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ABSTRACT

Fibroblast growth factor receptor 3 (FGFR3) is an important regulator of growth and
differentiation, whose aberrant activation by mutation causes a number of genetic
diseases including skeletal diseases and cancer. | found that FGFR3 strongly associates
with Hsp90 chaperone complexes. Hsp90 function has become a drug target for several
diseases because it can be modulated using small molecule inhibitors to alter the stability
of disease-causing proteins. This dissertation details the experiments characterizing the
role of Hsp90 chaperone complexes in FGFR3 and FGFR family stability, and examines
the use of Hsp90 inhibitors in pre-clinical models of FGFR3-mediated disease. Chapter 1
outlines the background on FGFR3 and its role in disease, the function of Hsp90
chaperone complexes and the use of small molecule inhibitors of Hsp90. Chapter 2
summarizes data characterizing the role of Hsp90 chaperone complexes in the stability of
FGFR3 and the FGFR family. This chapter documents that FGFR3 is an inherently
unstable protein that constitutively requires Hsp90 function for stability. In contrast,
other FGFRs interact with Hsp90 more weakly and react differently to inhibition of
Hsp90 function. Inhibition of Hsp90 function using small molecule inhibitors such as 17-
AAG induces the ubiquitination and degradation of FGFR3. In addition to Hsp90,
FGFR3 can form complexes with Hsp70, Cdc37 and CHIP suggesting that the function of
these proteins could also serve as future drug targets. Chapter 3 summarizes the work
presented here, its significance and limitations as well as the future directions branching
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from this work. The appendix outlines some preliminary studies performed in pre-
clinical models of achondroplasia including metatarsal and tibia organ cultures, as well as
an in vivo experiment in mice that genetically manipulates Hsp90 complexes using
transgenic overexpression of the chaperone-specific ubiquitin ligase CHIP. In summary,
the work presented here establishes Hsp90 function as a necessary component of FGFR3
stability and implicates the use of Hsp90 inhibitors in diseases driven by FGFR3
function. The role of FGFR3 in cancer, combined with the positive results of Hsp90
inhibitors in cancer clinical trials, warrants the examination of Hsp90 inhibitors in
cancers driven by FGFR3. However, the therapeutic potential to modulate Hsp90
function to treat skeletal diseases remains to be determined and will require more detailed
analysis in pre-clinical models to determine effective drug delivery to chondrocytes, as

well as the role of Hsp90 function within the skeletal growth plate.



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Overview

Spontaneous germ-line and somatic gain-of-function mutations in Fibroblast growth
factor receptor 3 (FGFR3) give rise to genetic diseases including skeletal growth
disorders and cancers [1-3]. The ability of these mutations to cause these phenotypically
different disorders has stimulated interest in understanding their pathologies and the
possibility to use similar approaches for treatment. Because achondroplasia (OMIM
100800) is an autosomal dominant disease that manifests as an increase in the kinase
activity of FGFR3, targeting the activity and stability of FGFR3 is a valid therapeutic
approach and is similar to those used to target oncogenic FGFR3 in cancer. However,
none of the therapeutics designed to target FGFR3 in cancer have yet successfully been

applied to treat FGFR3 mediated skeletal disorders.

While performing preliminary experiments for another project | discovered that
FGFR3 strongly interacts with members of the Hsp90 chaperone system which are
known drug targets in cancer. | hypothesized that, like select other proteins, FGFR3 or
mutated FGFR3 may be a strong Hsp90 client and that small molecule inhibitors of
Hsp90 could alter the function and stability of FGFR3 in disease. Thus, the following
body of work focused on understanding the potential of manipulating Hsp90 chaperone
complexes to control the function and stability of FGFRs as a potential treatment strategy

for achondroplasia as well as a prognostic indicator of Hsp90 inhibitors in cancer.
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The following chapters outline the experiments characterizing the role of chaperones
in the stability of FGFR3 and their significance in a molecular and therapeutic context.
This chapter gives an overview followed by an introduction to the biology of FGFRs and
Hsp90 chaperone systems. Chapter 2 compares and contrasts the interaction of FGFR3,
mutant FGFR3 and the FGFR family with members of the Hsp90 chaperone system and
characterizes the ability of Hsp90 inhibitors to modulate the stability of FGFR3. Chapter
3 summarizes the findings and significance of this body of work as a framework for
understanding the benefits and limitations of targeting chaperones systems in FGFR3
diseases as well as an outline of some future directions that stem from this work. The
appendix discusses several different preliminary experiments testing if Hsp90 inhibitors

are effective in targeting FGFR3 function in pre-clinical models of achondroplasia.

1.2 Fibroblast Growth Factor Receptor 3 and Disease [1]*

*Introduction section 1.2 as well as figures 1.2, 1.3 and 1.4 were adapted from the review
entitled ““Achondroplasia: pathogenesis and implications for future treatment” by M.

Laederich and W. Horton, 2010 [1]

Achondroplasia is by far the most common form of dwarfism in humans and the
prototype of the human chondrodysplasias [4]. Its clinical phenotype has been
recognized for centuries and the notion that it reflects a disturbance of cartilage-mediated
(endochondral) bone growth has existed for about 100 years. However, it was not until
mutations of the transmembrane receptor Fibroblast Growth Factor Receptor 3 (FGFR3)

were identified in the mid-1990s that the molecular pathogenesis of achondroplasia began



to be unraveled. Indeed, considerable progress has been made in elucidating FGFR3 as a
key negative regulator of endochondral ossification and in delineating the functional
impact of disease causing mutations on growth plate chondrocyte biology. Potential
targets for therapeutic intervention have been identified for achondroplasia, and pilot
studies have been carried out in mouse models of achondroplasia. This review will
examine recent progress in understanding how FGFR3 mutations interfere with bone
growth, the application of this knowledge to preclinical trials in mice and the implications

of this research for future therapy of children with achondroplasia.

Clinical manifestations of achondroplasia [5]

The primary clinical manifestation of achondroplasia is short stature with an average
adult height of 112-136 cm for females and 118-145 cm for males [5]. Short stature
stems from a disproportionate reduction in linear bone growth that affects the long bones,
especially proximally, more severely resulting in rhizomelic shortening of the limbs
(pictured in Figure 1.1) [4]. Other clinical features, some of which lessen with age,
include a large head with frontal bossing, midface hypoplasia, joint laxity, limited elbow
extension, trident shaped hands and bowed legs. Altered neurologic function may
develop due to reduced spinal canal circumference and spinal cord compression which
can lead to hypotonia, obstructive apnea, respiratory problems and sudden death in
infants and small children, and numbness and loss of control of the bladder or bowel in
adults. Additionally, other symptoms may include obesity, dental crowding and otitis

media (middle ear infection). People with achondroplasia have normal intelligence;



however, recurrent episodes of otitis media can lead to hearing loss that may interfere

with language development [6].

The prevalence of achondroplasia in the United States has an observed range of about
1/17,000 to 1/28,000 live births [7]. Life expectancy is significantly reduced by an
average of ten years due to accidental death, heart disease or neurological complications
from the disease [8]. Despite the fact that the achondroplasia mutation (discussed below,
G380R) is found in some cancers and likely plays an oncogenic role in cancer
development, there has been no reported increase of cancer incidence in people with
achondroplasia. However, reports have found that a similar transmembrane mutation in
FGFR4 (G388R)—present in 50% of the world’s population permitting large scale
analysis—causes a small but significant increase in cancer development [9]. Thus,
detecting a small increase of cancer incidence in the achondroplasia population may be
limited by the relatively low disease incidence of achondroplasia and cannot be

discounted.



Figure 1.1 Physical manifestations of achondroplasia. Reproduced with permission
from Horton et al. 2007 [4]. A. An infant with achondroplasia demonstrating trident
hands with short fingers, frontal bossing, macrocephaly and rhizomelia of the limbs. B.
Example radiograph of child with achondroplasia demonstrating disproportionate
shortening of the femur relative to the tibia, as well as rounded iliac bones. C. A 3-year
old child with achondroplasia displaying an altered phenotype from that of the infant with
a reduction in skin folds and frontal bossing, and an increase in rhizomelic bone

shortening.



Fibroblast Growth Factor Receptor 3

To understand the rationale behind the therapeutic strategies that have been proposed
for achondroplasia, it is necessary to briefly discuss the genetic basis of the condition and

the biology of FGFRS.

Genetics

Achondroplasia is inherited as an autosomal dominant trait. However, mapping its
genetic locus was hindered by the paucity of multigenerational families needed to
establish linkage as most cases arise from a new mutation to nonachondroplastic parents.
Nevertheless, it was mapped to the distal short arm of chromosome 4 in 1994 and
heterozygous mutations were discovered in FGFR3 shortly afterwards [10-13].
Essentially all patients with the classical features of achondroplasia have the same
glycine to arginine substitution at position 380 (G380R), which maps to the
transmembrane domain of the receptor. Additional FGFR3 mutations were subsequently
detected in thanatophoric dysplasia, hypochondroplasia and other disorders whose
clinical phenotypes qualitatively resemble achondroplasia [4, 14, 15]. Despite an initial
debate about the functional consequences of these mutations, analysis of mice in which
FGFR3 was knocked out, or in which FGFR3 bearing the achondroplasia mutation was

overexpressed, revealed that disease-causing mutations lead to gain of receptor function



[16-18]. These observations also established FGFR3 as an important negative regulator

of endochondral bone growth.

Receptor

FGFR3 is one of four high affinity FGF receptors (FGFR1-4) [2, 19, 20]. It functions
as transmembrane receptor tyrosine kinase possessing an extracellular ligand-binding
domain, a transmembrane domain and an intracellular split tyrosine kinase domain
(Figure 1.2). Alternative splicing of the proximal extracellular domain generates ‘b’ and
‘c” isoforms, which are expressed in a tissue specific manner and affect ligand specificity;

the c isoform is predominantly expressed in skeletal tissues.

Activation

Like other FGFRs, FGFR3 is activated by FGF ligands released from cells near the
FGFR3-bearing target cells. These ligands are often referred to as canonical or paracrine
FGFs; they include FGF 1-10, 16-18, 20 and 22 [21]. The physiologic ligand(s) for
FGFR3 is (are) not known, although FGFs 2, 4, 9 and especially 18 are the best
candidates based on their distribution of expression and ability to bind and activate
FGFR3, and the phenotypes of mice lacking these ligands [2, 22-24]. Heparin or heparan
sulfate proteoglycans are required for FGF—FGFR3 interactions and likely influence
binding specificity and ligand localization. The current dogma holds that canonical FGFs
binding to their cognate FGFRs induce dimerization of receptors, leading to
transactivation of the receptors’ tyrosine kinase activity and transphosphorylation of key

tyrosine residues within the receptors’ kinase domain [19, 25-28]. Signals are propagated
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by the recruitment of signaling molecules to these phosphorylated residues or to closely
linked docking proteins, namely Fibroblast Growth Factor Substrate 2 (FRS2), which
binds to the receptor and provides additional tyrosine residues that are phosphorylated in

response to receptor activation.

Signaling

A number of signaling pathways have been detected downstream of FGFR3
activation, including the signal transducer and activator of transcription (STAT), mitogen
activated protein kinase (MAPK), and phospholipase Cy pathways, the first two receiving
the most attention (Figure 1.2) [19, 29-33]. STAT signals are thought to inhibit
chondrocyte proliferation, whereas MAPK signals not only negatively influence
proliferation but also disrupt terminal differentiation and postmitotic matrix synthesis
[31, 34-36]. Gene expression studies suggest that FGFR3 signals through multiple
pathways that downregulate growth-promoting molecules, leading to reduced

proliferation and differentiation of chondrocytic cells in growing bones [37, 38].

Consequences of the mutation

As noted earlier, the mutations that cause achondroplasia act by exaggerating the
negative regulatory functions of FGFR3 on endochondral ossification [4, 28, 39]. To
understand how this occurs, one must consider the impact of the mutation on the receptor

itself and that on the growing skeleton.
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Figure 1.2 FGFRS3 signal transduction. FGF and heparin binding to the extracellular
domain of FGFR3 induce dimerization, kinase activation and transphosphorylation of
tyrosine residues, leading to activation of downstream signaling pathways such as STAT.
Membrane-bound FRS2 constitutively associates with the intracellular juxtamembrane
domain of FGFR3, is phosphorylated by the receptor upon activation and serves as
scaffolding platform for signal transduction cascades through the MEK/ERK/p38
pathway. CNP binding to NPR-B induces the generation of the second messenger

cGMP, which activates PKG, leading to attenuation of the MEK pathway via RAF.



