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ABSTRACT
DUAL REGULATION OF TELOMERASE ACTIVITY BY HSF1 AND ITS ROLE IN
PROSTATE CANCER PROGRESSION
By Keith Douglas Ostergaard Jensen

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2006

Major Director: Shawn Holt, Ph.D., Associate Professor, Departments of
Pathology, Human Genetics, and Pharmacology and Toxicology

It has been shown that the key components of the hsp90 chaperone
complex, including hsp90, p23, hsp70, hsp40, and HOP (p60), associate with
telomerase; however, their specific roles in telomerase function and tumor
progression have not yet been defined. HSF1, the primary mammalian heat
shock protein transcription factor, may affect telomerase activity and
transformation by regulating the expression of several hsp90 chaperone complex
proteins in response to stress as well as regulating the transcription of hTERT,
the protein subunit of telomerase.

In our in vitro model of prostate cancer progression, as cells progress from
immortal but non-tumorigenic (P69) to tumorigenic (M2182) and eventually
metastatic (M12) capabilities, both telomerase activity and global chaperone
protein levels increase. Our hypothesis is that HSF1 affects telomerase activity

directly at the level of transcription and indirectly at the protein level via its



regulation of proteins of the hsp90 chaperone complex.  Furthermore,
upregulation of HSF1 and/or members of the hsp90 chaperone complex directly
contribute to prostate cell transformation and that introduction of chaperone-
related genes will convert non-tumorigenic prostate cells to a tumorigenic state.

We have shown that ectopic overexpression of HSF1 induces increased
expression of endogenous hsp90 in P69 cells. Furthermore, telomerase activity
in the overexpressing HSF1 cell lines is increased as well and is the end result of
two disparate, yet ultimately cooperating pathways. However, the increased
telomerase activity does not correlate with increased tumorigenicity.

In conjunction with this study, we have overexpressed hTERT in the P69
cell lines and found that telomerase activity is markedly increased in the absence
of chaperone upregulation. We propose that the demand for increased folding
and stability of the exogenous hTERT leads to a recruitment of telomerase
associated chaperone proteins, which can be measured by increased activity
after immunoprecipitations and nuclear translocation of hsp90 chaperone
complex proteins.

Taken together, these projects indicate a significant role for HSF1 and the
hsp90 chaperone complex proteins on telomerase activity, and provide evidence

that each may be a viable target for therapeutic intervention.



Chapter 1

Background and Review of the Literature

Prostate Cancer

Prostate cancer is second only to lung cancer as the most common cause
of cancer related mortality in males in the United States. Approximately 28,000
Americans are expected to die in 2006 from prostate cancer. Even more
startling, an estimated 235,000 new cases are expected to be diagnosed this
year, exceeding the rate of any other cancer. Across the globe, many countries
have an even higher mortality rate than that seen in the US. It is estimated that
one out of six American men will develop prostate cancer in their lifetimes.
Prostate cancer risk is linked to age, race, diet, and genetics.

There is a strong familial component to prostate cancer risk; however, as
yet, despite several promising loci, no single susceptibility gene has been
discovered (Xu et al., 1998). The most promising loci include several regions on
both the 1 and X chromosomes (Smith et. al, 1996; Berthon et al, 1998; Xu et al.,
1998). Similarly, several candidate susceptibility genes have been identified,
some of which are located within the promising chromosomal loci. HPC2/ELAC2
located on chromosome 17p12 may be required for DNA interstrand crosslink
repair and mRNA editing (Tavtigian et al., 2001). RNASEL, which is located in

the linkage-identified loci 1g924-g25, perhaps functions as a potential tumor



suppressor gene (Carpten et al., 2002). A third candidate is the MSR1 gene at
chromosome 8p22-23. Mutations of the MSR1 gene, which may respond to
oxidative stress and reactive oxygen species, have been shown to segregate in
13 prostate cancer families (Xu et al., 2002). Additional evidence of a genetic
component of prostate cancer risk has been demonstrated cytogenetically. As
commonly shown by SKY and CGH analysis a nhumber of chromosomal regions
are consistently lost or gained in prostate cancers (reviewed by Elo et al., 2001).
The most common chromosomal losses are of chromosomes 8p and 13q.
Among chromosomal gains consistently found in prostate cancers, 7, 8q and Xq
are the most common. 8q is particularly important as a gain of 8q is consistently
seen in the most aggressively metastatic tumors; 90% of advanced prostate
cancers compared to just 5% of primary cancers demonstrate this gain. Despite
the absence of a single prostate cancer susceptibility gene clearly heredity
remains of utmost importance as twin studies have shown that genetics can

explain perhaps as much as 42% of the prostate cancer risk.

The Telomere

Telomeres are the terminal sequences of linear chromosomes. In
vertebrates, the telomere sequence is (TTAGGG), (Blackburn, 1991). The main
function of telomeres in the cell is a protective one; that is, they protect
chromosomes from end to end fusions, as well as protect the entire chromosome

from loss (Sandell and Zakian, 1993). Furthermore, because a chromosome



lacking a telomere might be recognized as damaged DNA, the telomere prevents
the cell from activating DNA damage pathways, ultimately leading to cell cycle
arrest, or apoptosis. Additionally, telomeres are known to contribute to
chromosomal pairing and alignment during meiosis and may also function to
position chromosomes during interphase, by attachment to the nuclear
membrane (Roeder, 1997).

As we age, most telomeres gradually shorten with each cellular division.
Human telomeres range in size from 5 to 15kb, with a gradual loss of anywhere
from 50 to 200 base pairs per cell division. The cause of telomere shortening
can be traced to the end replication problem. During cell division, the leading
strand can synthesize DNA to the most terminal point of the chromosome.
However, the DNA lagging strand, which uses short RNA primers and creates
Okazaki fragments to prime DNA synthesis, cannot replicate the ends of the
telomeres (Olovnikov, 1973)(Figure 1). Eventually, telomeres may become
critically short, and it had long been hypothesized that short telomeres may be
the molecular clock regulating cellular senescence (Harley et al., 1990). This
may not be completely true, as conflicting data exists to dispute this claim. It has
also been shown that while it is true that telomeres shorten as we age,
senescence is caused not by critically short telomeres alone, but rather by loss of

the protective function of telomeres (Karlseder et al., 2002).
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Figure 1. The end replication problem. The lagging strand of DNA synthesis
must use Okazaki fragments to prime synthesis resulting in a loss of telomeric
DNA during each cell division.



Due to the nature of the end replication problem, telomeres are
characterized by a 3’, G-rich overhang, which may be important in conferring
additional stability and serving a key protective function at chromosome ends.
The 3’ overhang has been shown to form structures called t-loops, which are
characterized by placement of this overhang into the double stranded telomere
structure. The exact mechanism by which this occurs is not completely
understood, but it is likely that the 3’ overhang binds to the complementary C-rich
strand at the point of double strand separation. A telomere binding protein,
TRF2, has been shown to modulate the formation of the t-loop structure in vitro
(Stansel et al., 2001). Furthermore, another protein known as POT1 may
enhance the stability of the t-loop structure by binding to the displaced G-rich
strand, preventing it from reassociating with its complement (Loayza and de
Lange, 2004). The very nature of the t-loop structure adds an interesting level of

complexity to telomere maintenance, which will be discussed in more detail later.

Telomerase

Not all cells are affected by the end replication problem. Germ cells, stem
cells, cells of renewal tissues, and tumor cells are able to maintain telomere
length. The vast majority of cells that maintain telomeres do so through the
activation of a ribonucleoprotein enzyme called telomerase. There is an
alternative mechanism known as the ALT (Alternative Lengthening of Telomeres)

pathway, which is used by a small subset of cells. The ALT pathway, which will



not be discussed in detail here, but is reviewed by Henson et al. (2002), is
characterized by homologous recombination between chromosomes at the
telomeres and long heterogeneous telomere lengths.

