Lysate from
U87MGtftAEGFR/Cdc37 S13A cells was used as a non-phosphorylated Cdc37 control. In
the Cdc37 WT + S13A experiment, equal parts lysate were combined from both cell lines to
identify which species represents the non-phosphorylated form of Cdc37.
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Figure 10: Effects of Cdc37 mutant expression on cell cycle.

To observe the effect of Cdc37 overexpression and expression of Cde37 S13A and S13E on
the cell cycle, I performed cell cycle analysis by flow cytometry using propidium iodide
staining. Cells were plated at low density in either A) 10% Serum, or B) 0.5% serum
conditioned media, then collected after 24 hours growth, fixed in ethanol, then stained with
propidium iodide containing RNase A. Data are representative of 3 independent
experiments, performed in triplicate and are presented in table and graphical format.
Standard deviation of the mean is shown for all data. On graphs, G1 phase is the black bar,
G2/M is shown as white, and S phase is grey. Data were collected on a Beckman-Coulter
Epics XL flow cytometer, and analyzed using ModFit LT software. Gates were designed to
exclude only aggregated cells. C) Representative flow cytometric analyses of control cells
grown under 0.5% serum. Red areas are calculated G1 (left) and G2/M (right) cell
populations as determined by ModFit LT. The enclosed area between red peaks shows the S
phase population.
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cells were plated at densities well below confluence to minimize growth inhibition caused by
high cell density. A two-tailed independent T-test was used to determine statistical
significance of cell cycle differences. No differences were seen between the five cell lines
when grown in 10% serum (10A). Low serum conditions resulted in increased numbers of
cells in the G1 phase, and lower S and G2/M populations compared to 10% serum. Under
0.5% serum conditions (10B), Cdc37 WT and S13E cells had a small (~5%), but statistically
significant decreased population of cells in the G1 phase than control cells (P< 0.01 and
0.02). Small increases in S and G2/M populations were seen, but these were not statistically
significant. Taken together, these data showed that Cdc37 overexpression does not cause any
major changes on the cell cycle of US7ttAEGFR cells, but a small, negative effect is seen on
the G1 phase population in Cdc37 WT and S13E cells when the effects of exogenous growth

factors are reduced in low serum conditions.

3.10 Effect of CK2 Inhibition on EGFRvIII

I next tested to see if inhibitors could be used to decrease EGFRVIII biogenesis by
preventing CK2-mediated phosphorylation of Cdc37. For this, [ used the CK2 inhibitor
TBB, which has previously been shown to reduce the amount of phosphorylated Cdc37 in
cell culture and lower the amount of Cdc37 bound to client proteins (Nishida and Miyata,
2004). For this experiment, I treated control and Cdc37 WT transduced US7t{tAEGFR cells
with TBB, then examined the effects by Western blot (Figure 11). Vehicle-only treatments
were used as controls. In both cell lines, a decrease in the amount of total EGFRVIII was
seen with treatment with 120 pM TBB, but not at 60 pM. Both concentrations, however,

greatly reduced the tyrosine phosphorylation on EGFRVIII, which is used to indicate the
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Figure 11: Effects of TBB treatment on EGFRvIII.

CK2 is the only kinase known to phosphorylate Cdc37. The effects of CK2 inhibition on
nascent and mature EGFRVIII were determined using the CK2 inhibitor TBB.
U87MGtftAEGFR/Cdc37 WT and Control cells were plated at 2x10° cells per well in a 6
well dish and treated with TBB or DMSO control. Lysates were taken 16 hours after
treatment, separated by SDS-PAGE and protein levels were analyzed by Western blot. 80ug
of protein were loaded in each lane. Data are representative of 2 independent experiments.
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status of its activation. Levels of nascent EGFRVIII, detected using an anti-Flag antibody,
were unchanged with 60 pM TBB treatment, while being slightly decreased with the 120
M concentration. This experiment outlined an important role for CK2 activity in the
expression and activity of mature EGFRVIIL It also showed a limited effect of CK2

inhibition on the protein levels of nascent EGFRVIIL

3.11 Role of CK2 in Regulating EGFRVIII Recruitment to the

Cdc37/Hsp90 Complex

Having found that CK2 inhibition slightly reduces the levels of nascent and mature
EGFRVIII, I next examined the effect this treatment had on the association of nascent
EGFRUVIII to the Cdc37/Hsp90 complex. I treated Control and Cdc37 WT transduced cells
with 120 uM TBB and used the Flag epitope to selectively immunoprecipitate nascent
EGFRVIII from these cells (Figure 12). Vehicle-only treatments were used as controls.
Purified proteins were separated by SDS-PAGE and analyzed by Western blotting.
Treatment of Cdc37 WT cells with TBB reduced the amount of Cdc37 bound to nascent
EGFRVIII by 70%. Approximately 60% less Hsp90 was also bound to nascent EGFRvIII
after treatment. In the control transduced cells, no effect was seen on the already low level of
Cdc37 binding following treatment but a slight reduction of Hsp90 binding was observed.
These data showed for the first time that CK2 inhibition limits the association of Cdc37 and
Hsp90 with a client protein, and reveals CK2 as a target to limit chaperone binding to

nascent EGFRvVIII.
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Figure 12: Association of Cdc37 and Hsp90 with nascent EGFRvVIII following TBB
treatment.

CK2 inhibition is known to reduce Cdc37 phosphorylation. To see if CK2 activity is
necessary for the binding of Cdc37 and Hsp90 to nascent EGFRVIIL, the nascent receptor
was immunoprecipitated from cells following 16 hours of CK2 inhibition and bound Hsp90
and Cdc37 were examined. US7MGtitAEGFR/ Control and Cdc37 WT cells were plated at
2x10° and treated with 120uM TBB or DMSO control 24 hours after seeding. Following 16
hours of treatment, lysates were collected for immunoprecipitation. Nascent EGFRVIII was
selectively purified using anti-Flag resin, and the purified fractions were separated by SDS-
PAGE and analyzed by Western blot. Data are representative of 2 independent experiments.
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Chapter 4: Discussion

We have previously identified nascent EGFRVIII as a client of the Cdc37/Hsp90
chaperone complex (Lavictoire et al, 2003). Cdc37’s role is to recruit certain kinase proteins
to Hsp90 for folding and its ability to bind these kinases is thought to be dependent upon
phosphorylation of serine 13 in its client-binding domain, however this has never been
studied for a protein which is synthesized on the ER. I hypothesized that Cdc37 may control
EGFRUVIII biogenesis by regulating its recruitment to Hsp90. Since phosphorylation of
Cdc37 is thought to be necessary for its recruitment of many client proteins, it may also be a
means by which to control this process using targeted drugs. I sought to determine three
things: the role of Cdc37 in EGFRVIII biogenesis, the importance of Cdc37 phosphorylation
in its interaction with EGFRVIII, and the effect of CK2 inhibition on EGFRVIII stability and
chaperone recruitment. To study this, I used a US7tRRAEGFR cell line that expresses an
EGFRVIII protein with a triple-Flag epitope which is only detectable on the protein in the
endoplasmic reticulum, and can, therefore, be used to selectively stuady EGFRVIII in its
nascent form. Cells were transduced to stably express wild-type and mutant Cdc37 proteins.
The Cdc37 mutants were designed based upon previous studies to create a non-
phosphorylatable Cdc37 (Cdc37 S13A), and a mimic of phosphorylated Cdc37 (Cdc37
S13E) (Shao et al, 2003).