Impact on the receptor

The achondroplasia mutation maps to the transmembrane domain of the receptor. It
has been proposed that the amino acid substitution stabilizes the receptor dimer, although
this finding has been challenged [40, 41]. Another mechanism involves delayed turnover
of activated receptor, which can lead to an increase in overall signal output. For instance,
Monsonego-Ornan [42] and colleagues have suggested that the achondroplasia mutation
slows receptor internalization, leaving it on the surface to signal. Others have described a
defect in c-Cbl-mediated receptor ubiquitination that delays trafficking of mutant FGFR3
to lysosomes for degradation [43, 44]. Similarly, Ben-Zvi et al. have suggested that
SOCS3 (suppressor of cytokine signaling 3) induced in response to exaggerated STAT1

signals may prolong the survival of mutant FGFR3 [45].

Impact on the growing skeleton

Endochondral ossification is responsible for both the formation and linear growth of
most of the skeleton (Figure 1.3). However, the negative regulatory influence of FGFR3
is exerted mainly in the growth phase, in which it reduces the rate of cartilage template
formation and turnover necessary for bone elongation. Most evidence to date suggests
that FGFR3 inhibits both the proliferation and terminal differentiation of growth plate
chondrocytes and synthesis of extracellular matrix by these cells [2, 46, 47]. This
inhibitory function is consistent with its expression in cells exiting the cell cycle.
However, it is also proposed that FGFR3 induces premature terminal differentiation,

reducing the number of cells that contribute to template synthesis [36, 48].
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Figure 1.3 Architecture and zones of the growth plate. Linear bone growth results from
chondrocyte proliferation and differentiation sequentially through the growth plate zones.
FGFR3 is primarily expressed in proliferating chondrocytes, in which it tightly regulates
proliferation and transition to terminal differentiation. Some FGFR3 is expressed in

prehypertrophic chondrocytes, in which mutant FGFR3 dysregulates their differentiation

and matrix secretion.
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Alteration of downstream signal

While all of the pathways that normally propagate FGFR3 signals presumably transmit
the exaggerated output of the mutant receptors, there is evidence that the extracellular
signal-related protein kinase (ERK) and p38 arms of the MAPK pathway are especially
important. Indeed, transgenic mouse strains in which expression of constitutively active
MEK1 and MEKG6 was targeted to cartilage displayed ‘achondroplastic’ skeletal
phenotypes; MEK1 and MEKG6 lie upstream of ERK and p38 phosphorylation cascades
and activate these downstream targets [35, 49]. Additionally, humans with mutations in
proteins involved in the RAS/MAPK pathway that cause constitutive activation of this
pathway demonstrate reduced growth and craniosynostosis, further supporting that
activation of this pathway plays a role in human skeletal disorders [50, 51]. MAPK
signals that slow bone growth are subject to downregulation by the signaling cascade
activated by C-type natriuretic peptide (CNP) [28, 52]. Indeed, genetic manipulation of
this pathway up or down in mice leads to skeletal overgrowth or undergrowth,
respectively, and overexpression of CNP ameliorates dwarfism in achondroplastic mutant

mice as discussed in more detail below [52, 53].

CNP is one of three structurally related peptides that were originally defined in the
context of regulating blood pressure and volume [54]. Through interaction with its
receptor, natriuretic peptide receptor-B (NPR-B), CNP induces accumulation of
intracellular cGMP. Signals downstream of NPR-B intersect with MAPK signals

downstream of FGFR3 at the level of RAF1 (Figure 1.2), antagonizing the growth-
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inhibiting effects of FGFR3 [55, 56]. Both CNP and NPR-B are expressed in the
proliferative and prehypertrophic zones of the growth plate, setting up a potential
autocrine or paracrine regulatory circuit [57]. Of interest, inactivating mutations of NPR-
B are responsible for the dwarfing condition acromesomelic dysplasia, type Maroteaux

(OMIM 602875) [58].

Therapeutic targeting of Fibroblast Growth Factor Receptor 3

Many nonsurgical strategies aimed at reducing excessive FGFR3 output have been
entertained as possible treatments to stimulate linear bone growth in achondroplasia.
They include strategies to interfere with FGFR3 synthesis, block its activation, inhibit its
tyrosine kinase activity, promote its degradation, and antagonize its downstream signals
(Figure 1.4). Many have been borrowed conceptually from the cancer treatment field,
which is not surprising because the genetic lesions leading to achondroplasia and FGFR3-
related skeletal disorders are identical to those found in FGFR3-driven cancers. Three of
the proposed therapeutic strategies have progressed beyond the discussion phase and
merit more attention here: chemical inhibition of FGFR3 tyrosine kinase activity,
antibody blockade of FGFR3 activation, and CNP-mediated antagonism of FGFR3

downstream signals.

Fibroblast Growth Factor Receptor 3 kinase inhibitors

The rationale behind this approach is that FGFR3’s kinase activity is critical for its
activation and signal output; chemical inhibition of its kinase activity should block its

inhibitory output and restore bone growth. The strategy has been successful for many
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oncogenic kinases [59]. Awviezer et al. reported synthesis of an inhibitor selective for
FGFR3 compared with FGFR1 [60]. The compound reconstituted normal growth in
cultured limb bones from a knock-in mouse model of achondroplasia. However, this

success has not been extended to live mice.

Antibody blockade

On the basis of the successful results from treating breast cancer patients with
trastuzumab, this strategy was proposed for achondroplasia [60]. Trastuzumab (trade
name Herceptin) is a humanized monoclonal antibody to the extracellular domain of the
HER2/neu (ErbB2), a transmembrane receptor overexpressed on the surface of about 15—
30% of breast cancer cells [61]. HER2 transmits mitogenic signals to the cancer cells in
the absence of external mitogens, and trastuzumab reverses the adverse effects of the
overactive receptor. Rauchenberger et al. described generation of a comparable antibody
to FGFR3 that effectively blocked ligand-induced FGFR3 activation; however, there

have been no subsequent reports on its capacity to stimulate bone growth in vivo [62].

Of note, activating FGFR3 mutations are relatively common in bladder cancer, in
which they are thought to promote proliferation and survival of the tumor cells [63].
Blocking antibodies similar to those just described have been used successfully to reduce
proliferation in cells derived from these tumors, further supporting the utility of this

approach to reducing FGFR3 output [64-66].
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C-type natriuretic peptide antagonism of Fibroblast Growth Factor Receptor 3 signals

The therapeutic potential of CNP-mediated antagonism of FGFR3 downstream signals
was first demonstrated in genetic crosses of transgenic mice overexpressing CNP in the
growth plate [52]. When these mice were crossed with transgenic mice overexpressing
mutant FGFR3 (achondroplasia mutant G380R) in the growth plate the achondroplastic
phenotype was reversed. These experiments were then followed by transgenic
overexpression of CNP in the liver to continuously and systemically dose the mice with
CNP, which has a short half-life (2.6 minutes) and requires constant administration [67,
68]. These mice displayed increased bone growth suggesting that systemic
administration of CNP via the circulation could be used to increase bone length. In a
final set of experiments, recombinant CNP was delivered using a continuous infusion
system in wild-type and transgenic achondroplastic mice [69]. Systemic administration
of recombinant CNP also ameliorated the achondroplastic phenotype as well as increased
the bone growth of wild-type mice without any overt side effects. Taken together, these
series of experiments support the notion that CNP administration may be a safe and valid
treatment for bone growth disorders in humans; however, future work is needed to define

the long-term side effects of CNP administration in vivo.

Other possible treatment strategies

Although not directed at mutant FGFR3, at least two other strategies have been

explored to downregulate the consequences of similar activating mutations of FGFR2.
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Apert syndrome, a classic and severe form of craniosynostosis, is commonly caused by
the S252W mutation of FGFR2, which utilizes many of the same signaling pathways as
FGFR3 to propagate its signals. Shukla et al. utilized RNA interference to knock-down
expression of the mutant FGFR2 allele [70]. They generated a transgenic mouse strain
that produced a short-hairpin RNA (shRNA) that reduced expression of transcripts from
the mutant FGFR2 allele. When these mice were crossed with mice harboring a S252W
FGFR2 allele and exhibiting features of Apert syndrome, the craniosynostosis phenotype
was rescued. A similar approach targeted to the mutant FGFR3 allele in achondroplasia
merits consideration, although delivery of an RNA interference vector to growth plate

chondrocytes represents a challenge.

Based on evidence that FGFR2 transmits signals through MAPK:MEK:ERK as much
as FGFR3 does, this group administered the MEK chemical inhibitor U0126 to the Apert
syndrome mice prenatally and during the early postnatal period [70]. The treatment
partially ameliorated the craniosynostosis without obvious complications. These results
raise the possibility of taking advantage of a similar strategy for achondroplasia, with the
caution that MEK inhibition could affect many signaling pathways in addition to FGFR3

pathways [71].
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Figure 1.4 Potential targets for therapeutic intervention 1. FGFR3 tyrosine kinase
activity 2. Ligand-mediated receptor activation 3. CNP-mediated antagonism of signals
downstream of the receptor 4. Expression or synthesis of mutant FGFR3 5. Kinase
mediators of MAPK signaling pathway 6. Degradation of activated receptor 7.

Interference with CNP decoy receptor NPR-C. See text for discussion.
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1.3 The Hsp90 Chaperone System

The role of chaperones in protein folding\

Protein folding within the crowded environment of a cell requires the input of energy
to overcome the energy barriers of incorrect conformations and to prevent irreversible
unfolding [72]. As proteins fold they settle into lower energy conformations which may
not form the functional higher-energy native state of the protein (a conceptualized image
of folding states relative to energy levels is pictured in Figure 1.5) [73]. Proteins that
settle into non-native lower energy states may gain or lose function, become unstable and
prone to degradation, or become aberrantly stable and form toxic aggregates within the
cell. These improper folding states can lead to disease [74]. Examples of diseases
caused by protein misfolding and aggregation include Parkinson’s, Alzheimer’s and
polyglutamine diseases. Collectively these diseases appear to stem from a low energy
non-native folding state of the protein that is prone to aggregation leading to cellular

toxicity through unclear mechanisms.
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Figure 1.5 The protein folding energy landscape. Reproduced with permission from
Hartl et al. [73]. Unfolded proteins proceed through a number of lower energy folding
intermediates until they are kinetically trapped into a lower energy state (illustrated by
energy “wells”). This state may represent the native folded protein, or may instead be an
unfolded intermediate or partially folded state. The partially folded state is prone to
aggregation and may form toxic species if chaperones do no not prevent this by binding
to them. Alternatively chaperones may input energy to fold proteins into their native
state to create a functional wild-type protein. Strong Hsp90 clients dwell in the partially

folded state.
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To overcome the challenges of protein folding, a significant percentage of the
proteome is dedicated to specialized proteins that facilitate folding: chaperones. General
chaperones such as Hsp70 and Hsp40 bind to unfolded regions of a “client” protein by
recognizing hydrophobic patches not exposed in the folded state; binding prevents client
aggregation and is often followed by conformational changes that promote folding.
Specialized “cochaperone” proteins may facilitate the recognition and recruitment of
unfolded proteins to chaperones. The full mechanism and series of events by which
chaperones and cochaperones recognize and fold clients is not clear. However, in vitro
studies and experiments in yeast suggest that folding proceeds through a cycle of
chaperone and cochaperone binding events that can vary for different types of clients [75-
79]. An example of a chaperone binding cycle is illustrated in Figure 1.6, which includes
common chaperones known to play a role in kinase folding including Hsp40, Hsp70,
Hop, Cdc37 and Hsp90 [77, 80-82]. The minimal proteins needed to fold some kinases
in vitro include Hsp40, Hsp70, Hsp90, Cdc37, as well as the kinase that phosphorylates
and activates Cdc37, casein kinase-2 (CK2) [77]. Further detail is provided in the
following sections on the chaperones discussed in this dissertation and their role in

protein folding and disease.
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Modulation of protein folding has been investigated as a therapeutic approach for
genetic diseases stemming protein misfolding [83]. In some cases, a mutation may cause
partial or complete protein unfolding leading to degradation and a loss-of-function
function phenotype. Such is the case for the most common mutation causing cystic
fibrosis, in which a mutation causes the protein to be recognized as misfolded by
chaperones resulting in protein degradation and disease. Use of chemical chaperones to
refold the protein or manipulation of chaperone complexes to favor the folded state can
restore the stability and functional location of the mutant protein in vitro [84, 85]. In
other cases, mutations can cause aberrant stabilization of a disease causing protein
through the action of chaperones [86-88]. In this case, such as with oncogenic kinases in
cancer, inhibiting the function or association of chaperone complexes with the mutant
protein can cause protein degradation and amelioration of disease. The latter case is most
relevant to this dissertation as mutant FGFR3 demonstrates increased stability and was

investigated for its ability to associate with chaperone complexes.
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Figure 1.6 An example of the role of chaperones in the folding of kinases. Reproduced
with permission and modified from Caplan et al. [74]. The unfolded protein kinase is
first recognized by Hsp70 and Hsp40 to create an early complex that may partially fold
the kinase or simply prevent its aggregation [70, 75]. The cochaperone Hop facilitates
association of Hsp90 and Cdc37 with Hsp70 and Hsp40 [68]. Hsp90 ATPase activity
stimulates the formation of a more folded ‘late complex’ which can be inhibited by
geldanamycin (GA) [73]. Strong Hsp90 clients dynamically cycle or dwell in the late
complex, whereas weak Hsp90 clients are released from Hsp90 and Cdc37 fully folded.