Like other reverse transcriptases, telomerase is a ribonucleoprotein
consisting of an RNA template and a protein catalytic subunit. Across species,
the protein subunit is highly conserved, while the RNA subunit is much more
variable. In humans, the RNA component, hTR (human Telomerase BRNA), is
ubiquitously expressed, while the protein component, hTERT (human
Telomerase Reverse Transcriptase), is only expressed in cells that activate
telomerase activity. Much work is being done to explain the transcriptional
activation and regulation of hTERT; however this process is not well defined.
The role of telomerase is to catalyze the sequential addition of telomeric repeats
to the lagging strand of a dividing cell by reverse transcribing DNA
complementary to the hTR template. Telomerase works in a processive manner,
transcribing six bases at a time. Once complete, the telomerase complex must
translocate and synthesize six new bases. This process of elongation followed
by translocation is repeated until the native telomere length is extended, which
provides more telomere sequence for conventional DNA polymerase to replicate
further out on the chromosome end. Interestingly, little data exists to prove that
telomerase acts at the telomere, save for two similar studies conducted with

ChIP (chromosome immunoprecipitation) assays, in which yeast telomerase is



present at the telomere in G1 and S phase (Smith et al., 2003; Taggart et al.,
2002).

Despite studies conducted by Weinrich et al. (1997), which showed that
telomerase activity could be reconstituted in vitro using only hTERT and hTR,
numerous proteins are known to associate with telomerase, some of which are
absolutely necessary for proper activity in vivo. Foremost among these is
dyskerin, a protein that may participate in ribosomal processing, as evidenced by
its association with many small nucleolar RNAs (snoRNA) (Luzzatto and
Karadimitris, 1998). Mitchell et al. (1999) first proposed the link between
telomerase and dyskerin in 1999. Subsequent studies have made clear the
importance of dyskerin in the telomerase holoenzyme. Dyskeratosis congenital
(DKC) is a hereditary disease characterized by abnormal skin pigmentation, nail
dystrophy, mucosal leucoplakia, and bone marrow failure (Marrone and Mason,
2003). DKC can be inherited in an autosomal dominant, autosomal recessive, or
X-linked manner. The X-linked form of the disease is caused by a mutation in
the dyskerin gene, while the autosomal dominant form of DKC has been linked to
the hTR gene (Mitchell et al., 1999). The fact that two seemingly diverse proteins
cause the same disease phenotype lends credence to the idea that the proteins
either perform similar functions, have roles in the same pathway, or assist in the
functioning of one another. hTR levels are reduced in the autosomal dominant
form of the disease, manifesting this change in shorter telomere lengths and

suggesting haploinsufficiency of the ubiquitously expressed hTR as the cause of



the disease (Hathcock et al., 2002). Similarly, those patients with the X-linked
form of DKC, possessing a mutation in the dyskerin gene, have cellular
dysfunction characteristic of telomerase deficient cells. Not only do they have
significantly less telomerase activity, they also have shorter telomeres and a
higher incidence of chromosome end-to-end fusions. The results are explained
by the fact that these DKC patients have 5-fold less hTR than unaffected siblings,
thus rendering it likely that dyskerin may play a vital role in the stability or
processing of hTR (Mitchell et al., 1999).

Two other proteins that associate with hTERT were identified as orthologs
of a protein known to associate with telomerase in S. cerevisiae. In S.
cerevisiae, Est1 is known to bind to the RNA component of telomerase called
TLC1 (Lendvay et al., 1996). Although the exact function of Est1 is unknown, it
is likely required to stabilize TLC1 or perhaps modulate the association between
TLC1 and Est2, the protein subunit of S. cerevisiae telomerase. Despite the fact
that TLC1 and Est2 alone are capable of reconstituting telomerase activity in vitro
(Cohn and Blackburn, 1995), yeast cells lacking Est1 shorten over time, akin to
the shortening seen in yeast cells lacking either TLC1 or Est2 (Lendvay et al.,
1996). EST1A and EST1B, the human orthologs of Est1 have been identified as
proteins that associate with telomerase, but as is the case in S. cerevisiae, little

is known about their function (Reichenbach et al., 2003; Snow et al., 2003).



Studies have also shown a relationship between telomerase and the
hsp90 chaperone complex proteins, hsp90 and p23, but these will be discussed

later in more detail.

Regulation of Telomere Lengths

Telomerase is not the only protein that has an effect on telomere length.
A vast array of proteins associates at the telomere and serves to regulate the
activity of telomerase and more notably, its access to the telomere. In cells that
maintain telomeres with telomerase, telomere lengths are more homogenous
than those using the ALT pathway, in which telomeres of wide ranging lengths
can be found. In fact, the mainfenance of a relatively stable telomere length is
genetically controlled. Each individual chromosome may have a different set
point, but in general, there is not much variance (Zhu et al.,, 1998). As
telomerase controlled telomere length is under genetic control, several proteins
work in a synergistic fashion to either positively or negatively regulate telomere
length as appropriate. Chief among these are TRF1, and several TRF1
interacting proteins including tankyrase 1 and 2, Tin2, Pinx1, and POT1.

TRF1 is a DNA binding protein specific for the double stranded telomeric
sequence TTAGGGTTAG (Konig et al., 1998). There appears to be a direct
correlation between the number of TRF1 molecules bound to the telomere and
the length of the telomere itself, as ChiP experiments have shown that 20-30% of

the total telomere immunoprecipitates with TRF1, regardless of telomere length
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(Loayza and De Lange, 2003). It became apparent that TRF1 acts to regulate
telomere length after overexpression of TRF1 led to shorter telomere lengths.
Conversely, inhibition of TRF1 results in progressively longer telomere lengths,
as neither lengthening nor shortening continues unchecked. Eventually, in each
instance a new set point is reached, and the telomere maintains equilibrium
(Smogorzewska et al., 2000; van Steensel and de Lange, 1997). Thus, TRF1
seems to act at the telomere by either limiting or promoting telomerase access.
Short telomeres with less bound TRF1 allow easier access by telomerase and
promote extension, while longer telomeres are able to bind more TRFI1,
effectively inhibiting telomerase activity, and appropriately limiting telomere
growth.

Several proteins work in conjunction with TRF1 to provide or deny
telomerase access to the telomere. Tankyrase 1 and 2 are highly similar
poly(ADP-ribose)polymerases (PARPs) that inhibit the binding of TRF1 to the
telomere, by ribosylation of TRF1 (Smith et al.,, 1998). Not surprisingly,
overexpression of tankyrase 1 removes TRF1 from the telomere, which promotes
telomerase access and results in a corresponding telomere elongation (Smith
and de Lange, 2000). Presumably, as evidenced by their striking amino acid
identity, and the fact that tankyrase 1 and 2 can form both hetero and
homodimers, tankyrase 2 has a similar effect on TRF1, although there is no

direct experimental evidence.
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Another protein that interacts with TRF1 is TIN2. TIN2 modulates the
activity of TRF1 by protecting TRF1 from tankyrase 1-mediated ribosylation.
When TIN2 is inhibited using RNAi, TRF1 is no longer protected from the
tankyrases. Ribosylation of TRF1 ensues and it loses its ability to bind to the
telomere (Ye and de Lange, 2004). Therefore, the effect of TIN2 at the telomere
is one of negative regulation and by inhibiting the ability of telomerase to act at
the telomere.

Little is known about the function of PINX1 except for the fact that it too is
capable of associating with TRF1. In vitro, PINX1 has been shown to inhibit
telomerase activity and negatively regulate telomere length, but the mode of
action is not yet defined (Zhou and Lu, 2001).

As touched upon earlier, POT1 is involved in the maintenance of the t-loop
structure, which confers an added level of stability to telomere ends. Like TRF1,
POT1 is a DNA binding protein that recognizes the telomere specific sequence
TAGGGTTAG, but in single stranded form (Baumann and Cech, 2001). Further
similarity to TRF1 is the fact that POT1 also shows a correlation between number
of molecules bound to the telomere and telomere length. However, unlike TRF1,
POT1 binds to single stranded DNA as evidenced by the fact that when TRF2 is
inhibited, which leads to a subsequent decline in the length of G-rich overhang,
fewer POT1 molecules are present at the telomere (Loayza and De Lange,
2003). Knowing that POT1 can bind single stranded DNA and that it plays a

vital role in t-loop maintenance, it is apparent that POT1 regulates telomere
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length in a negative fashion by inhibiting telomerase access to the telomeric

overhang.