With respect to the first objective, I found that overexpression of Cdc37 WT
increased levels of EGFRVIII protein in both its nascent and mature form (Figure 6). The
increase of nascent EGFRVIII not only indicates an involvement of Cdc37 in EGFRVIII
biogenesis, but also suggests that endogenous levels of Cdc37 are normally a limiting factor

in this process. Increased EGFRVIII levels following Cdc37 overexpression were associated
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with increased Cdc37 and Hsp90 recruitment (Figure 8), suggesting that Cdc37°s role in
EGFRVIII biogenesis is related to its ability to recruit Hsp90 to the client. This means that
Cdc37 plays a postive role in EGFRVIII biogenesis and reducing the amount of available,
active Cdc37 in a tumour could have potential therapeutic uses.

The fact that Cdc37 overexpression also increases the amount of both nascent and
mature EGFRVIII protein within the cell suggests that a significant amount of nascent
EGFRvIIL, which has the potential to reach its mature form, does not normally mature due to
a lack of chaperone assistance. Thus, increasing the recruitment of nascent EGFRVIII to
Cdc37 and Hsp90 may promote its maturation and protect it from degradation. Proteins that
misfold in the ER are degraded by a process known as ER-associated degradation (ERAD;
reviewed in Romisch, 2005). This quality-control process involves the retrograde transport
of a misfolded protein from the ER to the cytosol for degradation mediated by the
proteasome. While degradation of misfolded nascent proteins is understood to protect cells
from stress (Oyadomari et al, 2006), the proteins involved in designating a protein for
ERAD, as well as the method of dislocation of the protein through the ER membrane are ill
defined. Here, I have shown for the first time that Cdc37 acts upon a protein in the ER to
promote its maturation. This suggests a novel role for Cdc37 in antagonizing ERAD-
mediated degradation of some proteins.

The second objective of the study was to determine the importance of Cdc37 serine
13 phosphorylation in Cdc37’s interaction with nascent EGFRVIIL Expression of the Cdc37
S13A mutant, which lacks the ability to become phosphorylated, had little effect on
EGFRVIII expression or the binding of Cdc37 and Hsp90 to nascent EGFRVIII (Figures 6

and 8). This finding concurred with a previous report that the same mutant had a severely
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impaired ability to bind Hsp90 or client (Shao et al, 2003) and fits a model where
unphosphorylated Cdc37 acts as a bystander rather than a competitor because it does not
interact with client or Hsp90, and, thus, does not interfere with the function of active,
phosphorylated Cdc37.

The Cdc37 S13E mutant was designed to act as a mimic of phosphorylated Cdc37.
Cells expressing Cdc37 S13E showed levels of nascent and mature EGFRVIII equal to those
seen when Cdc37 WT was overexpressed. Interestingly, three times more Cdc37
immunoprecipitated with nascent EGFRVIII in the Cdc37 S13E than Cdc37 WT cells
(Figure 8). These results were surprising considering a previous report which found this
mutant had only 15% the affinity for client as phosphorylated wild-type Cdc37 (Shao et al,
2003). One possible explanation for this discrepancy stems from many inherent differences
between the studies. Namely, I looked at nascent EGFRVIII within the ER membrane in
glioblastoma cell lines that stably express Cdc37 constructs, while the previous study looked
at mature HRI within the cytosol of rabbit reticulocyte lysates. Since the dependence of
client proteins for Cdc37 and Hsp90 varies between proteins, and because there appears to
be no conserved motif among clients for Cdc37 binding, the particulars of this interaction
may be somewhat unique in each case.

An alternative interpretation of the function of the Cdc37 S13E mutant stemmed
from my analysis of the phosphorylation state of the Cdc37 WT protein. It was important to
determine the percent phosphorylation of Cdc37 WT in order to properly compare its
activity to the mutant and determine its importance in EGFRVIII biogenesis. Since no
antibodies are available to specifically identify phosphorylated Cdc37, I used two-

dimensional gel electrophoresis to separate the different forms. Previous studies using mass
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spectrometry have identified two natural forms of Cdc37: phosphorylated and non-
phosphorylated (Shao et al, 2003). Using two-dimensional gels, I identified two equally
abundant species of Cdc37 WT (Figure 9). Cdc37 S13A lysate, which cannot become
phosphorylated on serine 13, showed only a single species, which overlapped with the more
basic of that with Cdc37 WT when lysates were combined in equal quantities. Although,
issues with consistently resolving the two protein species in Cdc37 WT cells restricted
further study, I presumed that the second identified species of Cdc37 WT was the
phosphorylated form because phosphorylation of serine 13 is the only modification known to
occur to Cdc37, and mutation of this site eliminated one species on 2D gel. On this
assumption, since both species of Cdc37 in Cdc37 WT cells were equivalent in size, this
meant that the population of Cdc37 WT was 50% phosphorylated. Therefore, these results
suggest that a less active Cdc37 WT protein was able to produce the same effect on the
EGFRUVIII biogenesis as Cdc37 S13E. Therefore, the Cdc37 S13E mutant may have acted as
only a partial mimic of phosphorylated Cdc37 since more of it was needed to produce to
same result. On the other hand, a surplus of Cdc37 activity may have allowed another factor
to become limiting in the biogenesis of EGFRVIII, causing its levels to plateau. In terms of
my objective, the data from the serine 13 mutants are consistent with an essential role for
serine 13 phosphorylation of Cdc37 on EGFRVIII biogenesis.

The third objective of this study involved using CK2 inhibitors to reduce the
presence of phosphorylated Cdc37 within a cell. It has been shown that treatment of cells
with the CK2 inhibitor TBB greatly reduces the amount of phosphorylated Cdc37 (Miyata
and Nishida, 2005) and reduces the total protein levels of several Cdc37/Hsp90 clients.

Similarly, I found that TBB treatment decreased protein levels of both nascent and mature
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EGFRVIII (Figure 11), and that this decrease was associated with a reduced binding of
Cdc37 and Hsp90 to the client (Figure 12), which has never been examined for any client
protein. One possible reason that the change in Cdc37 binding after treatment was not
obvious within control cells is because the levels of chaperone and cochaperone binding are
already at the detection limits for the assay. For this reason, I also used Cdc37 WT cells for
the experiment because they had shown a higher association between Cdc37 and EGFRVIII
(Figure 8), and any change in Cdc37 binding would be more evident, as was the case. It is
interesting to note that for Cdc37 WT cells, a decrease in the tyrosine phosphorylation of the
mature protein was observed with 60uM TBB treatment, which did not cause reduction of
EGFRVIII protein levels (Figure 11). This suggests that the mature EGFRVIIL, which is
normally constitutively active, was somehow unable to activate following CK2 inhibition
and may indicate loss of conformation due to disruption of the chaperone system. It should
be made clear, however, that these experiments do not rule out possibility of chaperone-
independent effects resulting from CK2 inhibition.