Cdc37 must be phosphorylated by CK2 for this reaction to proceed [70].
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Hsp90 stabilizes metastable proteins

Hsp90 is specialized chaperone that facilitates the initial folding of proteins as well as
the sustained folding of select metastable proteins termed “strong clients” [89]. Hsp90 is
relatively poor at recognizing unfolded proteins and binding is facilitated by
cochaperones (such as Cdc37 and Hop) that deliver clients after they have interacted with
Hsp70, which is a more general chaperone involved in recognizing newly synthesized
proteins [76-78]. Hsp90 consists of an N-terminal ATP and client binding domain, a
middle client binding domain and a c-terminal dimerization domain [90, 91].
Cochaperones can bind to any of these domains and influence client binding or the
ATPase cycle of Hsp90. Hsp90 chaperoning activity is intimately tied to ATP
hydrolysis, but it is also influenced by client binding which, together with cochaperones,
propagates structural rearrangements facilitating client folding and release [79, 92, 93].
Additionally, Hsp90 function can be influenced by a number of posttranslational

modifications including acetylation, nitrosylation and phosphorylation [94-97].

Hsp90 stabilizes a large number of strong clients (>200), most of which play key roles
in signal responsiveness or signal transduction [97, 98]. Because of its diverse clientele,
Hsp90 function can influence many arms of cellular physiology, including apoptosis,
proliferation and stress responses [97, 99]. Furthermore, Hsp90 has been implicated in
facilitating some genetic diseases because disease-causing mutations can destabilize a
protein converting it into a strong Hsp90 client; this has been observed for several gain-

of-function mutations in oncogenes implicating Hsp90 function as a drug target in cancer
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[97, 100-102]. The observation that Hsp90 facilitates the stability of mutant proteins is
the cornerstone of its renowned role as a buffer of phenotypic variation in several model
organisms [103]. These studies implicate the ability of Hsp90 to stabilize mutant proteins
as a way to preserve the function of metastable mutant proteins that otherwise would be
degraded, thereby masking loss-of-function phenotypes as well as permitting gain-of-
function phenotypes. Because of these observations, manipulation of Hsp90 function to
alter the stability and function of disease-causing proteins has the potential to treat some

genetic diseases.

The kinase-specific cochaperone Cdc37

Cdc37 is a specialized Hsp90 cochaperone that facilitates recruitment and folding of
kinase clients [104]. In addition, Cdc37 can act as a chaperone independent of Hsp90
and can promote the folding of proteins that are not kinases [105, 106]. Structural studies
indicate that Cdc37 makes direct contacts with both Hsp90 and the client protein, with
data supporting contacts of Cdc37 with the N-lobe of kinases [107-111]. The association
of Cdc37 with the client and Hsp90 decreases the ATPase activity of Hsp90, which
promotes client binding [112]. The ability of Cdc37 to interact with client proteins
requires phosphorylation by casein kinase 2 (CK2) [113-115]. Phosphorylated Cdc37
can be dephosphorylated when it is bound to Hsp90 by the cochaperone phosphatase PP5,
thereby inactivating Cdc37/Hsp90 chaperone activity [116]. The biological signaling
events that lead to CK2 mediated phosphorylation of Cdc37 and PP5 dephosphorylation

are not understood. An example of the role of Cdc37 in Hsp90 client binding in the
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folding cycle is given in Figure 1.6 [81]; however, specific details remain unknown and
likely vary by client [79]. Because of its role in facilitating kinase stability, Cdc37 has

become a drug target in cancer [117].

The E3 ubiquitin ligase CHIP

CHIP is an E3-ubiquitin ligase initially discovered in a screen for proteins containing
a tetratricopeptide repeat (TRP) motif, a motif that plays a key role in chaperone
interactions [118]. It was initially demonstrated that the TRP motifs of CHIP are
necessary for binding to both Hsp90 and Hsp70 and that the U-box domain of CHIP
contains E3-ubiquitin ligase activity able to induce the ubiquitination and degradation of
unfolded client proteins [119]. While CHIP has been identified as the primary ubiquitin
ligase linking chaperones to the proteasome system, it is clear from studies using
knockout mice that CHIP function can be compensated for by other ubiquitin ligases
[120]. Ubiquitination by CHIP can also influence the trafficking of proteins and lead

them to a degradative fate in the lysosome [121, 122].

As the major ubiquitin ligase facilitating the degradation of unfolded Hsp90/Hsp70
clients, the role of CHIP in the pathology of several diseases has been examined.
Cancers frequently contain oncogenic mutant proteins that are strong Hsp90 clients
which are abnormally stable and thereby promote cancer cell proliferation, survival or
both. The ability of CHIP, and other ubiquitin ligases such as c-Cbl and MDM2, to
promote the ubiquitination and degradation of Hsp90 clients proteins can be prevented by

the association of Hsp90 with the client, and influences by the binding and release
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kinetics of Hsp90 [101, 123, 124]. Inhibition of Hsp90 function using small molecule
inhibitors restores the ability of clients to be ubiquitinated and degraded. Similarly,
overexpression of CHIP in tissue culture experiments frequently leads to increased
ubiquitination and degradation of Hsp90 clients, although the overexpression of ubiquitin
ligases may decrease their specificity for substrates. An overexpression study of CHIP in
vivo has also been performed to determine if the ability of CHIP to shuttle misfolded
proteins to the proteasome can prevent aggregation diseases mediated by Hsp90 clients.
In this study, a mouse model of spinal and bulbar muscular atrophy (SBMA) which
expresses an aggregation-prone polyglutamine-expanded androgen receptor, had an
increase in the age of disease onset when crossed with a transgenic mouse overexpressing
CHIP [125]. Similar results were observed when the mice were treated with Hsp90
inhibitors [126]. These results suggest that overexpression of CHIP in vivo may mimic
treatment with Hsp90 inhibitors, and underscores the important role of CHIP in protein

homeostasis.

Hsp90 inhibitors

Before their mechanism of action was elucidated, Hsp90 inhibitors were first
identified as naturally occurring antibiotics produced in microorganisms such as the well-
studied bacteria Streptomyces hygroscopicus [127]. The discovery that some of these
antibiotics were able to reverse the phenotype of cells transformed with oncogenic
viruses led to the identification that they were Hsp90 inhibitors [128]. This began with

the benzoquinone ansamycins class of inhibitors (geldanamycin, macbecin and
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herbimycin), which could inhibit the transforming activity of oncogenic kinases such as
Src without affecting their kinase activity [128, 129]. This enigma was resolved by the
generation of columns covalently bound with the inhibitor geldanamycin, which affinity
purified Hsp90 [130]. It was subsequently demonstrated that inhibiting Hsp90 function
rapidly destabilizes client proteins, thereby inactivating them [130]. The identification of
Hsp90 as the target of geldanamycin led to the many studies characterizing other
structurally diverse classes of Hsp90 inhibitors, Hsp90 clients, the role of Hsp90 in the

cell, and ultimately the use of Hsp90 inhibitors in clinical trials.

Although a number of different Hsp90 inhibitors have been characterized (including
synthetically generated inhibitors) the most important and well-studied inhibitor has
remained geldanamycin and its derivatives (structures of important Hsp90 inhibitors are
illustrated in Figure 1.7). Geldanamycin competitively binds to the ATP binding pocket
of Hsp90, preventing ATP hydrolysis and chaperone function thereby destabilizing
Hsp90 clients via ubiquitin-mediated degradation. Unfortunately, geldanamycin is
hepatotoxic in pre-clinical studies and very insoluble [131]. However, it was discovered
early on that the 17-carbon of geldanamycin could be chemically modified without
abolishing its activity [130]. This led to the generation of less toxic geldanamycin
analogs including 17-AAG (tanespimycin) as well as a water soluble analog 17-DMAG.
Translation of Hsp90 inhibitors into the clinic has been accelerated by the observations
that they are selectively taken up and retained in cancer cells relative to normal tissue,
that cancer cells are hypersensitive to Hsp90 inhibitors and these inhibitors can prevent

chemotherapeutic resistance caused by oncogenic pathway switching [132-134].
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Currently over 18 different Hsp90 inhibitors have been tested in dozens of clinical trials
up to Phase Il [135, 136]. Some success has been reported, but optimization of drug

pharmacodynamics, dose, and delivery is still needed to reduce side effects and improve

therapeutic effects [97].
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Figure 1.7 Examples of structurally diverse Hsp90 inhibitors. Reproduced with
permission from the manuscript of Workman et al. [121].
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2.1 Abstract

Fibroblast growth factor receptor 3 (FGFR3) is a key regulator of growth and
differentiation whose aberrant activation causes a number of genetic diseases including
achondroplasia and cancer. Hsp90 is a specialized molecular chaperone involved in
stabilizing a select set of proteins termed clients. Here we delineate the relationship of
Hsp90 and its co-chaperone Cdc37 with FGFR3 and the FGFR family. FGFR3 strongly
associates with these chaperone complexes and depends on them for stability and
function. Inhibition of Hsp90 function using the geldanamycin analog 17-AAG induces
the ubiquitination and degradation of FGFR3 and reduces the signaling capacity of
FGFR3. Other FGFRs weakly interact with these chaperones and are differentially
influenced by Hsp90 inhibition. The Hsp90-related ubiquitin ligase CHIP is able to
interact and destabilize FGFR3. Our results establish FGFR3 as a strong Hsp90 client
and suggest that modulating Hsp90 chaperone complexes may beneficially influence the

stability and function of FGFR3 in disease.

2.2 Introduction

Fibroblast growth factor receptors (FGFRs) are responsible for coordinating numerous
developmental and cellular processes such as cellular differentiation and growth [19].
Germline and somatic mutations in FGFRs give rise to genetic disorders of skeletal
development and cancer [2, 138], which reflect increased or misregulated FGFR signals.
FGFR3 is mutated or abnormally expressed in the most common form of human
dwarfism, achondroplasia, and cancers, notably superficial bladder cancer and multiple

myeloma [63, 139]. Interestingly, identical mutations are found in bone growth disorders
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and cancer, suggesting that they share common pathogenetic features and may respond to

similar therapeutic approaches [1].

Hsp90 is a molecular chaperone that is abundantly and ubiquitously expressed within
cells [89, 140]. It is involved in initial protein folding as well as in stabilizing proteins
with unstable domains. For kinases, the dedicated co-chaperone Cdc37 helps recruit and
control Hsp90 association with the folding complex. Some kinases depend on Hsp90
constitutively for their stability; these “strong clients” include ErbB2 and AKT [141,
142]. Others require Hsp90 only when rendered constitutively active by mutation, i.e.,
EGFR and B-RAF [100, 102]. Inhibition of Hsp90 function using small molecule
inhibitors alters chaperone complex composition and promotes the association of E3-
ubiquitin ligases such as Carboxyl terminus of Hsp70 Interacting Protein (CHIP), leading

to client ubiquitination and degradation [143].

Many Hsp90-stabilized kinases are oncogenic, which has led to the development of
Hsp90 inhibitors for cancer therapy. Indeed, geldanamycin derivatives such as 17-AAG
and other Hsp90 inhibitors have progressed to Phase Il clinical trials [135]. Hsp90
inhibitors have also been investigated in preclinical models of genetic diseases of mutated
Hsp90 clients, such as the androgen receptor in spinal and bulbar muscular atrophy

(SBMA, Kennedy disease) [126, 144].

Here we define the relationship of FGFR3 and the FGFR family with Hsp90 and its
co-chaperone Cdc37. Our data establish FGFR3 as a strong Hsp90 client in contrast to

the other FGFR family members. Inhibition of Hsp90 function alters the chaperone
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complexes associated with FGFR3 and reduces the receptor’s stability and signaling
capacity. Our results suggest that Hsp90 is an important regulator of FGFR3 function

and that Hsp90 inhibitors may be useful for treating FGFR3 mediated diseases.