Telomerase and Cancer

The relationship between telomerase, cellular immortalization, and cancer
is an interesting one. To begin, Kim et al. (1994) showed that in almost all
immortal cell lines, telomerase is activated, whereas no mortal cell lines express
telomerase. This was confirmed by demonstrating that exogenous expression of
telomerase is sufficient to allow normal cells to bypass senescence and become
immortal (Bodnar et al., 1998). In cells that do activate telomerase, telomeres
are maintained, which should have a protective effect against cancer, yet
approximately 90% of human cancers express telomerase (Shay and Bacchetti,
1997). Interestingly, however, the introduction of telomerase does not in and of
itself cause a transformed phenotype and may in fact have a protective role
against cancer (Jiang et al., 1999; Morales et al., 1999). Nonetheless, activation
of telomerase, or an alternative method of maintaining telomere length, is a
requirement for tumorigenicity (Hahn et al., 1999). Thus, it appears that the
timing of telomerase activation is of utmost importance with regard to
immortalization and transformation. Prior to oncogene expression, telomerase
has a protective effect by conferring stability to the chromosomes (Elmore et al.,
2002). However, if the cell has already undergone molecular changes consistent

with cancer, such as the expression of oncogenes or the inhibition of tumor
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suppressor proteins, telomerase induction will allow for a transformed phenotype

to arise (Hahn et al., 1999).

Heat Shock Proteins

The heat shock phenomenon was first described in 1962 in Drosophila, as
a unique puffing pattern was recognized following heat shock (Ritossa, 1996).
The underlying cellular changes involved in this phenomenon were not identified
until much later. In 1987, Ellis first proposed the idea that nascent protein chains
need chaperone proteins to fold properly as they are synthesized (Ellis, 1987).
Further studies proved that when a heat shock event occurs, the synthesis of
most proteins is down regulated, while a small subset of proteins undergo
extreme up regulation. Today, these proteins are known collectively as the heat
shock proteins (hsps), and consist of a family of highly conserved proteins
responsible for nascent protein folding, maintaining proper conformations of
denatured proteins under heat shock and other cellular stresses, protein
degradation and dissociation of protein aggregates, and functional activity of an
ever expanding list of enzymes and proteins. Cellular stresses known to elicit a
heat shock include drugs and toxic chemicals, exposure to heavy metals,
starvation, oxidative stress, and infection.

There are several chaperone protein subclasses based upon the
molecular weight of fhe protein. In addition to the small hsps, defined by a

molecular weight less than 25 kDa, other chaperone protein families include the
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hsp40, hsp60, hsp70, hsp90, and hsp100 families. Although best known for their
ability to assist in protein folding, there are many other cellular functions
attributed to the chaperone proteins. The small hsps are responsible for
ubiqitination of proteins targeting them for degradation, and dissociation of large
protein aggregates (Ciocca et al., 1993). Hsp70, hsp40 and hsp60 are largely
responsible for nascent protein folding (Hartl, 1996), while hsp40 also plays an
important role as a co-chaperone for hsp70 (Cyr, 1997). Along with the small
hsps, the proteins of the hsp100 family have a role in prevention of protein
aggregates (Parsell et al., 1994), as well as playing a key role in conferring
thermotolerance in yeast (Lindquist and Kim, 1996). Hsp70 proteins are major
components in cellular trafficking and protein degradation (Cyr et al., 1994).
Hsp90 is unique among the chaperone proteins as it is a required element in
steroid hormone receptor complexes, many protein kinases necessary for signal
transduction, and many reverse transcriptases (Pratt and Toft, 1997).
Immunoprecipitations have been extremely informative in adding to the growing
list of hsp90 substrates, due in part to the ability of hsp90 to form stable

interactions with its cellular substrates.

Hsp90 Chaperone Complex
Hsp90 is one of the most abundant proteins in eukaryotic cytoplasm,
accounting for upwards of 2% of total protein (Lai et al., 1984). Two isoforms of

hsp90, known as hsp90a and hsp90f, exist; however for most intents and



15

purposes, due to their high homology, they can be considered one and the same.
The two proteins share 76% identity and are likely the result of a gene duplication
approximately 500 million years ago (Moore et al., 1989). The major difference
between the two proteins is that hsp90p is more constitutively active than
hsp90q, and for this reason it is sometimes termed hsc90, in which the ‘¢’ is used

to donate the constitutive activity. The hsp90 protein can be broken down into 3
primary structural regions: the N-terminal domain, the C-terminal domain, and the
central hinge region.

The N-terminal domain of hsp90 is notable for an eight-stranded beta-
sheet, which serves as an ATP/ADP binding site (Prodromou et al., 1997), as
well as the binding site of hsp90 i'nhibitory drugs such as geldanamycin (Stebbins
et al., 1997) and radicicol (Schulte et al., 1998). Additionally, like the C-terminal
and central hinge region, the N-terminal domain participates in target protein
binding (Prodromou et al., 1997; Schiatter et al., 1992). The C-terminal domain
is the site of both a calmodulin binding domain (Minami et al.,, 1993) and a
dimerization domain (Minami et al., 1994). Dimer formation, which is known to
occur as both homodimers (o-o, B-B) and heterodimers (a-B), is essential for
proper function of hsp90 (Minami et al., 1994; Radanyi et al., 1989).
Furthermore, the C-terminal domain is the binding site for many hsp90 co-
chaperones (Chen et al,, 1998). The highly charged central hinge region is
important for binding to steroid receptors as first shown with the glucocorticoid

receptor by (Tbarka et al., 1993). This same region is also the location of the
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nuclear localization signal (Meng et al., 1996), which allows hsp90 to translocate
to the nucleus under conditions of cellular stress.

A series of creative mutational experiments helped elucidate the manner
of functional activity and biochemistry of hsp90. Proving that hsp90 is an
ATPase, Panaretou et al. (1998) showed that hsp90 mutants that lose their ability
to both bind and hydrolyze ATP do not retain cellular hsp90 functions in vivo, and
cease to be viable. Furthermore, ATPase activity is only retained as a dimer.
Hsp90 C-terminal deletion mutants that cease to allow dimerization, not only lose
the ability to hydrolyze ATP, but also the ability to efficiently bind ATP (Wegele et
al., 2003).

In 1977, Toft et al. (1977)introduced the first evidence that various
cytoplasmic proteins are associated with ligand free steroid hormone receptors
(SHR). It was not until a decade later that hsp90 was identified through
immunoprecipitation experiments as one of the proteins in this large multi-protein
complex (Sanchez et al., 1987). Unfortunately, as demonstrated by Scherrer et
al. (1990), hsp90 alone was insufficient to reconstitute steroid hormone receptor
activity, making it necessary to identify other proteins that may be requirements
for functional complex formation. Clues were provided by experiments
reconstituting activity in vitro using rabbit reticulocyte lysate, indicating that the
other factor or factors are present in the lysate (Dalman et al., 1989; Smith et al.,
1990). In rapid succession, Perdew and Whitelaw, (1991) identified hsp70 as a

part of the complex, at the same time, also demonstrating that other proteins of
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molecular weights of 63, 56, and 50 kDa are also present. Soon thereafter,
Smith et al. (1993), added p60, or Hop (heat shock organizing protein), to the list
of proteins required by the complex. It was later shown that the minimal
components for a functional complex consist of the proteins hsp90, hsp70,
hsp40, Hop, and p23 (Dittmar et al., 1998). This hsp90 chaperone complex
model, as it has been termed, was first proposed by Smith, (1993), and further
revised (Smith et al., 1995). Using data gleaned from immunoprecipitations,
Smith described an ordered series of protein associations and dissociations that
allowed the hsp90 chaperone complex to assist in the regulation and activation of
the glucocorticoid SHR. Appropriately, this same sequence of association and
dissociation events is known to occur for other SHR complexes.