Another noteworthy observation in the CK2 inhibition experiment was the relatively
small decrease in nascent EGFRVIII protein compared to the relatively large decrease in its
association with Cdc37 and Hsp90 (Figure 11). I predicted that the reduced association with
the Cdc37/Hsp90 complex might cause a more dramatic change on nascent protein levels. It
is likely that other factors that control protein turnover, such as translation and degradation
rates could account for such a finding. In fact, following geldanamycin treatments, the effect
of Hsp90 inhibition also reflected more strongly on the mature protein than on nascent
EGFRVII (Figure 5). This suggests that impact of CK2 inhibition on EGFRVIII protein

levels may be at least partially explained by its effect on the chaperone system, and not due
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to the many other effects of CK2 inhibition. These data complement my study using serine
13 mutants and strongly suggest that serine 13 phosphorylation has a positive role in
EGFRVIII biogenesis, and that this phosphorylation serves to improve Cdc37’s ability to
recruit client to the Hsp90 complex. Furthermore, they answer the closely related third
objective of my study, showing that CK2 activity does affect EGFRVIII stability and its
interaction with the Cdc37/Hsp90 complex. Other than the defined objectives of this study,
there are several additional novel results that warrant consideration. One of these is the
apparent activity of nascent EGFRVIIL

Western blot analysis of immunoprecipitated nascent EGFRVIII revealed the
presence of phosphorylation on Tyr1068 (Figure 4B). Following dimerization, EGFRVIII
undergoes an autophosphorylation of specific sites (including Tyr1068) on its C-terminal
tail, which, in turn, triggers downstream signaling cascades. Thus, the presence, of Tyr1068
phosphorylation, a major phosphorylation site on EGFR and EGFRVII], is a marker for
activity of the nascent receptor. Although phosphorylation was detected in
immunoprecipitated nascent EGFRVIIL, Western blotting of total cell lysates only showed
phosphorylation at the molecular weight of mature EGFRVIIL not at the molecular weight of
the Flag-detectable, nascent receptor (Figure 4A). This data suggests that EGFRVIII may
dimerize to a small extent within the ER, however the proportion of active, nascent
EGFRVIII is likely very small compared to that of mature receptor. Although the
significance of the activity of this small population of nascent pro»tein is not clear, to my
understanding this is the first time that nascent EGFRVIII has been shown to activate within
the ER. Although novel, this finding is not unprecedented, as one previous study showed that

EGFR in the Golgi could activate. In this study, Dong et al have reported that EGFR may
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become activated during transfer through the Golgi when co-expressed with a modified
membrane-anchored ligand (Dong et al, 2005). These EGFR molecules migrated at a lower
molecular weight when co-expressed with the modified ligand, apparently due to
interference with addition and modification of complex carbohydrates within the Golgi.
Another interesting finding was on the effect of Cdc37 mutants on the cell cycle and
Cdk4 expression. Cdk4 is a Cdc37/Hsp90 client protein that is overexpressed in
approximately 50% of all glioblastomas and has been found necessary for EGFRVIII-
induced gliomagenesis in mice with a p53-null background (Ortega et al, 2002; Holland et
al, 1998). Although the reasons for cooperation between EGFRVIII and Cdk4 are not clear,
targeting Cdc37 may be a means to regulate both client proteins and reduce the
aggressiveness of the disease. Expression of Cdc37 WT and Cdc37 S13E caused a small
10% decrease in Cdk4 levels (Figure 6), and a slight (~5%) reduction in cells in the G1
phase of growth in low serum conditions (Figure 10B). The decrease in Cdk4 protein levels
was unexpected because overexpression of Cdc37 in human prostate epithelial cells causes
an increase in Cdk4 levels (Shwarze et al, 2003). One explanation for this is that another
cochaperone besides Cdc37 is limiting for Cdk4 expression in U§7MG-derived cells or that
sufficient Cdc37 is already there to allow proper folding of all expressed Cdk4. If this were
the case, overexpression of that cochaperone may increase Cdk4 protein levels. One
candidate cochaperone is p23, which has been shown to interact with Cdk4, and bind to the
Hsp90 complex in a mutually exclusive fashion from Cdc37 (Loubat, 1999; Pearl, 2005;
Harst et al, 2005). In this case, overexpression of Cdc37 may compete with p23 for binding

to the Hsp90/Cdk4 complex, reducing the stability of the late-stage Hsp90/ Cdk4 complex.
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The slight, but statistically significant 5% decrease in G1-phase in cells transduced
with Cdc37 WT and Cdc37 S13E indicated a slight growth advantage for the cells under low
serum conditions (Figure 10B). The smallness of this change was unexpected considering
the important roles that Cdc37 and Hsp90 play in promoting cell growth. Previous studies
have shown that inhibiting Hsp90 induces G1 arrest in breast and colon cancer cell lines
(Srethapakdi et al, 2000), and, similarly, reduction of Cdc37 levels by RNA interference in
mammalian cells arrests cell growth in liver carcinoma cells (Pascale et al, 2005).

One explanation for the small change in cell growth comes from earlier reports on
the role of EGFRVIII expression in proliferation of US7MG cells. Nishikawa et al have
shown that overexpression of EGFRVIII in U87MG glioblastoma cells barely affected cell
proliferation in vitro, but greatly enhanced their tumourigenicity in vivo (Nishikawa et al,
1994). For their in vitro study, they used both normal and reduced serum conditions to
account for exogenous growth factors in the media that may mask the ligand-independent
effects of EGFRVIIL They did not see any growth advantage conferred by EGFRvIII
expression under normal serum, and only a slight advantage in low serum. As explanation,
they suggested that since the U87MG cell line is a fully transformed cell line, further
signaling by EGFRvVIII may have little to no effect on the already signal-saturated system,
and they conclude that the growth effects are dependent upon cell type and other mutational
events. In agreement, a more recent study by Tang et al found that EGFRVIII expression in a
non-tumourigenic murine hematopoietic cell line caused tumourigenicity in vivo, and
increased proliferation in vitro (Tang et al, 2000). Nishikawa et al further argued that EGFR
amplification and mutation occurs at a late stage of tumour development in vivo, possibly in

response to selective pressures, such as ischemia, necrosis, and the requirement for
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angiogenesis within a developed tumour. Such pressures do not exist in vitro and the benefits
of EGFR amplification or mutation may not provide the same advantage. Indeed, an early
study looking at EGFR amplification in cell lines derived from grade III and IV

astrocytomas found EGFR amplification in only 1 of 22 cell lines despite such events being
present in up to 50% of primary glioblastomas (Filmus et al, 1985). They concluded that
EGFR amplification did not represent an advantage in vitro, and may even be detrimental in
culture. These studies suggest that despite the small growth effects resulting from increased
expression of the EGFRVIII caused by Cdc37 in my study, further study is warranted using

in vivo models and in vitro studies using less aggressive cell lines.