2.3 Materials and Methods

Reagents and Cell lines- The following antibodies and reagents were purchased from
Santa Cruz Biotechnology: FGFR1 (C-15), FGFR2 (C-17), FGFR3 (C-15), FGFR3 (B9),
FGFR4 (C-16), EGFR (528), EGFR (1005), Neu (3BS), Neu (CB11), Hsp90 (F-8),
Hsp70 (W27), Cdc37 (C-11), FRS2 (H91), pERK (E-4), ERK1 (K-23), Normal Rabbit
and Mouse 1gG, Goat Anti-Mouse IgM HRP. Other antibodies include Sigma
Cytoplasmic Anti-FGFR3 (F-0425, used for untagged immunoprecipitation), Sigma
Actin (A-2066), Invitrogen V5 (R96025), Abcam GFP (ab290), Cell Signaling pFRS-a
Y196 (3864) and phospho-FGFR (3471), Covance Anti-ubiquitin P4D1 (MS-257P),
Biomol Anti-Polyubiquitin FK1 (PW8805) and BD Biosciences PY20 (610000). The
generation of TREX tet-on cell lines was performed following the manufacturer’s
instructions (Invitrogen). Cell lines and transfections were created with plasmids
containing mouse FGFR1-4 (Illc form) and human ErbB1 and ErbB2. FLAG-CHIP was
kindly provided by Gen Sobue [125]. Mutagenesis was performed using the
QuickChange Site Directed mutagenesis Kit (Stratagene). The specific residue number
for the swapping mutations is as follows for human sequence (if different, the mouse

amino acid number is shown in parenthesis): FGFR1 D554G, FGFR2 D557G (D576G),
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FGFR3 G533D (G527D), FGFR3 G548D (G542D), FGFR4 E543G (E540G). Chimeric
kinase domain FGFR3/FGFR2 receptors were generated using PCR and blunt ligation.
The boundaries used to define the kinase domains were modeled after the manuscript of
Chen et al. [20]. The human amino acid boundaries are (the corresponding mouse amino
acids are in parenthesis): FGFR3 kinase domain L457-D758 (L451-D752), FGFR2
kinase domain Y466-E767 (Y485-E786), FGFR3 N-lobe/hinge L457-N562 (L451-
N556), FGFR2 N-lobe/hinge Y466-N571 (Y485-N590), FGFR3 C-lobe/kinase insert

L563-D758 (L557-D752), FGFR2 C-lobe/kinase insert L572-E767 (L591-E786).

The generation of the COS?7 stable cell lines has been previously described [43]. Because
the effective dose of 17-AAG (InvivoGen) is affected by cell number [145], all HEK 293
(293) based cell lines were plated at 2 x 10° cells/cm? and RT112 cells plated at 2.4 x 10°
cells/cm?.  Celastrol, PD173074 and Radicicol were purchased from Calbiochem.
Quercetin and cycloheximide were purchased from Sigma. Brefeldin A and lactacystin
were purchased from Enzo. FGF2 and FGF9 were purchased from R&D Systems.
Moosa Mohammadi generously provided us with FGF1. Biotinylation reagents were
obtained from Thermo Scientific: EZ-link Sulfo-NHS-SS-BIOTIN (21331) and

NeutrAvidin Agarose Resin (2920).

Immunofluorescence- Cells were treated as indicated, fixed in 4% paraformaldehyde for

20 minutes, mounted with PermaFluor (Thermo) and imaged by confocal microscopy.

Immunoprecipitation- Cells either transiently transfected or induced with tetracycline for

48 hours (or as notated), were treated with drugs as indicated, rinsed in 1x PBS and
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immunoprecipitation was performed as described by Sweeney et al. [146], with the
replacement of inhibitors with 1x Roche Complete Protease Inhibitors and Sigma
Phosphatase Inhibitor Cocktail 2. For denaturing immunoprecipitation, cells were
prepared following the protocol by VanSlyke et al. with slight modification [147].
Briefly, cells were rinsed 1x in PBS and lysed in SDS denaturation buffer (5 mM Tris-
HCI, 5 mM EDTA, 5 mM EGTA, 0.6% SDS, 10 uM iodoacetamide, 200 uM PMSF, 1x
Roche Protease Inhibitor Cocktail). Lysates were incubated at 100° C for 3 minutes and
passaged through a QlAshredder (QIAGEN). The lysates were then diluted with 2.5
volumes of immunoprecipitation dilution buffer (100 mM NaCl, 20 mM sodium borate,
15 mM EDTA, 15 mM EGTA, 0.7% BSA, 1.2% TX-100, 10 uM iodoacetamide, 200 uM
PMSF) and centrifuged to remove insoluble protein. Samples were immunoprecipitated
following standard protocol.  Following electrophoresis and transfer to PVDF
membranes, membranes were treated for 30 minutes at 4° C in denaturing buffer [148] (6
M guanidine-HCI, 20 mM Tris-HCI pH 7.5, 5 mM 2-mercaptoethanol), rinsed well and

processed as a normal western.

Biotinylation- RT112 cells were rinsed in PBS and labeled for 20 minutes at 4° C on ice
with 250 pg/mL Sulfo-NHS-SS-BIOTIN (Thermo Scientific). Cells were washed 3x in
TBS and then incubated in complete media (RPMI + 10% FBS) with either 1 uM 17-
AAG or DMSO for indicated times at 37° C. Cells were lysed, protein quantified and

equal amounts were affinity purified with avidin agarose beads.
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Half-life determination- For cycloheximide experiments, cells were treated as indicated
in the presence of 100 uM cycloheximide. Cells were lysed, immunoprecipitated and
subjected to western analysis. For **S half-life determination, transfected 293 cells were
subjected to pulse chase analysis as previously described with the addition of DMSO or 1
uM 17-AAG in the chase [44]. For BFA experiments, cells were pulsed (25 minutes) and
chased in the presence of 6 pg/mL BFA. Half-lives were calculated by subtracting
background densitometry (captured from phosphor screen) and fitting to a one-phase

decay curve using GraphPad software.

Mass Spectrometry- 1D SDS-PAGE bands were subjected to in-gel digestion with
trypsin. ldentification of tryptic peptides was performed by liquid chromatograph-mass
spectrometer equipped with an electrospray ionization source. Proteins were identified
from MS/MS spectra by a database search of the identified peptides using the software

provided with the instrumentation.

Cell viability and signaling assays- Serum starvation of the RT112 cell line was in
DMEM, while the Hela cells were starved in DMEM + 0.1% FCS. For MTT
proliferation assays, cell lines were plated at appropriate densities (RT112 1x10 Hela
7.5x10°, RCS 5x10° cells per well) in a 96-well dish and incubated overnight. Drugs or
vehicle were added as indicated and a MTT assay was performed (Roche). For FGF
experiments, cells were pretreated with 17-AAG for 4 hours before the addition of

growth factor.
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2.4 Results

FGFR3 interacts with Hsp90 and co-chaperones. To screen for proteins that interact
with activated FGFR3, we transiently transfected GFP tagged constitutively activated
FGFR3 (CA-FGFR3, K650E mutation of thanatophoric dysplasia type 1l) or GFP alone
into 293 cells [14]. Immunoprecipitation (IP) of FGFR3 pulled-down multiple species of
the receptor and other distinct bands (Figure 2.1A). Prominent bands from several
replicates were identified by N-terminal sequencing and mass spectrometry as the
chaperones Hsp90 and Hsp70 (Figure 2.1A and Figure 2.S1A). Improved separation of
the 1gG heavy chain band subsequently revealed a 50 kDa band containing fragments of

the kinase specific co-chaperone Cdc37 by mass spectrometry (Figure 2.S1A, B).

These results were confirmed by coimmunoprecipitation and western blotting, which
consistently showed that Hsp90 and Cdc37 immunoprecipitated with wild-type (WT-
FGFR3), CA-FGFR3 and kinase dead FGFR3 (KD-FGFR3, K508A) (Figure 2.1B) [149].
Although Hsp70 was frequently pulled-down nonspecifically in negative controls, it was
usually enriched in FGFR3 specific pull-downs (Figure 2.1A and 2.1E). In the reverse
immunoprecipitation, Hsp90 pulled-down immature (120 kDa) and mature (130 kDa)
forms of WT-, CA- and KD-FGFR3 suggesting that Hsp90 can interact with the receptor
throughout its maturation and trafficking in the secretory pathway (Figure 2.1C) [150].
Immunoprecipitation of Cdc37 and blotting for FGFR3 revealed that Cdc37, unlike
Hsp90, interacted more strongly with CA-FGFR3 (Figure 2.1D). The tighter association

was with the 120 kDa immature high mannose endoplasmic reticulum (ER) form of the
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mutant receptor, in contrast to the 130 kDa cell surface form, suggesting that that the

chaperone complexes associating with immature CA-FGFR3 may be enriched in Cdc37.

To determine if Hsp90 interacts with endogenous FGFR3, FGFR3 was
immunoprecipitated from RT112 bladder cancer cells, which express high levels of wild-
type FGFR3 [151]. The immunoprecipitation pulled-down Hsp90 and Cdc37 and was
enriched for Hsp70 (Figure 2.1E). In the reverse immunoprecipitation, Hsp90 pulled-
down endogenous FGFR3 but not the weak Hsp90 client EGFR (Figure 2.1F). These
data demonstrate that FGFR3 can interact with Hsp90 chaperone complexes regardless of
whether the receptor is expressed endogenously (Figure 2.1E) or exogenously with a C-

terminal tag (Figure 2.1A-GFP, Figure 2.1B-V5) or untagged (Figure 2.S2A).

Hsp90 inhibitors typically interfere with the Hsp90:client interactions [152, 153].
Indeed, a concentration-dependent decrease of Hsp90 coimmunoprecipitating with
FGFR3 was detected for the two structurally dissimilar Hsp90 inhibitors 17-AAG and
radicicol, which correlated with their affinities for Hsp90 (Figure 2.1G) [154, 155].
Celastrol, an inhibitor of the Cdc37/Hsp90 interaction, also disrupted binding, while
quercetin, which alters Hsp90 complexes but not Hsp90 client binding, did not disrupt

Hsp90 coimmunoprecipitation [156, 157].
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Figure 2.1 FGFR3 associates with Hsp90 and Cdc37. A. Coomassie stain of
immunoprecipitated CA-FGFR3-GFP or GFP from 293 cells. 1-FGFR3; 2-Hsp90A/B; 3-
Hsp70; 4-1gG heavy chain; 5-GFP. B. Immunoprecipitation (IP) of transfected V5 tagged
WT-, CA- or KD-FGFR3 and immunoblotting (IB) for Hsp90, Cdc37, V5 (FR3) or
phosphotyrosine (PY20) in 293 cells. C. IP of endogenous Hsp90 and blot for transfected
FGFR3 (V5) in 293 cells. D. IP of endogenous Cdc37 and blot for transfected FGFR3
(V5) in 293 cells. E. IP of endogenous FGFR3 (FR3) from RT112 cells and blot for
Hsp90, Hsp70 and Cdc37. IgG-rabbit 1gG used as control. F. IP of Hsp90 from RT112
cells and blot for FGFR3 and EGFR. IgG-mouse IgG used as control. G. 293 cells
inducibly expressing WT-FGFR3-GFP were treated for 1 hour with increasing
concentrations of Hsp90 inhibitors (17: 17-AAG, Rad: radicicol, Cel: celastrol, Que:

quercetin), immunoprecipitated for GFP and blotted as indicated.
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FGFRs differentially associate with Hsp90 complexes. Hsp90 interacts with kinase
clients through their kinase domain [89, 153]. Because the amino acid sequence for this
domain is highly conserved for FGFR family members (Figure 2.2A), we tested if other
FGFRs interact with Hsp90 and Cdc37. When untagged FGFRs (with the exception of
FGFR4 due to lack of an immunoprecipitation antibody) were expressed and
immunoprecipitated with receptor specific C-terminal antibodies, Hsp90 readily pulled-
down (Figure 2.S2A). FGFR3 consistently pulled-down more Hsp90 in these
experiments; however, no direct comparison could be made due to differences in the
affinities of the receptor specific antibodies. For a more accurate comparison, we tagged
the receptors with a C-terminal V5 epitope. Expression and immunoprecipitation of
equal amounts of lysate revealed that FGFR3 associated more strongly with Hsp90 than
the other FGFRs (Figure 2.2B). Similarly, Cdc37 pulled-down more strongly with

FGFR3 and was faintly observed for FGFR1 and FGFR4 but not for FGFR2.