While the sequence of events in the hsp90 chaperone complex initiation
and function are still being investigated, the general model is as follows. The
hsp90 complex is likely initiated by recruitment of the target protein by hsp70 with
assistance from hsp40, and a small co-chaperone called Hip. It is also possible
that hsp40 is the key chaperone for recruitment of substrate, as hsp40 has the
ability to bind directly to the progesterone receptor in the absence of hsp70. The
hsp40/substrate complex then associates with hsp70 (Hernandez et al., 2002;
Kelley, 1998). Binding of hsp70 to the target protein involves hydrolysis of ATP.
The heat shock organizing protein, Hop, is recruited next, which serves to
associate hsp70 with hsp90. Lastly, hsp90 and a co-chaperone, p23 (in the case

of the glucocorticoid complex), are added to the system. Once hsp70 and Hop
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have completed their role as agents to initiate the association between hsp90
and its target protein, they become dispensable, and along with hsp40, are
eliminated from the complex. Once ligand is bound to the receptor, the receptor
loses its affinity for hsp90, allowing hsp90 to then repeat the process with
another substrate (Smith and Toft, 1993). As the native glucocorticoid receptor is
a relatively unstable protein, accordingly, it has been hypothesized that the role
of the hsp90 chaperone complex is to maintain the steroid receptor in a
conformation that binds hormone with high affinity.

The importance of p23 or a similar co-chaperone in the complex is not to
be underestimated. Not only does p23 account for stabilization of the interaction
between the chaperone complex and the steroid hormone receptor, (Dittmar et
al., 1997), but according to Hutchison et al. (1995), binding of hormone to the
steroid receptor is less efficient in the absence of p23. Likewise, whereas hsp90
and hsp70 have been shown to be sufficient for substrate folding, the co-

chaperones, p23 and Hop, are required for acceleration of the binding reaction.

Heat Shock Proteins, Telomerase, and Cancer

It has been demonstrated that the molecular chaperone proteins, hsp90
and p23, associate with hTERT, and are required for both assembly and
functional activity (Holt et al., 1999). p23 was shown to copurify with hsp90
inactivated avian progesterone receptor (Johnson and Toft, 1994). More

significantly, telomerase is similar in function to other reverse transcriptases such
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as that required for hepadnavirus assembly, which was shown to be dependent
on proper conformational folding by hsp90 and p23 (Hu et al., 1997). Due to its
functional similarity with the hepadnavirus assembly ribonucleoprotein, it is
reasonable to conclude that telomerase also requires the hsp90 chaperone
complex for proper cellular functioning. Forsythe et al. (2001) proved that a
transient association exists between telomerase and hsp70, as well as a more
stable association between telomerase and p23/hsp90 (Figure 2). Lending
credence to this possibility is the fact that telomerase from nuclear extracts elutes
at a total molecular weight of approximately 1000 kDa (Schnapp et al., 1998).
The predicted molecular weights of hTERT and hTR are 127 kDa and 150 kDa
respectively. Telomerase is suspected to function as a dimer, which would result
in an approximately 600 kDa complex (Wenz et al., 2001). Therefore, it is
apparent that other proteins must associate with nuclear telomerase. The
predicted molecular weight of the proposed hsp90 chaperone complex is

approximately 375 kDa, making it a viable candidate (Pratt et al., 1999).
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Figure 2. Working model of the telomerase holoenzyme. Adapted from
(Forsythe et al., 2001). The functional requirement of hsp90 and p32 is noted as
are the requirements of hsp70, hsp40 and HOP for assembly.
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Heat Shock Factors

Expression of heat shock proteins is regulated by a family of stress
inducible heat shock factors, which recognize a heat shock element (HSE)
sequence typically found in many copies in the promoter region of hsps. The
heat shock factors, which respond to stresses as diverse as elevated
temperature, heavy metals, oxidants, and viral infections, comprise a family of 4
proteins that are highly conserved throughout evolution. HSF1 is the primary
heat shock factor in adult humans. HSF2 expression declines postnatally,
whereas HSF4 is detected prominently at the level of transcription, but little
protein is expressed outside of the brain and lungs (Christians et al., 2002). The
most likely role of HSF4 may be as a transcriptional regulator of HSF1 (Zhang et
al., 2001). HSF3 is a uniquely avian heat shock factor that may respond to more
extreme environmental stresses. HSF1 alone is activated under normal stress,
yet both HSF1 and HSF3 are activated under intense stress (Tanabe et al.,
1997).

Across species, most HSFs share four highly conserved structural
domains. The DNA binding domain, which is characterized by a helix-turn-helix
motif, is the most conserved of these four regions. Also highly conserved are a
hydrophobic oligomerization domain and a similar hydrophobic carboxy-terminal
domain. Together, these two domains help to regulate the DNA binding ability of
the HSFs. Under non-stressed cellular conditions, HSF1 exists in the cytoplasm

as a monomer; however, under stress, the oligomerization domain allows HSF1
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to form a homotrimer (Liu and Thiele, 1999), which can then translocate to the
nucleus and bind DNA. The transcriptional regulation of HSF1 is controlled in
part by heat shock proteins. It has been shown that monomeric HSF1 is bound
to hsp70 at the hydrophobic carboxy-terminal domain, suppressing its function.
Under cellular stress, when hsp70 is most actively folding denatured cells, HSF1
is released, at which time it is available for transcription (Shi et al., 1998). Hsp90
has also been shown to repress HSF1 activity in a similar manner. When
geldanamycin, a negative regulator of hsp90 activity is added to cells, HSF1 is
activated, indicating that the reduced functional levels of hsp90 fail to suppress
HSF1 oligomerization (Zou et al., 1998). Clearly, there is a negative feedback
loop at work that maintains optimal concentrations of both the heat shock
proteins and the heat shock transcription factors in the cell. At equilibrium, most
HSF1 is suppressed by binding to either hsp70 or hsp90. During heat shock or
other stress, as cellular proteins become denatured, the heat shock proteins
dissociate from HSF1 to ensure proper protein folding and to rescue denatured
proteins. The free HSF1 is then able to form homotrimers and activate
transcription of more heat shock proteins. The transcription of further heat shock
proteins continues until the concentrations of hsps and HSF1 are such that most
of the HSF1 proteins are once again inhibited by bound hsp70 or hsp90.
Transcription factor DNA binding in and of itself is not enough to initiate
transcription. In order to activate transcription, HSF1 must first be

phosphorylated at various serine and threonine residues by heat shock factor
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kinases (Price and Calderwood, 1991). In S. cerevisiae, HSF1 binds DNA
constitutively, yet transcription is not initiated without a stress response (Sorger
and Pelham, 1988). Additionally, in mammalian cells, Jurivich et al. (1995) have
shown that stress induced by sodium salicylate treatment enables HSF1
oligomerization; however, corresponding transcriptional activation is not induced.
The same sodium salicylate-induced cells do initiate transcription, under heat
stress. Interestingly, the only change to HSF1 during this period is one of
hyperphosphorylation (Cotto et al., 1996).

Therefore, there is reason to believe that overexpression of HSF1 may not
have any effect on the cell, as there may not be enough free HSF1 to either
initiate DNA binding or initiate transcription. However, it was first shown by
Rabindran et al. (1991) that overexpression of HSF1 does in fact lead to
increased DNA binding activity of HSF1, even in the absence of heat shock.
Perhaps confoundingly, further experiments by Farkas et al. (1998) seemed to
contradict the findings of Rabindran, as they showed that HSF1 overexpression
had no effect on hsp transcription. Heat shock was still required to exert any
transcriptional effect. = The difference may be explained by the HSF1
overexpression titer. Low levels of exogenous HSF1 overexpression are not
enough to overcome the concentrations of free hsp90 and hsp70 in the cell,
which can still bind and suppress HSF1 function. As the titer of HSF1 increases,

concentrations can be reached that exceed suppression levels by the hsps.
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Heat Shock Proteins and Cancer

There is a growing body of evidence that changes in heat shock protein
expression are associated with cancer. In telomerase negative S. cerevisiae,
telomere shortening and cellular senescence significantly upregulate several
heat shock proteins as measured by microarrays (Teng et al., 2002). It is
conceivable that damaged DNA is a significant enough stress to the cell to
activate the stress response. Hoang et al. (2000) found that HSF1 mRNA
expression levels were greatly increased in a metastatic versus nonmetastatic
human prostate carcinoma cell line. Additionally, immunohistochemistry of
frozen sections indicate an increase in HSF1 expression in malignant cells
versus normal or benign cells. Strangely, of the chaperone proteins studied, only
hsp27 levels were increased by heat shock in the metastatic cells with elevated
HSF1 expression. In another model of prostate cancer progression (Bae et al.,
1994; Bae et al., 1998), as cells become tumorigenic, then metastatic, p23 and
hsp90 expression levels are significantly increased (Akalin et al., 2001).
Interestingly, telomerase activity also increases as these cells become more
tumorigenic.