A consideration for every Cdc37 client is that in rare cases, its chaperoning may be
mediated by Cde37 independently of Hsp90 (Rao et at, 2001; Kimura et al, 1997). In this
case, Cdc37 can compensate for the absence of Hsp90 and stabilize the client protein on its
own. I showed that neither the Cdc37 S13A or S13E mutant proteins could compensate for
Hsp90 inhibition (Figure 7). In both cases, mature and nascent EGFRVIII were greatly
destabilized by Hsp90 inhibition, thus demonstrating that Hsp90 is absolutely essential to
EGFRVIII biogenesis and that Cdc37, alone, cannot offset for the loss of Hsp90 activity,
regardless of phosphorylation status.

From a therapeutic perspective, the data in this study suggests that targeting Cdc37 or
CK2 could be a means by which to control EGFRVIII signaling in glioblastoma. Currently,
no drugs are available that specifically target Cdc37 function. Since Hsp90 is uncomplexed
and inactive in normal cells (Kamal et al, 2003), the role of cochaperone Cdc37 may be
minor as well, meaning a Cdc37 inhibitor may, possibly, have tumour-specific activity.

Antisense approaches to targeting CK2 have shown high tumour specificity and would serve
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as a means to prevent Cdc37 phosphorylation. Targeting CK2 would simultaneously disrupt
the activation of molecules downstream of CK2, as well as the many oncogenic clients of
Cdc37 (Ahmad et al, 2005). Such strategies may have usefulness in treating many types of
cancer due to their broad array of targets, and may be useful for assisting other antineoplastic
agents.

While the primary objectives of this study focused on analyzing the role of Cdc37
and is phosphorylation in the biogenesis of EGFRVIIL, the results of this study may be
applicable to other clients as well. For example, Cdc37 phosphorylation may also play an
important role in biogenesis ErbB2, which also interacts with the Cdc37/Hsp90 complex,
and appears to require this activity following biogenesis on the ER (Xu et al, 2005). A
positively charged region that is common between the kinase domains of both ErbB2 and
EGFR was shown to be responsible for determining their binding to Cdc37/Hsp90.
Comparison of the structure of this lobe in EGFRVIII with that of ErbB2 and EGFR, whose
Cdc37-dependence has not been characterized, may prove interesting. In addition,
consideration of other cochaperones in the biogenesis of EGFRVIII, and the dynamics of
cochaperone-cochaperone relationships in the chaperoning process may provide useful
information for design of effective therapeutics.

Cdc37 is not the first Hsp90 cochaperone known to play a role determining the fate
of nascent proteins. Previous work has identified several notable cochaperones with
important roles in ERAD that would be of interest to study as follow-up work relating to ER-
mediated degradation of nascent EGFRVIIL One of these is P97/VCP, an AAA ATPase,
which mediates the export of certain misfolded proteins from the ER (Ye et al, 2001). P97

was first identified as a cochaperone as a result of its presence in complex with
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immunopurified Cde37 (Prince et al, 2005-2). It has since been found to have an important
role in the release of certain polyubiquitinated client proteins into the cytosol during ERAD
(Ye et al, 2005). One of these proteins is the CFTRAF508 (cystic fibrosis transmembrane
regulator) mutant protein (Vij et al, 2006). CFTRAF508 is a client protein of Hsp90 whose
improper folding in the ER and preferential degradation through ERAD underlies the
principle cause of cystic fibrosis (Loo et al, 1998). Vij et al showed that inhibition of p97
expression by RNAI leads to selective inhibition of ERAD and accumulation of CFTRAF508
in the ER (Vij et al, 2006). Due to its association with Cdc37, and a proven role in ERAD,
p97 could potentially have an important role in mediating degradation of EGFRVIIIL.

Another potential protein of interest in regulating degradation of nascent EGFRVIII is
the E3 ubiquitin ligase/ Hsp90 cochaperone CHIP (carboxyl terminus Hsc70-interacting
protein). CHIP has been shown to mediate the degradation of transmembrane Hsp90 clients
that mature through the ER, including CFTRAF508 (Younger et al, 2004) and ErbB2
(although its interaction with the nascent ErbB2 protein has not been specifically examined)
(Zhou et al, 2003; Xu et al, 2003). The binding of CHIP to the Hsp90 complex is particularly
interesting because it negatively regulates Hsp90’s function, promoting degradation of the
Hsp90 client, and is known to remodel the Hsp90 complex by excluding the cochaperone
p23 to prevent protein folding (Connell et al, 2001). Due to its role in promoting degradation
of transmembrane Hsp90-client proteins, including fellow tyrosine kinase ErbB2, and
because of its ability to compete with other cochaperones for binding, a role for CHIP in
EGFRVIII degradation is also plausible and warrants investigation. Specifically, the effect, if
any, that Cdc37 has on regulating the binding of CHIP to EGFRVIII in the ER would be a

relevant consideration with respect to this thesis.
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Recently, Ahal, the only known cochaperone to activate the Hsp90 ATPase, was
surprisingly shown to have a negative effect on the stability of CFTRAF508 in the ER
(Wang et al, 2006). Knockdown of Ahal expression by RNAi rescued misfolded
CFTRAF508 from degradation, while knockdown of cochaperones p23 and FKBP8 more
predictably decreased its stability. Wang et al suggested that removing Ahal from the cell
might alter the cochaperone composition of the Hsp90/ CFTRAF508 complex to something
that is more supportive towards the folding of the mutant protein. Meanwhile, p23 and
FKBP8 may be more essential components to such a complex, and their loss results in less
favourable folding energetics and more client degradation. To conclude, they suggest that the
energetics of folding likely varies between client proteins and cell lines, and, therefore, the
cellular environment determines the difference between a deleterious mutation and a
tolerated one. Thus, altering this cochaperone balance may be a means by which to impose a
level of control over other conformationally altered or mutated proteins, like EGFRVIIL
Close examination of the roles of these cochaperones may therefore provide important
targets for the treatment of abnormal proteins at the root of diseases such as glioblastoma
and cystic fibrosis.

In summary, Cdc37 and its phosphorylation appear to play important roles in
promoting biogenesis of EGFRVIIL It appears that Cdc37 is a limiting factor in EGFRVIII
maturation, and its absence or inactivity may limit recruitment to Hsp90 and result in
degradation through ERAD. Inhibition of CK2, the only kinase known to phosphorylate
Cdc37 serine 13, also reduced the affinity of Cdc37 and Hsp90 for nascent EGFRVIII, and
reduced levels of mature EGFRVIII protein. Taken together, these data strongly suggest an

important role for Cdc37 and CK2 in biogenesis of EGFRVIII within tumours, and identify
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both of these proteins as intriguing therapeutic targets for disrupting EGFRVIII in the

treatment of glioblastoma.

60



References

Ahmad KA, Wang G, Slaton J, Unger G, Ahmed K. (2005) Targeting CK2 for cancer
therapy. Anticancer Drugs. 16: 1037-1043.