The kinase domain aC-R4 loop is important for Hsp90 binding to some Kkinases,
notably the EGFR/ErbB family of receptor tyrosine kinases [142, 158]. Binding is
favored by the lack of negatively charged residues in the loop. In fact, the presence of a
single aspartic acid residue in the loop distinguishes the weak client EGFR from the
strong client ErbB2, which has a glycine in the same position. Sequence alignment of the
FGFRs alongside EGFR and ErbB2 shows that the FGFRs lack negatively charged
residues in this loop and have a glycine in the key position (Figure 2.2A). To test if this
glycine residue plays a similar role in the FGFR3:Hsp90 interaction as it does for the

ErbB2:Hsp90 interaction, we mutagenized FGFR3 glycine G533 to an aspartic acid and
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compared the two receptor proteins in pull-down assays. Mutation of this residue did not

disturb Hsp90 or Cdc37 association with FGFR3 (Figure 2.2C).

Further examination of the N-terminal lobe of the FGFR’s kinase domain revealed a
difference that could potentially explain the differential binding of Hsp90 to FGFRs.
Residue 548 in the adjacent FGFR3 B4-B5 loop is a glycine in contrast to aspartic acid in
FGFR1 and FGFR2 or glutamic acid in FGFR4 (Figure 2.2A). We mutated this residue
to aspartic acid in FGFR3 and to glycine in the other FGFRs (Figure 2.2D). Swapping of
these residues did not significantly alter the binding pattern except for that of FGFR4

which decreased rather than increased binding.

To narrow down the binding region of Hsp90 and Cdc37 to FGFR3 and to confirm its
specific association with the kinase domain, we carried out domain swapping
experiments between FGFR3 and the weakest Hsp90 binder FGFR2. Swapping of the
entire kinase domain of FGFR2 into FGFR3 prevented strong association of Hsp90 and
Cdc37 with chimeric FGFR3 (Figure 2.2E). Interestingly, the chimeric kinase receptor
displayed an increase in its apparent steady state stability and altered the ratio of
biosynthetic species to mimic that of FGFR2. Further swapping of the individual lobes
of the kinase domain revealed that Hsp90 and Cdc37 did not bind to the FGFR3 chimera
with FGFR2’s N-lobe/hinge, but did bind to FGFR3 containing the FGFR2 C-lobe/kinase
insert. These results indicate that Hsp90 and Cdc37 strongly bind to the N-lobe/hinge of
FGFR3. Taken together, our results suggest that Hsp90 binding to FGFRs is distinct

from the EGFR family as has been observed for other Hsp90 kinase clients [159, 160].
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A. EGFR PRKANKEILDEAYVMASVD=NPHEVCRLLGICLTS=TVQLITQ
ErbB2 PKANKEILDEAYVMAGVG-SPYVSRLLGICLTS-TVQLVTQ
FGFR1 EKDLSDLISEMEMMKMIGKHKNIINLLGACTQDGPLYVIVE
FGFR2Z EKDLSDLVSEMEMMKMIGKHKNIINLLGACTQDGPLYVIVE
FGFR3 DKDLSDLVSEMEMMKMIGKHKNIINLLGACTQGGPLYVLVE
FGFR4 DKDLADLVSEMEVMKLIGRHKNIINLLGVCTQEGPLYVIVE
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Figure 2.2 FGFRs differentially associate with Hsp90 complexes. A. Sequence
alignment of part of the EGFR, ErbB2 and FGFR family kinase domains. Grey shading
indicates identical/related residues. Boxed and * marks the conserved glycine (FGFR3
G533 in human). ** indicates a negatively charged residue (G548) absent in FGFR3
relative to the other FGFRs. Secondary structures are identified below by black boxes
based on the analysis by Chen et al [20]. B. Transfection of empty vector (V) or FGFR1-
4 V5 in 293 cells followed by V5 IP and blotting. Arrow denotes the Cdc37 band running
just below the 1gG heavy chain. C. Transfection in 293 cells of empty vector (V), WT-
FGFR3 (WT), G533D FGFR3 (533) or G548D FGFR3 (548) followed by IP and
blotting. -Avg indicates the averaged ratio of the amount of Hsp90 pull-down by mutated
receptor relative to the wild-type receptor. D. 293 transfection of empty vector (V) or
FGFR1-4 with a swapping mutation of the respective residue found in FGFR3 (548) as
indicated by an asterisk (R1/2 D to G, R4 E to G, R3 G to D). E. 293 transfection
followed by IP and blotting of FGFR3 (R3), FGFR2 (R2) or chimeras FGFR3/kinase-
FGFR2 (K), FGFR3/N-lobe-hinge-FGFR2 (N) and FGFR3/C-lobe-kinase insert-FGFR2
©).
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FGFR3 requires Hsp90 function for stability. Altering the chaperone:client interaction
through inhibition of Hsp90 function rapidly destabilizes strong Hsp90 client proteins
[89]. To determine the dependence of FGFR3 stability on Hsp90 function, we examined
endogenous receptor stability in the presence of 17-AAG. FGFR3 stability was
compared to that of the strong and weak clients ErbB2 and EGFR, respectively, which
are also endogenously expressed in the RT112 cells. FGFR3 was rapidly destabilized by
17-AAG, even more so than ErbB2 (Figure 2.3A). A comparison of untagged, stably
induced receptors in 293 cells showed that FGFR3 is less sensitive to 17-AAG than
ErbB2, but more sensitive than EGFR (Figure 2.52B). These results suggest that cellular
context may influence the dependence of FGFR3 stability on Hsp90, as has been reported
for other Hsp90 clients [141]. Confocal imaging of FGFR3-GFP revealed decreased
fluorescence after addition of 17-AAG (Figure 2.3B) further supporting the need of

Hsp90 function for FGFR3 stability.

To further document the loss of FGFR3 stability associated with Hsp90 inhibition and
to exclude that it is mediated by Hsp90 effects on transcription and translation, we
performed *S pulse-chase half-life analysis. A substantial decrease in FGFR3 half-life
was consistently observed in the presence of Hsp90 inhibitors when the receptor was
expressed either transiently (Figure 2.3C) or stably (Figure 2.52D). This reduction was
dose dependent (Figure 2.52D). These results were validated for endogenous FGFR3 in
RT112 cells. Because immunoprecipitation of FGFR3 in the RT112 cells pulled-down a
non-specific radioactively labeled band, which confounded interpretation, cycloheximide

was used to determine the half-life in this cell line. The half-life of FGFR3 was
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decreased by 50%, from 4 to 2 hours in the presence of 17-AAG (Figure 2.3D).
Originally we hypothesized that CA-FGFR3 would be destabilized by 17-AAG more
than WT-FGFR3. Although we found a variable response depending on the cell line
tested, CA-FGFR3 was destabilized less than WT-FGFR3 in three paired transfection
experiments (WT-FGFR3 destabilized by an average of 51 + 3% of vehicle and CA-
FGFR3 31 £ 7%). In contrast, in our stable COS7 cell lines, where adaptation to CA-
FGFR3 results in a similar half-life for the two receptors, the half-life decreased to a
similar degree (Figure 2.52D). These findings support the idea that like ErbB2, FGFR3
is a strong Hsp90 client and requires Hsp90 function for stability even when

constitutively activated.

Pulse-chase analysis was used to assay the half-lives of the other FGFRs in the
presence of 17-AAG (Figure 2.3E). As for FGFR3, the half-life of FGFR4 decreased in
response to Hsp90 inhibition. FGFR1 displayed a small increase, while FGFR2 showed a
modest increase in half-life. Although rare, an increase in half-life in response to Hsp90
inhibition has been reported [161, 162]. The trend we detected for half-life is consistent
with what we observed for Hsp90 binding (Figure 2.2B). Despite differences in
experimental conditions, i.e. cell type and means of receptor expression, FGFR3 was
consistently more sensitive to 17-AAG mediated destabilization than the other FGFRs

with FGFR2 as the most resistant.
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Figure 2.3 FGFR3 requires Hsp90 function for stability. A. Time course of 1 uM 17-
AAG or vehicle (DMSO, D) in whole cell lysates from RT112 cells. B.
Immunofluorescence of stably expressed WT-FGFR3-GFP in COS7 cells in the presence
of DMSO or 1 uM 17-AAG for 3 hours. C. *S half-life of transfected WT-FGFR3 and or
CA-FGFR3 in 293 cells in the presence or absence of 1 uM 17-AAG. The graph
represents background subtracted densitometry relative to the percentage remaining at
time 0. D. Cycloheximide half-life analysis of immunoprecipitated and blotted FGFR3 in
the presence or absence of 0.5 uM 17-AAG in RT112. The graph represents background
subtracted band densitometry expressed as the percent remaining relative to 0.5 hour. E.
Representative S pulse chase half-life analysis scan of transfected FGFR1-4 V5 in 293
cells and chased in the presence or absence of 1 uM 17-AAG. Graph represents the
average percent change in half-life in response to 1 uM 17-AAG relative to DMSO

control. Error bars are +/- standard deviation (n=3).
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Inhibition of Hsp90 results in ubiquitin-mediated degradation of FGFR3. Inhibition of
Hsp90 function alters co-chaperone complex composition and promotes the incorporation
of E3-ubiquitin ligases, leading to client ubiquitination and degradation [143]. To
determine if FGFR3 undergoes ubiquitination after Hsp90 inhibition, we treated RT112
cells with 17-AAG and immunoprecipitated FGFR3 under denaturing conditions.
FGFR3 displayed a time dependent increase in total ubiquitination after 17-AAG
treatment but not with vehicle control (Figure 2.4A). A coincidental decrease in total
FGFR3 levels was observed at later time points. These results are consistent with the

observed decrease in half-life and are characteristic of strong Hsp90 clients.

We next determined if 17-AAG induces ubiquitination of other FGFR family
members. For direct comparison, tagged FGFRs were transfected and
immunoprecipitated under denaturing conditions following treatment with 17-AAG for 1
hour. FGFR3 and FGFR4 displayed increases in polyubiquitination, with FGFR1
showing a small increase and FGFR2 showing no response (Figure 2.4B). Although not
comparable among receptors, similar trends were observed in response to 17-AAG
treatment for untagged receptors (Figure 2.S2C). These responses to Hsp90 inhibitors
echo the observed relative associations of Hsp90 with the receptors and the changes in

half-life in response to Hsp90 inhibition.
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Figure 2.4 Hsp90 inhibition results in FGFR3 ubiquitination. A. Time course of total
ubiquitin blotting of immunoprecipitated FGFR3 from RT112 in the presence of 0.5 uM
17-AAG or DMSO (D) for the indicated times. B. Transiently expressed V5 tagged
FGFR1-4 (R1-R4) in 293 cells for 48 hours. Cells were treated for 1 hour with 1 uM 17-
AAG (17) or vehicle (D) followed by IP and blotting for polyubiquitin (Poly Ub). C.
Cotransfection (24 hours) of WT- or CA-FGFR3-V5 with empty vector (V), CHIP-FLAG
(C) or H260Q-FLAG (Q) in 293 cells, followed by V5 IP and probed as indicated. D.
Equal protein loaded from whole cell lysates of cotransfected (48 hours) WT-FGFR3-V5
with CHIP-FLAG (C), H260Q-FLAG (Q) or empty vector (V) E. 293 cells were
cotransfected with WT-FGFR3-V5 and empty vector (V), CHIP-FLAG (C) or H260Q-
FLAG (Q). After 24 hours cells were treated for 1 hour with 1 uM 17-AAG or DMSO
followed by IP and polyubiquitin blotting (Poly Ub). F. Transfection and IP of WT-
FGFR3-V5 in the presence of 5 uM lactacystin (L) or vehicle (D-DMSO) for 5 hours,
with the last hour in the presence of 1 uM 17-AAG (17) or vehicle (D-DMSO).

47



CHIP can interact and influence the stability of FGFR3. CHIP is an E3-ubiquitin
ligase that binds to the C-terminal tail of Hsp70 and Hsp90 and catalyzes the
ubiquitination of client proteins [143]. Upon treatment with an Hsp90 inhibitor, Hsp90
complexes incorporate CHIP leading to client ubiquitination and degradation. We were
unable to convincingly  detect endogenous CHIP in  FGFR3:Hsp90
coimmunoprecipitations, which we attributed to the technical limitations of the available
antisera (data not shown). Thus, we performed coimmunoprecipitation studies with
transiently expressed FGFR3 and FLAG-tagged CHIP. As a control we used dominant-
negative H260Q-CHIP-FLAG (H260Q), which has a mutated E2 interaction site thereby
preventing ubiquitin conjugation but not client binding [163]. After immunoprecipitation
of FGFR3, CHIP-FLAG was barely detectable above background but the catalytically
inactive H260Q-CHIP immunoprecipitated with both WT- and CA-FGFR3 (Figure
2.4C). Increased detection of H260Q in coimmunoprecipitations has been reported for
other Hsp90 clients such as ErbB2 and has been attributed to “enzymatic trapping” of

H260Q-CHIP [164].