With that in mind, it then becomes possible to consider the predictive
value of the hsp90 chaperone complex in evaluating tumor growth and potential.
Additionally, the chaperone complex may also be an obvious anti-cancer drug
target. The function of hsp90 has been shown to be antagonized by

geldanamycin, a benzoquinone ansamycin (Neckers et al., 1999). Radicicol, a
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macrocyclic antifungal unrelated to geldanamycin, also inhibits hsp90 ATPase
function (Schulte et al., 1998). With potential drug treatments available, it is
important to elucidate the relationship between the hsp90 chaperone complex,

telomerase, and cancer.

Quercetin

Flavonoids are polyphenolic compounds with anti-oxidant capability
typically found in most plants. Quercetin, the major human dietary flavonoid and
a known anti-oxidant, is abundant in teas, apples, and onions (Sampson et al.,
2002). Quercetin has numerous biological effects including inhibition of protein
kinase C, histamine release, glycolysis, and lactate release (Formica and
Regelson, 1995). Of particular importance to cancer studies is the ability of
quercetin to inhibit both angiogenesis and growth rate (Duthie et al., 1997), while
inducing both tumor cell cytotoxicity (Shi et al., 1995) and apoptosis (Larocca et
al.,, 1997). Thus it may not be coincidental that a diet high in plant foods, which
are rich in quercetin and other flavonoids, helps to protect against colorectal
cancers.

Among its many functions, the ability to negatively affect the activity of
HSF1, as evidenced by reduced expression of heat shock proteins, is of primary
interest. HSF1 activity may be inhibited by quercetin in either one of two ways.
Evidence exists to support the claim that quercetin both down-regulates HSF1

expression and inhibits the induction of heat shock proteins through inhibition of
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While it is evident that overexpressing hTERT in the P69 cells increased
telomerase activity, it remained to be determined whether such an increase
would correspond to other phenotypic changes characteristic of tumorigenic
cells. After monitoring the growth rate of numerous P69 hTERT clones for a two
month period, it was readily apparent that despite earlier studies indicating
otherwise in normal human diploid fibroblasts (Forsythe et al., 2002),
overexpression of hTERT in P69 cells had no effect on the growth rate (Figure
24). Each P69 TERT clone, as well as the P69 pBABE vector controls, doubled
at a rate of approximately 1 population doubling per day. Perhaps the
differences in the two studies can be attributed to the levels of exogenous hTERT
in the two cell types. The P69 cells have low but detectable levels of telomerase
activity, and thus are presumed to have low but detectable levels of hTERT
expression as well. On the other hand, BJ cells, as studied by Forsythe et al.
(2002), do not express hTERT, and thus any introduction of hTERT into the cell
line may be sufficient to affect growth rates.

Likewise, few differences were seen in the ability of the P69 hTERT
clones to grow independent of anchorage (Figure 25). None of the 4 clones,
including CI. 5, which had the highest telomerase activity, differed much from the
P69 pBABE cells. It is unlikely that the P69 hTERT clones would form tumors in
nude mice, and when taken together with the results of the growth studies, there

is no evidence that hnTERT overexpression causes transformation in P69 cells.
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Figure 24. Growth rate of P69 TERT clones. Population doublings of P69 TERT
clones were charted over time. No significant differences exist in the growth rate
of any of the clones relative to the rate of P69 pBABE cells.
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Figure 25. P69 TERT Soft agar assay. The number of colonies grown in soft
agar were counted for each of four P69 TERT clones. Values are the averages

of two trials, each done in triplicate.
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Does quercetin, a negative regulator of HSF1, have a negative effect on
telomerase activity?

Having demonstrated that overexpression of HSF1 is capable of
upregulating telomerase activity, is the converse also true? That is to say, if we
are somehow able to decrease HSF1 expression, does telomerase activity
similarly decrease? There are numerous methods of decreasing protein
expression in cells, including, but not limited to, the use of inhibitory drugs,
siRNA, and dominant-negative proteins. While there may be advantages and
disadvantages to each method including varying degrees of success, we began
by attempting to down-regulate HSF1 expression by means of the drug
quercetin, as it was the most straightforward method available. Quercetin is a
flavonoid that has been shown to both down-regulate HSF1 expression (Nagai et
al,, 1995) and to inhibit the induction of the downstream heat shock proteins
when the cell is under duress (Hosokawa et al., 1992).

With that in mind, various cells were subjected to chronic quercetin
treatment for a period of just over three weeks. During this time period, the
growth rates of the various cells were analyzed, and at the completion of the
three-month period, TRAP assays were run to investigate whether or not the
chronic quercetin exposure was sufficient to diminish telomerase activity in the
cells studied. Based on the concentrations used by other laboratories, as well as

a short period of trial and error, two different concentrations (5uM and 25uM)

were investigated. The cell lines subjected to quercetin were the M12, P69
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pBABE, P69 hTERT CI. 4, and P69 HSF1 CI. 5 cell lines. Of the 4 cell lines, the
P69 HSF1 Cl. 5 and M12 cells have higher levels of HSF1 expression than do
the P69 pBABE and P69 hTERT Cl. 4 cell lines.

As shown in Figure 26, the effect of quercetin on HSF1 in these cells was
difficult to discern. It appears that quercetin has, in fact, little to no effect on
HSF1 expression as for each cell under investigation, western blot analysis
shows that no decrease in HSF1 expression is evident at either of the two drug
concentrations. These results cloud the possibility that quercetin might have an
effect on telomerase activity. In fact, perhaps as expected, given the lack of
down-regulation of HSF1 expression, no change in telomerase activity as
measured by TRAP assay was apparent for any of the cell lines studied (Figure
27).

The lack of any discernible effect of quercetin on either HSF1 expression
or telomerase activity, does not preclude the possibility that quercetin may have
affected these cells in any number of different ways. Quercetin has numerous
other biological effects, including several that could be construed as anti-
tumorigenic, including the ability to inhibit both angiogenesis and growth rate
(Duthie et al.,, 1997). As shown in the following 4 figures, quercetin had a
measurable effect on growth rate in all 4 cell lines studied. Figure 28 shows the
effect of quercetin on growth rate in the M12 cell lines at concentrations of either

5uM or 25uM. As shown, the growth rate of M12 cells under a chronic 25uM

quercetin treatment is half that of the untreated cells. The untreated cells double
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Figure 26. The effect of quercetin treatment on HSF1 expression levels. HSF1
protein expression was assessed by western blot following a three-week period
of chronic quercetin treatment at concentrations of either 5uM or 25uM as

indicated.
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Figure 27. The effect of quercetin treatment on telomerase activity. Telomerase
activity of numerous cell lines were analyzed by TRAP assay following a three
week period of chronic quercetin treatment at concentrations of either 5uM or

25uM as indicated.