Ali MM, Roe SM, Vaughan CK, Meyer P, Panaretou B, Piper PW, Prodromou C, Pearl LH.
(2006) Crystal structure of an Hsp90-nucleotide-p23/Sbal closed chaperone complex.
Nature. 440: 1013-1017.

Athanassiou H, Synodinou M, Maragoudakis E, Paraskevaidis M, Verigos C, Misailidou D
Antonadou D, Saris G, Beroukas K, Karageorgis P. Randomized phase II study of
temozolomide and radiotherapy compared with radiotherapy alone in newly diagnosed
glioblastoma multiforme. J. Clin. Oncol. 23: 2372-2377.

2

Arlander SJ, Felts SJ, Wagner JM, Stensgard B, Toft DO, Karnitz LM. (2006) Chaperoning
checkpoint kinase 1 (Chk1), an Hsp90 client, with purified chaperones.
J. Biol. Chem. 281: 2989-2998.

Bandhakavi S, McCann RO, Hanna DE, Glover CV. (2003) A positive feedback loop
between protein kinase CKII and Cdc37 promotes the activity of multiple protein kinases. J.
Biol. Chem. 278: 2829-2836.

Banerji U, O'Donnell A, Scurr M, Pacey S, Stapleton S, Asad Y, Simmons L, Maloney A,
Raynaud F, Campbell M, Walton M, Lakhani S, Kaye S, Workman P, Judson I. (2005)
Phase I pharmacokinetic and pharmacodynamic study of 17-allylamino, 17-
demethoxygeldanamycin in patients with advanced malignancies. J. Clin. Oncol. 23: 4152-
4161.

Bigner SH, Humphrey PA, Wong AJ, Vogelstein B, Mark J, Friedman HS, Bigner DD.
(1990) Characterization of the epidermal growth factor receptor in human glioma cell lines
and xenografts. Cancer Res. 50: 8017-8022.

British Columbia Cancer Agency (2003) BC Cancer Registry Statistics.

Canadian Cancer Society/ National Cancer Institute of Canada (2006) Canadian Cancer
Statistics 2006.

Citri A, Harari D, Shohat G, Ramakrishnan P, Gan J, Lavi S, Eisenstein M, Kimchi A,
Wallach D, Pietrokovski S, Yarden Y. (2006) Hsp90 recognizes a common surface on client
kinases. J. Biol. Chem. 281: 14361-14369.

Citri A, Yarden Y. (2006) EGF-ERBB signalling: towards the systems level. Nat. Rev. Mol.
Cell. Biol. 7: 505-516.

61



Cliff MJ, Harris R, Barford D, Ladbury JE, Williams MA. (2006) Conformational diversity
in the TPR domain-mediated interaction of protein phosphatase 5 with Hsp90. Structure. 14:
415-426.

Connell P, Ballinger CA, Jiang J, Wu Y, Thompson LJ, Hohfeld J, Patterson C. (2001) The
co-chaperone CHIP regulates protein triage decisions mediated by heat-shock proteins. Nat.
Cell. Biol. 3: 93-96

Dawson JP, Berger MB, Lin CC, Schlessinger J, Lemmon MA, Ferguson KM. (2005)
Epidermal growth factor receptor dimerization and activation require ligand-induced
conformational changes in the dimer interface. Mol. Cell Biol. 25: 7734-7742.

De Nardo D, Masendycz P, Ho S, Cross M, Fleetwood AJ, Reynolds EC, Hamilton JA,
Scholz GM. (2005) A central role for the Hsp90.Cdc37 molecular chaperone module in
interleukin-1 receptor-associated-kinase-dependent signaling by toll-like receptors.

J. Biol. Chem. 280: 9813-9822.

Dong J, Opresko LK, Chrisler W, Orr G, Quesenberry RD, Lauffenburger DA, Wiley HS.
(1998) The membrane-anchoring domain of epidermal growth factor receptor ligands
dictates their ability to operate in juxtacrine mode. Mol. Biol. Cell. 16: 2984-2998.

Duus J, Bahar HI, Venkataraman G, Ozpuyan F, Izban KF, Al-Masri H, Maududi T, Toor A,
Alkan S. (2006) Analysis of expression of heat shock protein-90 (HSP90) and the effects of
HSP90 inhibitor (17-AAG) in multiple myeloma. Leuk. Lymphoma. 47: 1369-1378.

Eiseman JL, Lan J, Lagattuta TF, Hamburger DR, Joseph E, Covey JM, Egorin MJ. (2005)
Pharmacokinetics and pharmacodynamics of 17-demethoxy 17-[[(2-
dimethylamino)ethyl]amino]geldanamycin (17DMAG, NSC 707545) in C.B-17 SCID mice
bearing MDA-MB-231 human breast cancer xenografts. Cancer Chemother Pharmacol. 55:
21-32.

Fan CY, Lee S, Cyr DM. (2003) Mechanisms for regulation of Hsp70 function by Hsp40.
Cell Stress Chaperones. 8: 309-316

Feldkamp MM, Lala P, Lau N, Roncari L, Guha A. (1999) Expression of activated
epidermal growth factor receptors, Ras-guanosine triphosphate, and mitogen-activated
protein kinase in human glioblastoma multiforme specimens. Neurosurgery. 45: 1442-1453.

Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, Lemmon MA. (2003) EGF
activates its receptor by removing interactions that autoinhibit ectodomain dimerization.
Mol. Cell. 11: 507-517.

Fernandes H, Cohen S, Bishayee S. (2001) Glycosylation-induced conformational
modification positively regulates receptor-receptor association: a study with an aberrant
epidermal growth factor receptor (EGFRvIII/DeltaEGFR) expressed in cancer cells. J. Biol.
Chem. 276: 5375-5383.

62



Filmus J, Pollak MN, Cairncross JG, Buick RN. (1985) Amplified, overexpressed and
rearranged epidermal growth factor receptor gene in a human astrocytoma cell line.
Biochem. Biophys. Res. Commun. 131: 207-215.

Fliss AE, Fang Y, Boschelli F, Caplan AJ. (1997) Differential in vivo regulation of steroid
hormone receptor activation by Cdc37p. Mol. Biol. Cell 8: 2501-2509.

Gerber MR, Farrell A, Deshaies RJ, Herskowitz I, Morgan DO. (1995) Cdc37 is required for
association of the protein kinase Cdc28 with G1 and mitotic cyclins. Proc. Natl. Acad. Sci.
USA. 92: 4651-4655.

Gooljarsingh LT, Fernandes C, Yan K, Zhang H, Grooms M, Johanson K, Sinnamon RH,
Kirkpatrick RB, Kerrigan J, Lewis T, Arnone M, King AJ, Lai Z, Copeland RA, Tummino
PJ. (2006) A biochemical rationale for the anticancer effects of Hsp90 inhibitors: slow, tight

binding inhibition by geldanamycin and its analogues. Proc. Natl. Acad. Sci. U S A. 103:
7625-7630.

Guerra B, Issinger OG. (1999) Protein kinase CK2 and its role in cellular proliferation,
development and pathology. Electrophoresis. 20: 391-408.