We next examined the extent to which CHIP can destabilize FGFR3 by cotransfecting
CHIP or H260Q with WT-FGFR3 for 48 hours. WT-FGFR3 was destabilized when co-
transfected with CHIP but not H260Q (Figure 2.4D). Our working model predicts that
this destabilization results from CHIP-mediated ubiquitination of FGFR3, and that this
would be enhanced by Hsp90 inhibition. To test this prediction, CHIP or H260Q was
cotransfected with WT-FGFR3 in the presence or absence of 17-AAG for 24 hours

(Figure 2.4E). We did not observe an increase in ubiquitination upon cotransfection with
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CHIP, presumably due to a rapid destabilization of this ubiquitinated population over the
24 hours of cotransfection. Most significantly however, H260Q did not destabilize
FGFR3 and protected it from 17-AAG induced ubiquitination (Figure 2.4E). Although
other ubiquitin ligases can compensate for ubiquitination of Hsp90 clients in the absence
of CHIP [120, 165], our results suggest that as for many Hsp90 clients, CHIP can affect

FGFR3 stability.

CHIP targeted proteins are commonly reported to be degraded by proteasomes [143].
Adding the proteasomal inhibitor lactacystin to FGFR3 enhanced receptor
polyubiquitination and this effect was further enhanced by the addition of 17-AAG
(Figure 2.4F). These findings are consistent with a role for the proteasome in the

degradation of FGFR3 in response to 17-AAG.

Hsp90 inhibition reduces FGFR3 signaling output. As receptors typically initiate
signaling from the cell surface, we next asked if inhibition of Hsp90 function destabilizes
FGFR3 residing at this location. Surface receptors of RT112 cells were biotinylated,
incubated with or without 17-AAG and analyzed following affinity purification of biotin
labeled proteins. Inhibition of Hsp90 accelerated degradation of biotinylated FGFR3
(Figure 2.5A) as was also observed for the strong client ErbB2 but not for the weak client
EGFR. These data suggest that Hsp90 inhibitors effectively reduce the cell surface

population of FGFR3.

Some mutations directly activate FGFR3 kinase activity eliminating the need for the

receptor to dimerize or reach the cell surface for signaling. To determine if Hsp90
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inhibitors can destabilize intracellularly retained receptors, we carried out *S pulse-chase
analysis of FGFR3 in the presence of brefeldin A (BFA), which prevents anterograde
trafficking from the ER thereby trapping newly synthesized and labeled FGFR3. A chase
in the presence of 17-AAG and BFA showed reduced stability of this population of
FGFR3 over time (Figure 2.5B). We also observed a progressive increase in the
molecular weight of FGFR3, presumably due to continued exposure of the retained
receptor to glycosylating enzymes residing in the ER as a consequence of the BFA

blockade.

One would expect the decreased FGFR3 levels resulting from Hsp90 inhibition to be
accompanied by reduced FGFR3 signal output. To confirm this expectation, we assayed
FRS2 and ERK1/2 for phosphorylation as proximal and distal readout markers of MAP
kinase signaling respectively in RT112 cells. Both FRS2 and ERKZL/2 were
constitutively phosphorylated in the absence of FGF stimulation despite serum starvation
for 20 hours (Figure 2.5C). Treatment with 17-AAG for 1.5 hours abolished
phosphorylation of both markers and also significantly reduced phosphorylation after 10

minutes of ligand stimulation (Figure 2.5C).

As the viability of RT112 cells depends on FGFR3 function, we reasoned that
destabilization of FGFR3 by Hsp90 inhibitors would reduce their viability [65]. MTT
assays, which measure respiring cells and over time reflect a combination of proliferation
and survival, were performed in the presence of increasing concentrations of inhibitors

(Figure 2.5D). A dose dependent reduction in cell viability was observed for 17-AAG.
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These cells showed a similar response to radicicol and to the FGFR kinase inhibitor

PD173074.

We next asked if Hsp90 inhibition alters the responses of other cell types to FGF
stimulation. Hela cells undergo growth arrest when serum starved; they display a
proliferative response when subsequently treated with serum or FGF and assayed by
MTT. This response was ablated by treating cells with 100 nM 17-AAG 4-hours prior to,
and during the 3-day exposure to FGF1 (Figure 2.S2E). This protocol had minimal

effects on the mitogenic response to serum stimulation.

Finally, we examined rat chondrosarcoma (RCS) cells, which like chondrocytes
reduce proliferation in response to FGF stimulation. They display a reduction in
proliferation as measured by reduced viability and proliferation in response to FGF9 over
48 hours as previously reported [166]. Low concentrations of 17-AAG blocked this
reduction in a dose-dependent manner (Figure 2.5E). As expected inhibition of FGFR3
kinase activity with PD173074 also increased proliferation. Similar results were seen
with FGF2 (Figure 2.S2F). We conclude that Hsp90 inhibitors can block FGFR3 signal
output and can modulate FGFR3 signaling pathways and even reverse its growth

inhibitory signals.
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Figure 2.5 Loss of Hsp90 function reduces FGFR3 bioactivity. A. RT112 cell surface
proteins were biotinylated and then chased in 1 uM 17-AAG (17) or DMSO (D) for
indicated times, affinity purified and blotted as indicated. Actin exposure serves as a
control for cell surface specific biotinylation. B. **S pulse chase of transfected WT-
FGFR3-V5 in 293 cells in the presence of BFA (-B is no BFA control) and DMSO (D) or
1 uM 17-AAG (17). -R3 is empty vector control. C. Serum starved RT112 incubated
with 1 uM 17-AAG (17) or DMSO (D) for 1.5 hours and then treated with FGF1 for 10
minutes. D. MTT assay in RT112 cells after 48 hours of growth in the presence of
increasing concentrations of inhibitors. E. RCS cells were pretreated for 4 hours with
DMSO, 17-AAG, or PD173074 (PD) and then stimulated with 50 ng/mL FGF9 in the
continued presence of the drugs for 48 hours. Data is graphed relative to the average
vehicle absorbance (no FGF, DMSO). * indicates statistical significance by two-tailed

paired t-test (p<0.01). NS. Not statistically different. Error bars are +/- Std. Dev.
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2.5 Discussion

The data presented here establish FGFR3 as a strong Hsp90 client. The degree to which
FGFR3 is stabilized by Hsp90 is underscored by the rapid degradation of both
intracellular and cell surface receptors and a subsequent loss in signal output following
Hsp90 inhibition. FGFR3’s dependence on Hsp90 contrasts with that of the other FGFR
family members that interact and respond to 17-AAG differently. Overall, our findings
provide a new context for understanding FGFR3 biology and for treating FGFR3-related

disease.

We found that Hsp90 association was stronger for FGFR3 compared to other FGFRs
although their stability was also influenced by Hsp90 inhibition. We consistently
observed a hierarchy of destabilization by 17-AAG treatment, with
FGFR3>FGFR4>>FGFR1>>>FGFR2. Interestingly, FGFR2 exhibited little binding to
Hsp90 but its half-life was increased in the presence of 17-AAG, a phenomenon that has
been reported for other proteins and may illustrates the variable nature of Hsp90:kinase

interactions and/or indirect responses [161, 167].

We detected similar binding of Hsp90 to WT-, CA-, and KD-FGFR3 as has been
observed for strong Hsp90 clients, such as ErbB2, that interact with Hsp90 independent
of activation [153]. In contrast to ErbB2, however, we observed that addition of a
negatively charged residue into the aC-p4 loop of FGFR3 did not disrupt binding to
Hsp90 or Cdc37. This finding illustrates the multifactorial association of Hsp90

chaperone complexes with kinases [89]. Along these lines, it has been suggested that
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Hsp90 binding may be linked to kinase dimer formation [168, 169]. Indeed, given the
collective observations that Hsp90/Cdc37 chaperone complexes interact with key regions
of the N- and C-terminal lobes of kinases [89, 107, 158], and recent insights into the
asymmetric nature of FGFR kinase domain trans-phosphorylation [170], it is conceivable
that Hsp90 may play a role in asymmetric FGFR3 kinase dimer formation or its

regulation.

We observed physiologic responses to Hsp90 inhibition in two cell types that we
attribute largely to antagonism of FGFR3 signaling due to receptor destabilization. In the
first case, bladder cancer RT112 cells, which are dependent on FGFR3 output for
proliferation and survival, exhibited a dose-dependent decline in viability in response to
both 17-AAG and radicicol. The response was remarkably similar to that following
treatment with the FGFR tyrosine kinase inhibitor PD173074. RCS cells display a
cellular phenotype similar to proliferating growth plate chondrocytes, including
expression of endogenous FGFR3 and an antiproliferative response to FGF stimulation
[166]. We found that pre-treatment with 17-AAG blunted the FGF-mediated inhibition
of proliferation, increasing cellular growth in a dose-dependent fashion. This result is
consistent with a direct effect on FGFR3 stability, although we cannot exclude that it was

mediated by Hsp90 stabilized pathways unrelated to FGFR3.

We have previously reported that activated FGFR3 is degraded in lysosomes and is
directed into this pathway by c-Cbl-mediated ubiquitination [43]. In fact, we observed

that FGFR3 bearing gain-of-function mutations progress through this pathway less
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efficiently than WT-FGFR3. Our current results suggest FGFR3 may also be degraded
through a proteasomal pathway that utilizes the CHIP ubiquitin ligase and is buffered by
Hsp90 stabilization. Little is known about the coordination of these two pathways, but it
IS conceivable that mutant receptors that escape c-Cbl-mediated degradation are
stabilized by Hsp90 and Cdc37 making them susceptible to chaperone inhibitor mediated
degradation. FGFR3 would not be unique as a substrate for both pathways as similar
properties have been reported for the Ron tyrosine kinase [152]. Furthermore, CHIP has
the capacity to target proteins for lysosomal degradation in addition to its role in

proteasomal targeting [122].

While we have established in detail that FGFR3 is a client of Hsp90, others have
proposed this relationship for FGFR1 and FGFR3. For example, a proteomics screen for
proteins that interact with the dimerized transmembrane and intracellular domains of
FGFR1 detected Hsp90 and Cdc37 [171]. A report that Hsp90 inhibitors destabilize
oncogenes implicated in synovial sarcoma included FGFR3 as a kinase that responds to
Hsp90 inhibition [172]. Most recently, subtypes of FGFR3-driven multiple myeloma
were shown to be sensitive to a new Hsp90 inhibitor [173]. This study reported that both
WT- and CA-FGFR3 interact with Hsp90 and are sensitive to Hsp90 inhibitors. Thus,

our findings are consistent with and expand on previously described observations.

Our findings implicate Hsp90 in the pathogenesis of diseases resulting from activating
FGFR3 mutations. It follows that Hsp90 inhibition could be an effective therapeutic

strategy in these diseases, notably certain cancers and achondroplasia. The use of Hsp90
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inhibitors for cancer is not new, as they are being investigated as a means to down
regulate multiple oncogenic kinases [135]. Cancers in which oncogenic mutations of
FGFR3 are detected, such as superficial bladder cancer and multiple myeloma, would be

potential candidates for this strategy.