89

approximately once daily, while those under chronic 25uM quercetin treatment
double at a rate of once every two days. Similarly, the effect on the P69 HSF1
Cl. 5 cells was a roughly two-fold reduction in growth rate under chronic 25uM
quercetin treatment (Figure 29). There was no difference in growth rate between
untreated P69 HSF1 CI. 5 cells and cells treated with 5uM quercetin. The effect
was measurable but not as dramatic in the P69 hTERT CI. 4 cells (Figure 30),
when compared to the effect seen in the M12 or P69 HSF1 CI. 5 cell lines. There
is a slight reduction with 5uM quercetin treatment and a slightly further reduction
with the 25uM concentration. However, even under 25uM quercetin treatment
the cell population still doubles in just over 1.5 days, as compared to the daily
population doubling of untreated P69 hTERT CI. 4 cells. The most drastic
reductions in growth rate are those of the P69 pBABE cells treated with either
5uM or 25uM quercetin (Figure 31). P69 pBABE cells treated with 25uM
quercetin did not even survive the three-week time period of the study. They
died within the first week of treatment. The P69 pBABE cells treated with 5uM
quercetin survived better than their counterparts in the 25uM treatment group;
however, their growth rate was still significantly stunted relative to the rates of
untreated P69 pBABE cells. In fact the growth rate of the P69 cells treated with
5uM quercetin was approximately 1 population doubling every two days,
compared to a rate of once per day for the untreated cells. Whereas the other
cell lines showed little difference in growth rate between treatment with 5uM

quercetin and no treatment at all, the effect in the P69 pBABE cells was
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equivalent to that of the other cell lines when treated with 25uM quercetin. In

every case, close to a two-fold reduction in growth rate relative to controls was
apparent. It seems likely that the amount of HSF1 protein present in the cell
plays an important role in the resistance to growth arrest and cellular death. The
P69 pBABE cells, which expressed HSF1 at the lowest levels were the only cell
line in which 25uM quercetin treatment completely ablated the cell line. Similarly,
hTERT overexpression may also provide a measure of protection against the

effects of quercetin in these cell lines.
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Figure 28. The effect of quercetin treatment on growth rate in M12 cells.
Population doublings of M12 cells were measured over time during a period of
chronic quercetin treatment at concentrations of either 5uM or 25uM.
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Figure 29. The effect of quercetin treatment on growth rate in P69 HSF1 CI. 5
cells. Population doublings of P69 HSF1 Cl. 5 cells were measured over time
during a period of chronic quercetin treatment at concentrations of either 5uM or
25uM.
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Figure 30. The effect of quercetin treatment on growth rate in P69 TERT CI. 4
cells. Population doublings of P69 TERT CI. 4 cells were measured over time
during a period of chronic quercetin treatment at concentrations of either 5uM or
25uM.



94

—— Puro DMSO
—#— Puro 5Q
Puro 25Q

Population Doubling

Day

Figure 31. The effect of quercetin treatment on growth rate in P69 pBABE cells.
Population doublings of P69 pBABE cells were measured over time during a
period of chronic quercetin treatment at concentrations of either 5uM or 25uM.



Chapter 4

Discussion

The crux of this research is the idea that there is a dual mode of
telomerase regulation as governed by the heat shock transcription factor, HSF1.
As touched on earlier, a growing body of evidence indicated that HSF1 may play
a significant role in not only telomerase activity but also tumorigenicity. To begin,
Holt et al. (1999) demonstrated that hsp90 and its co-chaperone p23 associate
with hnTERT. Using hTERT as bait, they were able to identify these two members
of the hsp90 chaperone complex as telomerase subunits by means of a yeast
two-hybrid assay. That these two proteins were identified is not necessarily
surprising, given that telomerase is a reverse transcriptase and numerous other
reverse transcriptases had previously been shown to interact with proteins of the
hsp90 chaperone complex (Hu and Seeger, 1996; Hu et al., 1997). Subsequent
to demonstrating the association between the hsp90 chaperone complex proteins
-and telomerase, p23 and hsp90 were shown to be required for assembly and
functional activity of the telomerase holoenzyme (Forsythe et al., 2001). Using
the P69 prostate cancer model described here, Akalin et al. (2001) demonstrated
that as the prostate cells become more tumorigenic and telomerase activity
increases, so does the expression of p23 and hsp90. Around this same time,
work done in S. cerevisiae, showed that hsp90 was able to modulate telomere

lengths in telomerase positive yeast. Overexpression of hsp90 was able to
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rectify hyper-elongation of telomeres in a certain class of S. cerevisiae mutants
(Grandin and Charbonneau, 2001). Clearly, the hsp90 chaperone complex
proteins are important in telomerase regulation. The hsp90 chaperone complex
was discussed in detail earlier and has been comprehensively reviewed by Pratt
and Toft, (2003) so | will not discuss it further here except to underscore the fact
that HSF1 is the transcription factor responsible for the transcriptional
upregulation of several of the hsp90 chaperone complex proteins, most notably,
hsp90.

Providing further support to the potential role of HSF1 in telomerase
regulation and tumorigenic transformation is the fact that HSF1 is located on
chromosome 8g24.3, which is known to be duplicated in the tumorigenic and
metastatic M12 cell line. This chromosomal finding is inconsistent with the
karyotype of the non-tumorigenic P69 cell line, which spawned the M12 cell line
and shares the same single cellular lineage. The P69 cells do not have the
8024.3 duplicatidn (Jackson-Cook et al., 1996). Given the body of evidence, it is
not unreasonable to hypothesize that HSF1 affects telomerase activity in some
manner. Whether the role of HSF1 is merely to upregulate the transcription of
the hsp90 chaperone complex proteins, which in turn regulate telomerase activity
at the protein level, or whether there is a more direct effect on telomerase by
HSF1 at the transcriptional level was investigated. @ Because telomere

maintenance is a vital step in tumorigenic transformation, and telomere
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maintenance is most often but not always orchestrated by telomerase, the
possibility that HSF1 could influence tumorigenic potential was also investigated.

We determined that HSF1 does indeed have an effect on telomerase
activity and occurs by a number of means. First and foremost is the ability of
HSF1 to regulate transcription of hsp90, the key protein in the hsp90 chaperone
complex, and along with p23 one of the two members of the complex required for
not only assembly, but also functional activity. Overexpression of HSF1 leads to
a corresponding increase in expression of hsp90 and to a lesser degree, an
increase in p23 expression. Perhaps p23 expression is increased, not as a result
of increased translation, but rather due to increased association and stability as
provided by hsp90 and its role in the hsp90 chaperone complex. That is to say,
the modest increase in expression of p23 may be mediated in part by hsp90 and
is more of a result of decreased degradation than increased transcription.
Regardless, following the overexpression of HSF1 in P69 cells, all clones
showed an increase in telomerase activity.

Consistent with the increase in telomerase activity is increased telomere
maintenance. Relative to P69 pBABE control cells, both P69 HSF1 CI. 2 and
P69 HSF1 Cl. 5 cells were able to increase native telomere lengths by several
kilobases. Thus not only is HSF1 overexpression capable of positively affecting
telomerase activity, it is also capable of positively affecting telomere lengths.

Having shown that HSF1 does in fact positively affect telomerase activity,

does not answer the question of what the mode of action is. Is the effect



98

primarily one of transcription or is it a matter of increased telomerase
holoenzyme stability and function?

To determine whether the effect on telomerase activity was primarily due
to the stabilizing effects of the hsp90 chaperone complex, we attempted to
overexpress both hsp90 and p23. Overexpression of p23 had no discernible
effect on telomerase activity; however, that does not indicate that the hsp90
chaperone complex as a whole does not play an important role in telomerase
regulation. More important is the role of hsp90. Unfortunately, hsp90
overexpression was ineffective in the P69 cells. Even after the selection of
clones that might potentially express hsp90 at greater levels than null infected
P69 pBABE cells, no enhanced detection of hsp90 protein was evident. The
reasons for this are unclear; however it may have something to do with the fact
that hsp90 expression is part of a negative feedback loop. Hsp90 is responsible,
in part, for sequestering HSF1 until cellular stress makes it necessary that hsp90
fulfills its role as cellular chaperone by tending to misfolded and denatured
proteins. At such a time, HSF1 is then free to initiate transcription of more heat
shock proteins, including hsp90. As hsp90 levels increase, so does its ability to
bind to HSF1, reducing the ability of HSF1 to initiate further transcription.
Perhaps then, as hsp90 expression is exogenously increased, further
endogenous transcription by HSF1 is stunted rendering hsp90 expression to

maintenance levels.
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Despite the fact that it was not possible to overexpress hsp90, other
experiments did provide answers demonstrating that hsp90 chaperone complex
proteins are important in telomerase regulation. As expected, overexpression of
hTERT in the P69 cells led to greater telomerase activity in all P69 hTERT
clones. This is not surprising, as this has been demonstrated previously by other
laboratories in other cell types (Bodnar et al., 1998; McChesney et al., 2000).
What is interesting is the effect of hTERT overexpression on the actions of
hsp90. It is apparent from the western blot of P69 TERT clones that hTERT
overexpression does not influence hsp90 expression either positively or
negatively. However, this does not mean that hsp90 is not affected, particularly
in regards to its interaction with telomerase via the hsp90 chaperone complex.
As demonstrated by immunocytochemistry studies, the overexpression of hTERT
demands the translocation of hsp90 and p23 from the cytoplasm to the nucleus
to accommodate the need for greater telomerase stability and activity. Similarly,
in p69 TERT clones, hsp90 antibodies are able to co-immunoprecipitate greater
amounts of telomerase activity than are naked IgG beads. Also, the same hsp90
antibodies are capable of immunoprecipitating greater amounts of telomerase
activity in hTERT overexpressing clones than in P69 pBABE control cells. Both
results prove that not only does overexpression of hTERT require a greater
nuclear presence of hsp90, but also that hTERT requires a greater association

with hsp90. Thus, it is apparent that additional hsp90 chaperone complex
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machinery is required for increased telomerase activity as a result of increased
hTERT expression.