Harst A, Lin H, Obermann WM. (2005) Ahal competes with Hop, p50 and p23 for binding
to the molecular chaperone Hsp90 and contributes to kinase and hormone receptor
activation. Biochem. J. 387: 789-796.

Heath EI, Gaskins M, Pitot HC, Pili R, Tan W, Marschke R, Liu G, Hillman D, Sarkar F,
Sheng S, Erlichman C, Ivy P. (2005) A phase II trial of 17-allylamino-17-
demethoxygeldanamycin in patients with hormone-refractory metastatic prostate cancer.
Clin. Prostate Cancer. 4: 138-141.

Heimberger AB, Hlatky R, Suki D, Yang D, Weinberg J, Gilbert M, Sawaya R, Aldape K.
(2005) Prognostic effect of epidermal growth factor receptor and EGFRVIII in glioblastoma
multiforme patients.Clin Cancer Res. 11: 1462-1466.

Holland EC, Hively WP, DePinho RA, Varmus HE. (1998) A constitutively active
epidermal growth factor receptor cooperates with disruption of G1 cell-cycle arrest pathways
to induce glioma-like lesions in mice. Genes Dev. 12: 3675-3685.

Huang HS, Nagane M, Klingbeil CK, Lin H, Nishikawa R, Ji XD, Huang CM, Gill GN,
Wiley HS, Cavenee WK. (1997) The enhanced tumorigenic activity of a mutant epidermal
growth factor receptor common in human cancers is mediated by threshold levels of
constitutive tyrosine phosphorylation and unattenuated signaling.

J. Biol. Chem. 272: 2927-2935.

63



Johns TG, Mellman I, Cartwright GA, Ritter G, Old LJ, Burgess AW, Scott AM. (2005) The
antitumor monoclonal antibody 806 recognizes a high-mannose form of the EGF receptor
that reaches the cell surface when cells over-express the receptor. FASEB J. 7: 780-782.

Johnson BD, Schumacher RJ, Ross ED, Toft DO. (1998) Hop modulates Hsp70/Hsp90
interactions in protein folding. J. Biol. Chem. 273: 3679-3686

Kamal A, Thao L, Sensintaffar J, Zhang L, Boehm MF, Fritz LC, Burrows FJ. (2003) A
high-affinity conformation of Hsp90 confers tumour selectivity on Hsp90 inhibitors.
Nature 425: 407-410.

Kimura Y, Rutherford SL, Miyata Y, Yahara I, Freeman BC, Yue L, Morimoto RI,
Lindquist S. (1997) Cdc37 is a molecular chaperone with specific functions in signal
transduction. Genes Dev. 11: 1775-1785.

Lai BT, Chin NW, Stanek AE, Keh W, Lanks KW. (1984) Quantitation and intracellular
localization of the 85K heat shock protein by using monoclonal and polyclonal antibodies.
Mol. Cell Biol. 4: 2802-2810.

Lavictoire SJ, Parolin DA, Klimowicz AC, Kelly JF, Lorimer IA. (2003) Interaction of
Hsp90 with the nascent form of the mutant epidermal growth factor receptor EGFRVIIL J.
Biol. Chem. 278: 5292-5299.

Lenferink AE, Pinkas-Kramarski R, van de Poll ML, van Vugt MJ, Klapper LN, Tzahar E,
Waterman H, Sela M, van Zoelen EJ, Yarden Y. (1998) Differential endocytic routing of

homo- and hetero-dimeric ErbB tyrosine kinases confers signaling superiority to receptor
heterodimers. EMBO J. 17: 3385-3397.

Libermann TA, Nusbaum HR, Razon N, Kris R, Lax I, Soreq H, Whittle N, Waterfield MD,
Ullrich A, Schlessinger J. (1985) Amplification, enhanced expression and possible
rearrangement of EGF receptor gene in primary human brain tumours of glial origin. Nature.
313: 144-147.

Litchfield DW. (2003) Protein kinase CK2: structure, regulation and role in cellular
decisions of life and death. Biochem. J. 369: 1-15.

Lorimer IA, Lavictoire SJ. (2001) Activation of extracellular-regulated kinases by normal
and mutant EGF receptors. Biochim Biophys Acta. 1538: 1-9.

Loo MA, Jensen TJ, Cui L, Hou Y, Chang XB, Riordan JR. (1998) Perturbation of Hsp90
interaction with nascent CFTR prevents its maturation and accelerates its degradation by the
proteasome. EMBO J. 17: 6879-6887

Marcu MG, Chadli A, Bouhouche I, Catelli M, Neckers LM. (2000) The heat shock protein

90 antagonist novobiocin interacts with a previously unrecognized ATP-binding domain in
the carboxyl terminus of the chaperone. J. Biol. Chem. 275: 37181-37186.

64



McLendon RE, Wikstrand CJ, Matthews MR, Al-Baradei R, Bigner SH, Bigner DD. (2000)
Glioma-associated antigen expression in oligodendroglial neoplasms. Tenascin and
epidermal growth factor receptor. J. Histochem. Cytochem. 48: 1103-1110.

Merlino GT, Xu YH, Ishii S, Clark AJ, Semba K, Toyoshima K, Yamamoto T, Pastan I.
(1984) Amplification and enhanced expression of the epidermal growth factor receptor gene
in A431 human carcinoma cells. Science. 224: 417-419.

Meyer P, Prodromou C, Hu B, Vaughan C, Roe SM, Panaretou B, Piper PW, Pearl LH.
(2003) Structural and functional analysis of the middle segment of hsp90: implications for
ATP hydrolysis and client protein and cochaperone interactions. Mol. Cell. 11: 647-658.

Mishima K, Johns TG, Luwor RB, Scott AM, Stockert E, Jungbluth AA, Ji XD, Suvarna P,
Voland JR, Old LJ, Huang HJ, Cavenee WK. (2001) Growth suppression of intracranial
xenografted glioblastomas overexpressing mutant epidermal growth factor receptors by
systemic administration of monoclonal antibody (mAb) 806, a novel monoclonal antibody
directed to the receptor. Cancer Res. 61: 5349-5354.

Miyata Y, Nishida E. (2004) CK2 controls multiple protein kinases by phosphorylating a
kinase-targeting molecular chaperone, Cdc37. Mol. Cell Biol. 24: 4065-4074.

Miyata Y, Nishida E. (2005) CK2 binds, phosphorylates, and regulates its pivotal substrate
Cdc37, an Hsp90-cochaperone. Mol. Cell Biochem. 274: 171-179.

Montgomery RB, Guzman J, O'Rourke DM, Stahl WL. (2000) Expression of oncogenic
epidermal growth factor receptor family kinases induces paclitaxel resistance and alters beta-
tubulin isotype expression. J. Biol. Chem. 275: 17358-17363.