In contrast to cancer, the potential application of this therapeutic strategy to
achondroplasia is novel although it has been used to target mutant proteins for
degradation in another genetic disease [144]. SBMA is a slowly progressive muscle
disease that results from a polyglutamine expansion in the androgen receptor, a known
Hsp90 client protein [126]. Hsp90 inhibitor treatment of mice modeling SBMA reduced
the cellular accumulation of the mutant receptor and ameliorated most of the clinical
disease establishing the paradigm for this therapeutic approach. We are currently

pursuing similar studies in mouse models of achondroplasia.
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2.6 Supplemental Data

A.

l_ Protein Band Percent Coverage I_ Protein ID Accession Rapzsentatlve Peptides
FGFR3 1 41 Fibroblast growth factor receptor 3 [mus musculus] 46877057 |CPAAGNPTPSISWLK

DGTGLVASHR

DLVSCAYQVAR

DVHNLDYYK

Hsp80 alpha 2 34 HSP30AA1T Heat shock protein HSP90-alpha 153792590 |APFDLFENR

(CLELFTELAEDKENYK
DLVILLYETALLSSGFSLEDPQTHANR
DNSTMGYMAAK

Hsp90 beta 2 a1 HSP90AB1 Heat shock protein HSP90-beta 20149594 [ADLINNLGTIAK

APFDLFENK

(CLELFSELAEDKENYK
DLVVLLFETALLSSGFSLEDPQTHSNR
Hsp70 3 45 HSPA1B;HSPA1A Heat shock 70 kDa protein 1 167466173 |AFYPEEISSMVLTK
AQIHDLVLVGGSTR
(CQEVISWLDANTLAEKDEFEHK

_ — DAGVIAGLNVLR

Hsc70 3 8 HSPAS Isoform 1/2 of Heat shock cognate 71kDa protein 5729877 |DAGTIAGLNVLR

SQIHDIVLVGGSTR

Cdc37 Fig S1B 20 HspSTO co-chaperone Cdc37 5001922 |LRELEVAEGGK

LQAEAQQLR

SMPWNVDTLSK
LGPGGLDPVEVYESLPEELQK

Heavy Chain
Cdc37—»

Figure 2.S1 Summary of mass spectrometry data A. Table summarizing the mass
spectrometry data obtained from Figures 2.1A and 2.S1B. If desired more detailed
information regarding this data can be obtained by contacting the authors. B. Coomassie
staining of a gel where Cdc37 separation from the heavy chain of the antibody was

resolved.
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Figure 2.S2 Supplemental Data. A. Untagged transiently transfected FGFRs or empty
vector control (V) were immunoprecipitated with sera specific to their c-terminus and
blotted as indicated in 293 cells. Note, FGFR3 antibodies consistently demonstrated the
weakest affinity relative to the other FGFR antibodies, with FGFR2’s antibody having
the highest affinity, further underscoring the inability of lane comparison. Antibodies
were not able to IP mouse FGFR4. B. 293 inducible cell lines expressing indicated
receptors for 48 hours were treated for indicated times in DMSO (D) or 1 uM 17-AAG
and equal amounts of whole cell lysate were subjected to western analysis. C. Blotting of
total ubiquitin from untagged FGFR1-3 transiently expressed in 293 cells and subjected
to denaturing immunoprecipitation. Note, lanes cannot be compared between receptors
due to differences in antibody affinities. D. Graphical analysis of COS7 cells stabling
expressing wild-type or CA FGFR3-GFP were subjected to *S pulse labeling and chased
in the presence of increasing concentration of 17-AAG as indicated. E. MTT assay of
Hela cell proliferation in response to the indicated mitogenic stimulus (10% serum, 25
ng/ml FGF1) after 48 hours of growth in the absence (DMSO, D) or presence of 100 nM
17-AAG (17) (cells were pre-treated with drug for 4 hours before the addition of
mitogenic stimulus). All values are relative to the average absorbance measured at Day 0
(set equal to 1). Error bars represent standard deviation. F. MTT assay of RCS cell
proliferation after 48 hours of incubation in the absence or presence of 20 ng/ml FGF2,
and treatment (from four hours before growth factor addition) with increasing
concentrations of 17-AAG (10 and 25 nM) or 100 nM PD173074. * indicates statistical

significance as defined by a two-tailed paired t-test (p<0.01).
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CHAPTER 3

CONCLUSIONS AND FUTURE DIRECTIONS

The central goal of this dissertation research was to determine if the initially observed
association of Hsp90 with FGFR3 was specific and if it could serve as a therapeutic
target to increase linear bone growth in achondroplasia. Using a variety of experimental
approaches, | determined that Hsp90 associated with the kinase domain of FGFR3 and
that this was required for its stability. The therapeutic relevance of this interaction was
examined in several preliminary studies in pre-clinical models of achondroplasia with
little success (detailed in the appendix). The following section will briefly review these
conclusions, their limitations and the knowledge contributed to the field during the course

of these studies.

3.1 Conclusions

The work presented in Chapter 2 defined the association and role of Hsp90 in FGFR3
stability and function. FGFR3, regardless of its activation state, associated with Hsp90
and cochaperone Cdc37 by immunoprecipitation studies. The kinase domain of FGFR3
is required for its interaction with Hsp90, and specific sequences within the N-lobe/hinge
of the kinase domain are necessary for the ability of FGFR3 to strongly associate with
Hsp90. These results are in contrast to those found for other FGFRs, which appear to
bind Hsp90 weakly. Treatment of FGFR3-containing cell lines with the Hsp90 inhibitor

17-AAG resulted in increased ubiquitination of FGFR3 and reduced its half-life at both
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the cell surface and when trapped in the endoplasmic reticulum. FGFR3 was also able to
associate with dominant negative CHIP by co-immunoprecipitation studies, suggesting
that CHIP can associate with FGFR3 complexes and that it likely plays a role in the
ubiquitination of FGFR3 in response to Hsp90 inhibitors. Taken together, these results

establish FGFR3 as a strong Hsp90 client.

These results are the first in-depth analysis of the interaction of FGFR3 and the FGFR
family with Hsp90 and cochaperones. These experiments clearly define a new
therapeutic strategy to target FGFR3 stability in diseases such as cancer and
achondroplasia, and warrant further examination of the mechanisms through which the
differential association of Hsp90 with the FGFRs alters receptor signaling and biological
output. These experiments are complicated by the fact that inhibition of Hsp90 function
can affect many different aspects of cellular physiology [97]. However, they also reveal
that FGFR3 function is intimately tied to the dynamics of cellular physiology that affect
Hsp90 function via post translation modifications (described below). Future work with
FGFR3 mutants unable to bind to Hsp90 may be used to elucidate the in vivo significance
of the integration of these pathways and to further define the molecular role of Hsp90 on

FGFR3 biological function.

The appendix outlines several preliminary experiments testing Hsp90 complex
modulation in pre-clinical models of achondroplasia. Metatarsal and tibia cultures from
our CA-FGFR3 mouse models recapitulated the disease phenotype in culture, but Hsp90

inhibitors did not alleviate the retardation of linear growth in heterozygote or
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homozygous bones. A genetic test of Hsp90 complex modulation by cross of the CA-
FGFR3 mice with mice overexpressing CHIP did not counteract the reduced growth of
the CA-FGFR3 mice. While these were negative results, there are a number of
limitations preventing us from concluding that Hsp90 inhibitors are ineffective for the
treatment of achondroplasia. Because of the preliminary nature of these experiments,
they were limited in their statistical power due to experimental design limitations and
restricted man-power. These limitations prevented finding an optimal dose and detection
of small changes. Negative results raise questions into the many barriers that face pre-
clinical models of achondroplasia such as the feasibility of delivering drugs to avascular
tissues, the pharmacodynamics properties of the drug, the doses needed and its frequency

of administration, and the age at which to begin treatments.

3.2 Future Directions

The studies presented in this dissertation indicate that the stability and signaling
capacity of FGFR3 is dependent on its interaction with functional Hsp90. These
observations raise a number of questions about the biological consequence of this
interaction on both molecular and therapeutic levels. The following section outlines

some future directions that could be pursued from the work presented in this dissertation.

Determining the structural rationale for differential dependence of FGFRs on Hsp90

The dramatic difference of the association of Hsp90 with the four members of the
FGFR family provides an ideal model to study the structural differences contributing to

Hsp90 binding. A number of attempts have been made to identify a binding motif or a
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structural rationale within kinase domains to explain why strong clients associate with
Hsp90, however, there has been little reproducible success [106-109, 111, 142, 158, 160,
174]. Although the FGFR family contains a high degree of homology, especially within
the kinase domain (~90%), their interaction and dependence on Hsp90 function is clearly
varied. Comparison of the highly homologous FGFR family members is likely to provide

more detailed insight then comparison of less similar proteins.

The data presented in Chapter 2 (Figure 2.2) narrowed down the N-lobe/hinge region
of the kinase domain as the primary site determining Hsp90 binding; however, | was
unable to identify the precise residue(s) within that region responsible for Hsp90 binding,
and further work with the mutants unable to bind to Hsp90 will elucidate if this
observation is direct or indirect. Further mutagenesis studies to determine the residues
contributing to Hsp90 association coupled with crystal structure analysis of all four
FGFR kinase domains would provide insight into how Hsp90 discriminates between
these similar proteins. Other experiments involving NMR and/or small angle X-ray
scattering (ideally in conjunction with the crystal structures) could be designed to study
binding or allosteric changes of the kinase domain due Hsp90 association. These studies

could be further expanded to include Cdc37.

Understanding the structure/binding relationship between FGFR3 and Hsp90 would
also permit prediction as to whether disease-causing kinase mutations found in other
FGFRs would enhance their stability dependence on Hsp90 function. As kinase domains

are well conserved, this information may allow us to predict if N-lobe mutations in other
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kinases increase Hsp90 dependence and sensitivity to Hsp90 inhibitors. Structural insight
may also provide new targets for drug design. This information would be of interest to a
wide audience, not only to those studying kinases, but also to those studying Hsp90 and

chaperones in general.

Oncogenic FGFR3 as a prognostic indicator of Hsp90 inhibitors in cancer

Gain-of-function mutations or overexpression of FGFR3 is observed in several types
of cancer with the most frequently reported including bladder cancer and multiple
myeloma [3]. FGFR3 expression levels and mutational status have been analyzed as an
indicator of disease severity, outcome, recurrence and drug responses in these cancers
[175-178]. The identification of FGFR3 as a strong Hsp90 client suggests that cancers
dependent on FGFR3 may be more sensitive to Hsp90 targeted therapies, providing a
rationale to stratify prognostic response to these therapies relative to FGFR3 status.
Additionally, as is currently done with other Hsp90 clients and the induction of the heat
shock response, FGFR3 protein stability or activity could be examined as an indicator of
pharmacodynamic responses to Hsp90 inhibitors in tumors after treatment. While
multiple myeloma has successfully undergone a number of clinical trials with Hsp90
inhibitors, most frequently in combination with proteasome inhibitors, its response to
Hsp90 inhibitors in relationship to FGFR3 mutational or overexpression status has not
been evaluated [179, 180]. Furthermore, bladder cancer has not been exclusively tested
for Hsp90 inhibitory efficacy in clinical trials, however, there are now studies indicating

that Hsp90 inhibitors are effective against bladder cancer in vitro [137, 181].
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About 70% of bladder cancers contain mutations that constitutively activate FGFR3,
making it an ideal platform for testing targeted therapies [182]. Multiple studies have
demonstrated that targeting FGFR3 using small molecule inhibitors or blocking
antibodies can block bladder cancer proliferation and sensitize cells to apoptosis [65, 66,
183-186]. Because FGFR3 is a strong Hsp90 client, bladder cancer represents a solid
tumor that is uniquely (and molecularly uniformly) enriched with a strong Hsp90 client
that promotes proliferation and survival, increasing the potential of a successful Hsp90

inhibitor response and as a model system for analyzing molecular responses.

Several pre-clinical studies could be performed to determine if Hsp90 inhibitors are
likely to be effective in bladder cancer treatment. Bladder cancer cell lines could be
further tested for the ability of Hsp90 inhibitors to induce apoptosis, inhibit cell cycle
progression, alter signal transduction, and reduce motility and invasiveness. An
assessment of the length (pulse) of treatment needed to induce these responses should be
made to provide insight into dosing schemes in vivo. Studies in mouse xenografts could
be used to determine the ability of Hsp90 inhibitors to reduce tumor volume, decrease
proliferation, induce apoptosis, decrease vasculature or increase hypoxia. These studies
may elucidate the feasibility and facilitate the design of a clinical trial in bladder cancer
depending on the Hsp90 inhibitor chosen, and the mode of delivery (systemic, versus

direct delivery into the bladder).
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Requlation of FGFR3 stability by post-translational modifications of Hsp90: HDACS6

Hsp90 function is modulated by numerous post-translational modifications including
acetylation, serine/threonine/tyrosine phosphorylation and S-nitrosylation [97]. To date,
the most therapeutically relevant posttranslational modification of Hsp90 is acetylation.
Acetylation of Hsp90 reduces its ability to chaperone client proteins, resulting in client
destabilization and degradation [96, 187-189]. Histone deacetylase (HDAC) inhibitors
increase the acetylation of Hsp90, thereby decreasing the function of Hsp90 and
destabilizing clients. Furthermore, HDAC inhibitors are in numerous cancer clinical
trials and have demonstrated synergy with many first line therapies used in cancer

treatment [190].

HDACSG, a predominantly cytosolic HDAC, plays the major role in removing acetyl
groups from cytosolic Hsp90 [191]. Understanding the role of HDAC6 in FGFR3
stability, as well as the potential for HDAC inhibitors to modulate FGFRS3 stability, is a
question of both molecular and therapeutic relevance. Studies to test the role of HDAC6
function in FGFR3 stability would ideally be performed in bladder cancer cell lines
testing the association of HDAC6 with the FGFR3/Hsp90 complexes, the consequence of
HDACG6 knockdown on FGFR3 stability, and the ability of HDAC inhibitors to

destabilize FGFR3 protein levels and thus signaling output.