In addition to having shown that HSF1 indirectly affects telomerase activity
at the protein level through its regulation of the hsp90 chaperone complex
machinery, might there be other methods of HSF1 telomerase regulation? To
determine whether this is true, we studied the possibility that HSF1 might
recognize heat shock elements (HSE) in the hTERT promoter. To begin,
analysis of the hTERT promoter revealed an identical HSE at position —1112.
Additionally, four HSEs of non-identical sequence but differing by no more than
one base pair were also found between positions 687 and —1539. HSF1 has
been shown to recognize such sequences; however the level of transcriptional
regulation from such HSEs is less than those of 100% identity.

Based on the results of the luciferase promoter assays and the
quantitative RT-PCR assays, HSF1 does appear to affect hnTERT regulation at
the level of transcription. While the RT-PCR results themselves were not entirely
indicative of positive transcriptional regulation, the luciferase promoter assays
provided more credibility for this idea. Based solely upon RT-PCR results,
hTERT mRNA levels in the P69 HSF1 Cl. 5 cells were elevated approximately 3-
fold with respect to P69 pBABE control cell levels. The difference in mRNa
levels is moderate; however, M12 cells, which clearly have increased levels of
telomerase activity compared to P69 cells demonstrated a similar 3-fold increase

in mRNA expression. Given that hTERT mRNA levels were similarly upregulated
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in both M12 and P69 HSF1 CI. 5 cells with respect to control cells leads to the
conclusion that transcriptional regulation of hTERT by HSF1 does exist.

Greater evidence that HSF1 affects telomerase activity at the level of
transcription came from luciferase promoter assays in P69 HSF1 CI. 5 cells.
Using two hTERT promoter constructs with differing lengths of sequence
upstream of the transcription initiation site, one of which was 1665 base pairs,
and the other which consisted of only the first 279 base pairs in the promoter, we
showed, that for similar length promoters, transcriptional activity was consistently
greater in P69 HSF1 cells than in either M12 or P69 pBABE control cells. When
normalized to activity measured in pGL3-Cont cells, transcriptional activity in P69
HSF1 CI. 5 cells was approximately 5 times greater than that of the P69 pBABE
cells and roughly twice that of the M12 cells. The increase in luciferase activity
as governed by the hTERT promoter can be explained by the presence of
increased expression of HSF1. The only discernible difference between the P69
HSF1 CI. 5 cells and the P69 pBABE cells is the overexpression of HSF1. In the
case of the M12 cells, the fact that they harbor a duplication of the long arm of
chromosome 8, which embodies the chromosomal location of HSF1 at 8q24.3,
could explain the transcriptional activity increase. In each instance, the presence
of increased expression of HSF1 is perhaps of utmost importance with regards to
hTERT transcription.

Additionally, as demonstrated by several laboratories, the core promoter

region was found to lie within the first 279 base pairs upstream of the
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transcription initiation site (Horikawa et al., 1999; Takakura et al., 1999). These
results are consistent with what we have shown in that transcriptional activity in
the larger 1665 base pair promoter is about 50% less than that of the core 279
base pair promoter segment. Negative regulators of hTERT transcription must
be present in base pairs —279 to —1665.

Given that we have proven an effect of HSF1 induced transcriptional
upregulation of hTERT by both Real Time PCR and luciferase promoter assays,
the next step would be to determine if the transcriptional effect is the direct result
of an HSF1 interaction or a secondary result in which HSF1 may directly regulate
the expression of another protein that in turn has an effect at the hTERT
promoter. The belief here is that HSF1 does not directly promote hTERT
transcriptional transactivation, but instead exerts its effect by promoting the
transcription of an unknown protein, which in turn, is directly responsible for the
recognition of promoter elements and corresponding hTERT transcriptional
regulation. The reasoning is that even with the —279 base pair nTERT promoter
fragment, HSF1 overexpression allows for increased luciferase activity despite
the absence of any HSEs in this promoter region. The most reasonable
explanation for this seeming discrepancy is the possibility that HSF1 first
increases the expression of an unknown downstream protein which in turn
directly recognizes and promotes hTERT transcription.

Chromosome Immunoprecipitation (ChIP) assays may help to further

define whether the effect by HSF1 is indirect or direct. If the transcriptional effect
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by HSF1 were direct, we would expect to see the hTERT promoter region co-
immunoprecipitate with an HSF1 antibody. If the effect were secondary, the
opposite result would be seen. In such an instance, the hTERT promoter region
would not co-immunoprecipitate, and we would then conclude that some other
unknown protein downstream of HSF1 is directly responsible for the
transcriptional regulation of hTERT. The myriad of possibilities here are
innumerable. Included in the list are any transcription factors that are regulated
to a degree by pathways known to require the hsp90 chaperone complex for
functional activity such as steroid hormone receptors and serine kinases;
perhaps fos or jun are possibilities. Furthermore, a variety of other non-
chaperone proteins have already been shown to be directly regulated by HSF1 at
the transcriptional level including Map kinase phosphatase-1 (MKP-1) and
Multidrug resistance gene 1 (MDR-1) (Tchenio et al., 2006; Wong et al., 2005).
Further insight into the HSF1 transcriptional regulation of hTERT could be
gleaned from selected mutational analysis of the hTERT promoter region. If
HSF1 is shown to be the transcription factor directly responsible for hTERT
upregulation in the P69 HSF1 cells, mutagenesis of the HSEs in the hTERT
promoter should have a negative effect on hTERT transcription. In this same
manner, each HSE could be mutated individually to determine which HSE, if any,
plays the most significant role in hTERT transcription. It is likely the HSE of

consensus identity would be the most important.
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There is precedent for the involvement of hsp90 chaperone complex
proteins in tumorigenic transformation. An increase in hsp90 expression was
demonstrated in malignant melanomas and melanoma metastases with respect
to expression levels in benign melanocytic nevi (Becker et al., 2004). Similarly,
in adrenal pheochromocytomas, both hsp90 expression levels and telomerase
MRNA expression levels are significantly increased in malignant tumors versus
benign tumors (Boltze et al., 2003). However, in a contrary study, expression
levels of all the hsp90 chaperone complex proteins remained constant when
normal and malignant tissue samples were compared from patients with oral
cancer (Chang et al., 2002). While results may vary, when taken together with
the findings of Akalin et al. (2001), the consensus is that there is a correlation
between increased tumorigenicity and increased hsp90 expression. Even if an
association between tumorigenicity and hsp90 expression is presumed,
demonstrating a correlation does not prove causality. So, is it possible that
hsp90 or HSF1 may be a tumorigenic agent that is in part responsible for the
transformation of non-tumorigenic P69 cells to tumorigenic and metastatic M12
cells?

While we have no data to prove whether or not hsp90 expression can be
oncogenic, it is likely given the results of the soft agar assays and growth rate
curves that HSF1 is not tumorigenic. Rather, the increase in HSF1 expression in
M12 cells versus P69 cells is a correlation. Perhaps tumorigenicity causes

increased HSF1 expression, although the most likely and plausible explanation
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for increased HSF1 expression in M12 cells is the duplication of chromosome 8q.
Representative of a lack of anchorage-independent growth, P69 HSF1 clones did
not form colonies in soft agar assays compared to the ample colony numbers
formed from P69 clones that overexpressed vRas. As vRas is a known
oncogene, such numbers were anticipated, making it very likely, without having
undertaken conclusive studies in nude mice, that HSF1 in and of itself cannot
cause transformation. Similarly, the lack of any increase in growth rate, as a
result of HSF1 overexpression is another indication that the P69 HSF1 cells are
likely non-tumorigenic. By no means is increased growth rate a requirement for
transformation and conversely the lack thereof does not preclude cells being
tumorigenic; however many transformed cell lines do show indications of
accelerated growth states. The fact that the P69 HSF1 cells do not show signs
of accelerated growth, when taken together with the lack of anchorage-
independent growth, are two clear indicators that make it extremely likely that
HSF1 does not cause the transformed phenotypic changes seen in the prostate
cancer model cell lines.