Morishima Y, Kanelakis KC, Murphy PJ, Lowe ER, Jenkins GJ, Osawa Y, Sunahara RK,
Pratt WB. (2003) The hsp90 cochaperone p23 is the limiting component of the multiprotein
hsp90/hsp70-based chaperone system in vivo where it acts to stabilize the client protein:
hsp90 complex.J Biol Chem. 2003 278: 48754-48763.

Moscatello DK, Holgado-Madruga M, Godwin AK (1995) Frequent expression of a mutant
epidermal growth factor receptor in multiple human tumors. Cancer Res. 55: 5536-5539.

Nishikawa R, Ji XD, Harmon RC, Lazar CS, Gill GN, Cavenee WK, Huang HJ. (1994) A
mutant epidermal growth factor receptor common in human glioma confers enhanced
tumorigenicity. Proc. Natl. Acad. Sci. USA. 91: 7727-7731.

Normanno N, De Luca A, Bianco C, Strizzi L, Mancino M, Maiello MR, Carotenuto A, De

Feo G, Caponigro F, Salomon DS. (2006) Epidermal growth factor receptor (EGFR)
signaling in cancer. Gene. 366: 2-16.

65



Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH, Saito K, Sakamoto A, Inoue
M, Shirouzu M, Yokoyama S. (2002) Crystal structure of the complex of human epidermal
growth factor and receptor extracellular domains. Cell. 110: 775-787.

Ohgaki, H. (2005) Genetic pathways to glioblastomas. Neuropathology 35: 1-7.
Okamoto I, Kenyon LC, Emlet DR. (2003) Expression of constitutively activated EGFRvIII
in non-small cell lung cancer. Cancer Sci. 94: 50-56.

Ortega S, Malumbres M, Barbacid M. (2002) Cyclin D-dependent kinases, INK4 inhibitors
and cancer. Biochim Biophys Acta. 1602:73-87.

Pacey S, Banerji U, Judson I, Workman P. (2006) Hsp90 inhibitors in the clinic. Handb.
Exp. Pharmacol. 172: 331-358.

Page J, Heath J, Fulton R, Yalkowsky E, Tabibi E, Tomaszewski J, Smith A, Rodman L
(1997) Comparison of geldanamycin (NSC-122750) and 17-allylaminogeldanamycin (NSC
330507D) toxicity in rats. Proc. Annu. Meet Am. Assoc. Cancer Res. 38: 308.

Pascale RM, Simile MM, Calvisi DF, Frau M, Muroni MR, Seddaiu MA, Daino L, Muntoni
MD, De Miglio MR, Thorgeirsson SS, Feo F. (2005) Role of HSP90, CDC37, and CRM1 as
modulators of P16(INK4A) activity in rat liver carcinogenesis and human liver cancer.
Hepatology. 42:1310-1319.

Pearl LH. (2005) Hsp90 and Cdc37 -- a chaperone cancer conspiracy. Curr. Opin. Genet.
Dev. 15: 55-61.

Preusser M, Haberler C, Hainfellner JA. (2006) Malignant glioma: neuropathology and
neurobiology. Wien. Med. Wochenschr. 156: 332-337

Prince T, Matts RL. (2005) Exposure of protein kinase motifs that trigger binding of Hsp90
and Cdc37. Biochem. Biophys. Res. Commun. 338: 1447-1454.

Prince T, Sun L, Matts RL. (2005) Cdk2: a genuine protein kinase client of Hsp90 and
Cdc37. Biochemistry. 44: 15287-15295.

Prince T, Shao J, Matts RL, Hartson SD. (2005-2) Evidence for chaperone heterocomplexes
containing both Hsp90 and VCP. Biochem. Biophys. Res. Commun. 331: 1331-1337

Prodromou C, Panaretou B, Chohan S, Siligardi G, O'Brien R, Ladbury JE, Roe SM, Piper
PW, Pearl LH. (2000) The ATPase cycle of Hsp90 drives a molecular 'clamp' via transient
dimerization of the N-terminal domains. EMBO J. 19: 4383-4392.

Prodromou C, Pearl LH. (2003) Structure and functional relationships of Hsp90. Curr
Cancer Drug Targets. 3: 301-23.

66



Queitsch C, Sangster TA, Lindquist S. (2002) Hsp90 as a capacitor of phenotypic variation.
Nature 417: 618-624.

Rao J, Lee P, Benzeno S, Cardozo C, Albertus J, Robins DM, Caplan AJ. (2001) Functional
interaction of human Cdc37 with the androgen receptor but not with the glucocorticoid
receptor. J. Biol. Chem. 276: 5814-5820.

Rutherford SL, Lindquist S. (1998) Hsp90 as a capacitor for morphological evolution.
Nature 396: 336-342.

Sarno S, Ruzzene M, Frascella P, Pagano MA, Meggio F, Zambon A, Mazzorana M, Di
Maira G, Lucchini V, Pinna LA. (2005) Development and exploitation of CK2 inhibitors.
Mol. Cell Biochem. 274: 69-76.

Scholz G, Hartson SD, Cartledge K, Hall N, Shao J, Dunn AR, Matts RL. (2000)
p50(Cdc37) can buffer the temperature-sensitive properties of a mutant of Hck.
Mol. Cell Biol. 18: 6984-6995.

Schwarze SR, Fu VX, Jarrard DF. (2003) Cdc37 enhances proliferation and is necessary for
normal human prostate epithelial cell survival. Cancer Res. 63: 4614-4619.

Setalo G Jr, Singh M, Guan X, Toran-Allerand CD. (2002) Estradiol-induced
phosphorylation of ERK1/2 in explants of the mouse cerebral cortex: the roles of heat shock
protein 90 (Hsp90) and MEK2. J. Neurobiol. 50: 1-12.

Shao J, Grammatikakis N, Scroggins BT, Uma S, Huang W, Chen JJ, Hartson SD, Matts RL.
(2001) Hsp90 regulates p50(cdc37) function during the biogenesis of the active
conformation of the heme-regulated e¢IF2 alpha kinase. J. Biol. Chem. 276: 206-214.

Shao J, Prince T, Hartson SD, Matts RL. (2003) Phosphorylation of serine 13 is required for
the proper function of the Hsp90 co-chaperone, Cdc37. J. Biol. Chem. 278: 38117-38120.

Sharp S, Workman P. (2006) Inhibitors of the HSP90 molecular chaperone: current status.
Adv. Cancer Res. 95: 323-348.

Shinojima N, Tada K, Shiraishi S, Kamiryo T, Kochi M, Nakamura H, Makino K, Saya H,
Hirano H, Kuratsu J, Oka K, Ishimaru Y, Ushio Y. (2003) Prognostic value of epidermal
growth factor receptor in patients with glioblastoma multiforme. Cancer Res. 63: 6962-6970.

Siligardi G, Panaretou B, Meyer P, Singh S, Woolfson DN, Piper PW, Pearl LH, Prodromou
C. (2002) Regulation of Hsp90 ATPase activity by the co-chaperone Cdc37p/pS0cdc37.J
Biol Chem. 277: 20151-20159.

Silva HA, Abraul E, Raimundo D, Dias MF, Marques C, Guerra C, de Oliveira CF,

Regateiro FJ. (2006) Molecular detection of EGFRvIII-positive cells in the peripheral blood
of breast cancer patients. Eur. J. Cancer. 42: 2617-2622.

67



Smith DF. (2004) Tetratricopeptide repeat cochaperones in steroid receptor complexes.
Cell Stress Chaperones. 9: 109-121.

Sollars V, Lu X, Xiao L, Wang X, Garfinkel MD, Ruden DM. (2002) Evidence for an
epigenetic mechanism by which Hsp90 acts as a capacitor for morphological evolution.
Nat. Genet. 33: 70-4.

Soneoka Y, Cannon PM, Ramsdale EE, Griffiths JC, Romano G, Kingsman SM, Kingsman
AlJ. (1995) A transient three-plasmid expression system for the production of high titer
retroviral vectors. Nucleic Acids Res. 23: 628-633.

Stancato LF, Silverstein AM, Owens-Grillo JK, Chow YH, Jove R, Pratt WB. (1997) The
hsp90-binding antibiotic geldanamycin decreases Raf levels and epidermal growth factor
signaling without disrupting formation of signaling complexes or reducing the specific
enzymatic activity of Raf kinase. J. Biol. Chem. 272: 4013-4020.

Stepanova L, Finegold M, DeMayo F, Schmidt EV, Harper JW. (2000) The oncoprotein
kinase chaperone CDC37 functions as an oncogene in mice and collaborates with both c-
myc and cyclin D1 in transformation of multiple tissues. Mol. Cell Biol. 20: 4462-4473.

Stepanova L, Yang G, DeMayo F, Wheeler TM, Finegold M, Thompson TC, Harper JW.
(2000) Induction of human Cdc37 in prostate cancer correlates with the ability of targeted
Cdc37 expression to promote prostatic hyperplasia. Oncogene 19: 2186-2193.

Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, Belanger K,
Brandes AA, Marosi C, Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T,
Allgeier A, Lacombe D, Cairncross JG, Eisenhauer E, Mirimanoff RO (2005) Radiotherapy
plus concomitant and adjuvant temozolomide for glioblastoma.

N. Engl. J. Med. 352: 987-996.

Sullivan WP, Owen BA, Toft DO. (2002) The influence of ATP and p23 on the
conformation of hsp90. J. Biol. Chem. 277: 45942-45948

Tang CK, Gong XQ, Moscatello DK, Wong AJ, Lippman ME. (2000) Epidermal growth
factor receptor vIII enhances tumorigenicity in human breast cancer. Cancer Res. 60: 3081-
3087.

Terasawa K, Yoshimatsu K, Iemura S, Natsume T, Tanaka K, Minami Y. (2006) Cdc37
interacts with the glycine-rich loop of Hsp90 client kinases. Mol. Cell Biol. 26: 3378-3389.

Vaughan CK, Gohlke U, Sobott F, Good VM, Ali MM, Prodromou C, Robinson CV, Saibil
HR, Pearl LH. (2006) Structure of an Hsp90-Cdc37-Cdk4 complex. Mol. Cell 23: 697-707.

68



Vij N, Fang S, Zeitlin PL. (2006) Selective inhibition of endoplasmic reticulum-associated
degradation rescues DeltaF508-cystic fibrosis transmembrane regulator and suppresses
interleukin-8 levels: therapeutic implications. J. Biol. Chem. 281: 17369-17378

Wang X, Venable J, LaPointe P, Hutt DM, Koulov AV, Coppinger J, Gurkan C, Kellner W
Matteson J, Plutner H, Riordan JR, Kelly JW, Yates JR 3rd, Balch WE. (2006) Hsp90

cochaperone Ahal downregulation rescues misfolding of CFTR in cystic fibrosis. Cell. 127:
803-815

b

Wikstrand CJ, Hale LP, Batra SK, Hill ML, Humphrey PA, Kurpad SN, McLendon RE,
Moscatello D, Pegram CN, Reist CJ. (1995) Monoclonal antibodies against EGFRVIII are
tumor specific and react with breast and lung carcinomas and malignant gliomas.

Cancer Res. 55: 3140-3148.

Wikstrand CJ, McLendon RE, Friedman AH, Bigner DD. (1997) Cell surface localization
and density of the tumor-associated variant of the epidermal growth factor receptor,
EGFRVIIL Cancer Res. 57:4130-4140.

Xu W, Mimnaugh E, Rosser MF, Nicchitta C, Marcu M, Yarden Y, Neckers L. (2001)
Sensitivity of mature Erbb2 to geldanamycin is conferred by its kinase domain and is
mediated by the chaperone protein Hsp90. J. Biol. Chem. 276: 3702-3708.

Xu W, Marcu M, Yuan X, Mimnaugh E, Patterson C, Neckers L. (2002) Chaperone-
dependent E3 ubiquitin ligase CHIP mediates a degradative pathway for c-ErbB2/Neu. Proc.
Natl. Acad. Sci. USA. 99: 12847-12852

Xu W, Yuan X, Xiang Z, Mimnaugh E, Marcu M, Neckers L. (2005) Surface charge and
hydrophobicity determine ErbB2 binding to the Hsp90 chaperone complex.
Nat. Struct. Mol. Biol. 12: 120-126.

Ye Y, Meyer HH, Rapoport TA. (2001) The AAA ATPase Cdc48/p97 and its partners
transport proteins from the ER into the cytosol. Nature. 414: 652-656

Ye Y, Shibata Y, Kikkert M, van Voorden S, Wiertz E, Rapoport TA. (2005) Recruitment of
the p97 ATPase and ubiquitin ligases to the site of retrotranslocation at the endoplasmic
reticulum membrane. Proc. Natl. Acad. Sci. USA. 102: 14132-14138

Younger JM, Ren HY, Chen L, Fan CY, Fields A, Patterson C, Cyr DM. (2004) A foldable
CFTR {Delta}F508 biogenic intermediate accumulates upon inhibition of the Hsc70-CHIP
E3 ubiquitin ligase. J. Cell. Biol. 167: 1075-1085

Yu X, Guo ZS, Marcu MG, Neckers L, Nguyen DM, Chen GA, Schrump DS. (2002)
Modulation of p53, ErbB1, ErbB2, and Raf-1 expression in lung cancer cells by
depsipeptide. J. Natl. Cancer Inst. 94: 504-513.

Zhang R, Luo D, Miao R, Bai L, Ge Q, Sessa WC, Min W. (2005) Hsp90-Akt
phosphorylates ASK 1 and inhibits ASK1-mediated apoptosis. Oncogene. 24: 3954-3963.

69



Yuile P, Dent O, Cook R, Biggs M, Little N. (2006) Survival of glioblastoma patients related
to presenting symptoms, brain site and treatment variables. J. Clin. Neurosci. 13: 747-751.

Zhou P, Fernandes N, Dodge IL, Reddi AL, Rao N, Safran H, DiPetrillo TA, Wazer DE,

Band V, Band H. (2003) ErbB2 degradation mediated by the co-chaperone protein CHIP. J.
Biol. Chem. 278: 13829-13837

70