Likewise, hTERT does not appear to be an oncogene in prostate cells
either. While P69 hTERT clones formed several colonies in soft agar, the
numbers are insubstantial when compared to those formed by the P69 Ras cells.
Furthermore, despite prior evidence in another cell type indicating otherwise
(Forsythe et al., 2002), no selective growth advantage appeared to exist for P69

cells overexpressing hTERT. Given that, it is unlikely that hTERT
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overexpression has the ability to transform prostate cells to a tumorigenic
phenotype. This result is not surprising as hTERT activity is believed to be a
required element for transformed cells, but in and of itself, it is not enough to
cause a transformed phenotype (Elmore and Holt, 2000; Hahn et al., 1999;
Morales et al., 1999).

In attempting to provide a plausible explanation for the transformation of
M12 cells, at the same time linking the transformation to upregulation of HSF1
and the hsp90 chaperone complex proteins, the Ras oncogene was studied. The
hsp90 chaperone complex machinery is a required component for the
chaperoning of several proteins in the Ras/Map Kinase signaling transduction
pathway, most notably, the serine threonine kinases RAF and MEK. The
Ras/Map Kinase signaling cascade details a series of reactions typically
beginning with the activation of Ras by a receptor tyrosine kinase (RTK) and
ultimately resulting in numerous cellular effects such as the transcription of
various growth factors. When oncogenic Ras is expressed, no longer is a signal
required from a RTK to activate Ras. Instead, Ras is constitutively active and
there are no negative regulators of the signaling cascade; signal transduction
continues unabated. Perhaps then, the increased expression of hsp90 and p23
in the M12 cells relative to that of the P69 cells is the end result of increased
oncogenic Ras expression and the corresponding increase in chaperone proteins
allows for increased telomerase activity. That is to say, elevated chaperone

levels and elevated telomerase activity are markers of oncogenic Ras
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expression. The idea is that the increased Ras activity requires a greater need
for hsp90 chaperone complex proteins to accommodate the increased
transduction of the signaling pathway. As the levels of the chaperone proteins
increase so would the levels of telomerase activity.

Upon analyzing the effect of Ras overexpression on heat shock proteins,
no differences exist between the hsp90 and p23 expression levels in cells
overexpressing Ras and control cells. Nor is there a significant difference
between telomerase levels in Ras overexpressing cells and P69 pBABE cells.
Therefore, Ras cannot explain the increase in HSF1 and chaperone protein
expression and an increase in telomerase activity cannot be considered a marker
of Ras activity.

Another question we wanted to answer was one concerning the regulation
of telomerase activity by quercetin and whether the potential existed for quercetin
to be used as an anti-cancer agent via its negative regulation of HSF1 and the
corresponding effects of reduced HSF1 expression on telomerase activity.
Quercetin is a drug that has many effects on cellular processes so delineating its
specific modes of action may be confounding. However, it has been shown to be
effective in monitoring numerous hallmarks of transformed cells including
resistance to apoptosis and increased angiogenesis and growth rate (Duthie et
al., 1997; Larocca et al., 1997).

Results from quercetin studies were somewhat disappointing and clearly

need to be reinvestigated to provide a more coherent description of the effects of
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quercetin in our cell lines. To begin, expression levels of HSF1 were inconsistent
as measured by western blot in that HSF1 levels were not decreased in all cell

lines under chronic treatment at either 5uM or 25uM concentrations. Conflicting

reports exist debating whether quercetin's mode of action on HSF1 is to
decrease expression of HSF1 or to inhibit recognition of HSEs by HSF1, thus
limiting HSF1’s ability to transactivate transcription of the heat shock proteins
(Hosokawa et al., 1992; Nagai et al., 1995). Given the inconsistencies of
quercetin mediated HSF1 down-regulation, if these experiments were to be
repeated in the future more utiliiy may be gained by employing an SiRNA
approach as a means of down-regulating HSF1 expression.

Given such protein expression results, the effects, if any, on telomerase
activity were cast into doubt. No changes in telomerase activity were apparent in
any of the cell lines considered when chronically treated with quercetin.

Perhaps surprisingly, despite having no effect on HSF1 expression levels,
dramatic differences in growth rate were evident in cells submitted to chronic
quercetin treatment. Once again however, this finding is not unprecedented,
despite the unexpectedness of the result. It had been shown previously that
HSF1 is capable of decelerating growth even though no changes were evident in
either HSF1 or heat shock protein expression (Kudo et al., 1999). Another
pathway must be at work to account for the variation in growth rate. Regardless
of the cause, quercetin had a profound effect on growth rate in all cell lines

studied and the effect appears to be dependent on both HSF1 expression levels
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and drug concentration. Furthermore, there is some evidence to indicate that the
effect may even be dependent and mediated in some part by hTERT expression
levels.

In the cell lines with the highest HSF1 expression, namely the M12 and
P69 HSF1 CI. 5 cell lines, a marked decline in growth rate was apparent, but
both cell lines were able to survive the treatment. However, in cell lines with
lower levels of HSF1 expression, the effect was more drastic. P69 TERT CI. 4
and P69 pBABE cells have comparable levels of HSF1 expression, which are
less than levels in both the M12 and P69 HSF1 CI. 5 cell lines. At the greatest
concentration of quercetin used in the study (25uM), P69 TERT CI. 4 cells had a
reduction in growth rate akin to that of the M12 and P69 HSF1 Cl. 5 cell.
Meanwhile, at the same concentration, P69 pBABE cells were unable to survive.
Similarly, the effect on growth rate of a chronic 5uM quercetin treatment in the
P69 pBABE cells was equal to that of the effect of the 25uM treatment in each of
the other cell lines. Given that the only difference between the P69 pBABE cells
and the P69 TERT CI. 4 cells is the expression of hTERT, it stands to reason that
telomerase plays a protective role in the outcome of cells undergoing quercetin
treatment.

So, despite the finding that quercetin has no apparent effect on HSF1
expression, and correspondingly no effect on telomerase activity, in the P69
family of cells, dramatic effects on growth rate are readily apparent and the

potential remains for quercetin to have long-term utility as an anti-tumorigenic
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agent in prostate cancer cell lines. This is particularly true given the numerous
pathways quercetin affects in transformed cell lines including those of increased
angiogenesis, growth rate and apoptosis resistance. The caveat to this is the
fact that HSF1 is involved in the regulation of numerous cellular pathways as the
main transcription factor of the heat shock proteins. Having established that, it
will likely be difficult to selectively target characteristics of transformed cell lines
without similarly adversely affecting the myriad other positive effects of HSF1.

In summary, overexpression of HSF1 is capable of positively affecting
telomerase activity by two distinct methods. First, transcriptional transactivation
of hTERT increases as a result of HSF1 overexpression. Secondly, following
HSF1 overexpresion, telomerase activity is increased as mediated by the hsp90
chaperone complex. Several proteins of the hsp90 chaperone complex, most
notably hsp90 are directly regulated transcriptionally by HSF1. Despite the noted
upregulation of telomerase activity, which is a common marker and most typically
a requirement of tumorigenic cells, HSF1, alone, is not sufficient to transform
prostate cells. Likewise, the upregulation of telomerase activity in prostate
cancer cells is not a marker of oncogenic Ras expression. That is to say, the
requirement of greater hsp90 chaperone complex activity by the Ras/Map Kinase
signal transduction pathway does not induce a similar increase in hsp90
chaperone complex mediated telomerase activity.

Furthermore, quercetin, a negative regulator of HSF1 has potential utility

as an anti-tumorigenic agent in prostate cancer cells as it negatively affects the
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growth rate of such cells. The effects of quercetin may be mitigated however by

the potential protective effects of telomerase.
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