The therapeutic relevance of this topic extends beyond the potential therapeutic
application of HDAC inhibitors in the treatment of FGFR3-related diseases. It may also

provide a molecular rationale for the long-observed cancer preventative properties of
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broccoli consumption. Consumption of broccoli is strongly associated with a reduced
risk for developing of some types of cancer including bladder cancer [192-195]. A
naturally occurring HDAC inhibitor found in broccoli, sulforaphane, has demonstrated
effectiveness in inhibiting HDACG6 function and in inducing destabilization of Hsp90
clients [196-198]. Understanding what role HDACG6 plays in FGFR3 stability may
provide a molecular rationale for the decreased prevalence of bladder cancer in broccoli
consumers. These studies could lead to clinical trials of HDAC inhibitors not only for the

treatment of bladder cancer, but more importantly for its prevention.

3.3 Summary

In conclusion, the kinase domain of FGFR3 is uniquely dependent on its interaction
with Hsp90 chaperone complexes for proper stability. This information provides new
insight into the unique requirement of Hsp90 for FGFR3 signal transduction and implies
that FGFR3 signaling is influenced by the signals that regulate Hsp90 function. Future
work will further elucidate the significance of this interaction in FGFR3 biology and
disease, and may lead to future therapeutic methods to manipulate FGFR3 mediated

processes in skeletal growth and cancer.
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APPENDIX

PRELIMINARY TEST OF HSP90 CHAPERONE COMPLEX MODULATION IN

PRE-CLINICAL MODELS OF ACHONDROPLASIA

A.1 Abstract

Fibroblast Growth Factor Receptor 3 (FGFR3) is an important regulator of linear bone
growth and a number of activating mutations in FGFR3 give rise to skeletal diseases. In
Chapter 2, | reported that FGFR3 is a strong Hsp90 client and that therapeutically
relevant Hsp90 inhibitors can reduce the stability and thus function of FGFR3 in tissue
culture. Here | perform some preliminary experiments to test the ability of Hsp90
inhibitors to modulate linear bone growth in pre-clinical models. 1 found no significant
increase in linear bone growth from the Hsp90 inhibitor 17-AAG in ex-vivo organ
cultures or in a pilot trial of 17-AAG injection in CA-FGFR3 mice. A genetic cross of
our CA-FGFR3 mouse with a mouse overexpressing the E3-ubiquitin ligase CHIP, which
should destabilize strong Hsp90 clients such as FGFR3, showed no significant increase in
linear bone growth. Further research is needed to determine if modulation of Hsp90

chaperone complexes could be an effective therapy for FGFR3 mediated skeletal disease.

A.2 Introduction

Gain-of-function mutations in the receptor tyrosine kinase FGFR3 give rise to a series
of dominantly inherited skeletal diseases uniformly characterized by a reduction in linear

bone growth [2]. The most common of these diseases is achondroplasia, which results
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from a mutation in the transmembrane of FGFR3 (G380R) [13]. Studies have suggested
several different mechanisms by which the G380R mutation results in increased
activation including an increase in the propensity of the receptor to dimerize, increased
stability of the receptor and increased transphosphorylation capacity [42, 43, 199]. In
addition to skeletal diseases, somatic activating mutations of FGFR3 have also been
found in cancer where they promote proliferation and survival [3]. However, the
targeting agents designed to counteract the activity of FGFR3 in cancer have not

successfully been translated to the treatment of achondroplasia.

Before the genetic lesion causing achondroplasia was identified, several therapeutic
approaches were exploited to increase growth [60]. Subcutaneous injections with growth
hormone were found to increase height, however the effectiveness was minimal and
responsiveness wears off over the span of a few years [200]. Limb lengthening surgical
procedures have been used to increase height over time, but this procedure has a number
of complications including a significant risk for infection [201]. While limb lengthening
may increase height, it does not improve other manifestations of achondroplasia
including spinal stenosis or respiratory problems [60, 67]. An effective therapy to

normalize bone growth in achondroplasia has yet to be identified.

The preclinical systems used to test the effectiveness of treatments for achondroplasia
rely primarily on mouse models and organ cultures of bones. Several different mouse
models have been generated to mimic the achondroplastic phenotype [202]. Our lab uses

a mouse model that expresses a knock-in of the point mutation that causes thanatophoric
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dysplasia type Il (K650E, CA-FGFR3) [203]. Thanatophoric dysplasia is more severe
(embryonic lethal) than achondroplasia and is caused by a point mutation in the kinase
domain that constitutively activates FGFR3 to a stronger degree than the transmembrane
achondroplasia mutation [204]. This mouse serves as a model for the less severe disease
of achondroplasia because the knock-in CA-FGFR3 mRNA levels are reduced due to the
placement of the Neo selection cassette, thus permitting a viable phenotype similar to that
of an achondroplasia (G380R) transgenic mouse [203]. The benefit of using this mouse
is that while the kinase activity is increased to a greater degree it is likely done so from a
lower amount of protein (due to lower mRNA expression levels) than the achondroplasia
mouse, thus increasing the probability of observing a change when protein stability is

therapeutically targeted.

Recently | discovered that FGFR3 is a strong client of the chaperone Hsp90 and
requires Hsp90 function for proper stability and function (Chapter 2). Inhibiting Hsp90
chaperone function using small molecule inhibitors such as 17-AAG reduces the stability
and signaling capacity of FGFR3 thereby suggesting that targeting Hsp90 function may
be a valid approach for treating FGFR3 gain-of-function diseases. Indeed, Hsp90
function has been validated as a therapeutic drug target in several diseases including
cancer and neurodegenerative diseases [205]. FGFR3 mutated or over-expressing
cancers are strong candidates for Hsp90 inhibitor drug targeting. However, the
possibility of using Hsp90 inhibitors to treat skeletal disorders arising from identical
gain-of-function mutations remains an open question. The possibility exists that the same

altered responses of cancer cells to Hsp90 inhibitors may exist for cells expressing CA-
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FGFR3, thereby making them selectively more able to take up and respond to Hsp90
inhibitors. However, because achondroplasia is characterized by a reduction in linear
bone growth, using Hsp90 inhibitors to increase cellular proliferation is the opposite
biological response targeted by the inhibitor in cancer. Although Hsp90 can target
multiple pathways especially those promoting growth, we found that it was possible to
prevent FGF-mediated reductions in proliferation in a chondrocyte tissue culture model,
thereby suggesting it may be possible to use Hsp90 inhibitors to increase linear bone

growth in vivo (Chapter 2, Figure 2.5E and 2.S2F).

In addition to Hsp90 inhibitors, genetic overexpression and manipulation of Hsp90
complexes has been used to conceptually validate them as drug targets. In the laboratory
of Dr. Gen Sobue, mice were generated that ubiquitously overexpressed the E3-ubiquitin
ligase CHIP, which is responsible for inducing the ubiquitination and degradation of
Hsp90 client proteins [125]. These mice were then crossed with a pre-clinical model of
an aggregation-prone Hsp90 client (the androgen receptor with a polyglutamine repeat) in
a disease model of spinal and bulbar muscular atrophy (SMBA). Cross of the SMBA
mice with transgenic mice overexpressing CHIP slowed disease progression and
improved overall disease burden. The response to CHIP overexpression was similar to
that observed when they injected SMBA mice with 17-AAG [126]. In both cases, this
group demonstrated in vivo that 17-AAG treatment and CHIP overexpression induced the
degradation of the disease causing Hsp90 client and reduced the onset and severity of
disease. These results suggest that overexpression of CHIP in vivo may indicate the

responsiveness of diseases to Hsp90 inhibitors.
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Here | characterized several pre-clinical models recapitulating the ability of FGFR3 to
reduce linear bone growth and test the ability of the Hsp90 complex modulation to
reverse this growth. | characterized the ability of 17-AAG to prevent FGF induced
reductions in linear bone growth in ex vivo organ cultures as well as its ability to correct
reduced growth in organ cultures from our CA-FGFR3 mice (CA-FGFR3, K650E knock-
in) [203]. | also performed a pilot trial to characterize the measurable parameters of our
CA-FGFR3 mice and tested if injection with 17-AAG affected growth. Finally, I crossed
the CA-FGFR3 mice with a transgenic mouse overexpressing CHIP, to determine if
overexpression of CHIP can push FGFR3 towards a degradative fate and promote bone

growth in vivo.

A.3 Materials and Methods

Metatarsal and Tibia Culture- 17-AAG was purchased from InvivoGen, dissolved in
DMSO to a concentration of 50 mg/ml and stored at -20° C. Metatarsals and tibias were
dissected and cultured following the methods of Mukherjee et al. with slight modification
[206]. Briefly, E15.5 embryos were dissected out and placed in 1 x PBS containing 0.05
mg/ml gentamycin. Within 1 hour of fetal dissection, the three center metatarsals were
isolated from each embryo and placed in one well of a 24-well dish containing 0.5 ml of
metatarsal culture media which was composed of MEM Alpha+GlutaMAX-1 media
(GIBCO) supplemented with 0.05 mg/ml ascorbic acid, 0.05 mg/ml gentamycin, 1 mM
B-glycerophosphate and 0.2% Bovine Serum Albumin. The perichondrium was left

undisturbed. Post dissection, metatarsals were incubated at 37° C overnight before the
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media was replaced with 1 ml of experimental culture media (Day 0). Metatarsals were
imaged using a Nikon inverted microscope fitted with a Nikon digital camera. Tibias
were imaged using a Leica MZFLIII Fluorescent Stereoscope. All images were taken
with a snapshot of a stage micrometer (2 mm ruled to 0.01 mm) for digital pixel to length
conversion. Image J was used to digitally measure the bones in a series of two
measurements, one from the blunt end of the bone to the middle and the other from the
middle to the pronged edge. FGF2 and FGF18 were purchased from R&D and FGF18

was from Biovision. CNP was purchased from Calbiochem.

Pilot treatment of CA-FGFR3 mice with 17-AAG- CA-FGFR3 mice (thanatophoric
dysplasia type Il, K650E) were obtained from Chu-Xia Deng [203]. Genotyping was
performed on genomic DNA isolated from ear punched skin. Genotyping PCR was
performed using the following primers, which (due to intron 5 and 6 deletions) give a 500
base pair (bp) band for a wild-type allele and a 350 bp band for the knock-in allele:
5’GGCTCCTTATTGGACTCGC and 5’TCACTGCCTAGAATGGCTGTC. The PCR
was performed with USB HotStart-IT Taq Master Mix (2x) with the following PCR
conditions: 1. 98° C, 30 seconds 2. 98° C, 10 seconds 3.59° C, 30 seconds 4. 72° C, 30
seconds 5. Repeat steps 2-4, 35 times 6. 72° C, 10 minutes 7. 4° C, hold. Mice were
measured (tail length and weight) and treated three times a week via intraperitoneal
injection with 25 mg/kg of 17-AAG in DMSO from week 2 through week 8 of life. Mice
were anesthetized for X-rays using a cocktail provided by the Department of
Comparative Medicine at OHSU (7.5 mg ketamine, 1.5 mg xylazine 0.25 mg

acepromazine per ml of water). X-rays were taken on a Faxitron X-ray machine (40

74



volts, for 20 seconds) at 4, 6 and 8 weeks. X-rays were scanned and measured relative to

a ruler placed on the X-ray using Image J.

Genetic cross of TDII with actin-CHIP- The actin-CHIP BDF1 mice were obtained from
Gen Sobue [125]. Male homozygous actin-CHIP BDF1 mice were crossed with female
heterozygous CA-FGFR3 C57BL6 mice. Genotyping for the CHIP allele was determine
using the primers 5’CATCTCAGAAGAGGATCTGTG and
5’GGTCGAGGGATCTTCATAAG and PCR performed with USB HotStart-IT Taq
Master Mix (2x) with the following PCR conditions: 1. 94° C, 2 minutes 2. 94° C, 30
seconds 3. 60° C, 1 minute 4. 72° C, 1 minute 15 seconds 5. Repeat step 2-4, 35 times
6. 72° C, 10 minutes 7. 4° C, hold. To distinguish between homozygous and
heterozygous alleles for the CHIP allele, DNA was quantified using a Thermo Scientific
Nano Drop and diluted to 10 ng/ul and subjected to quantitative real-time PCR. The
following optimized primer set was used which primes a 153 base pair (bp) fragment
within ~ the coding region of the transgene for human  CHIP:
5’GGAGCAGGGCAATCGTCTG and 5’GCCAGGGCCTGCTCGTG. GAPDH was
used to normalize  the samples  with the following primers:
5’CCACCCAGAAGACTGTGGAT and 5’TTCAGCTCTGGGATGACCTT. Reactions
were carried out with a final volume of 25 ul of 1x IQ SYBR Green Supermix (Biorad)
with 40 ng DNA, 300 nM Primers. Primer efficiencies were calculated using serial
dilutions and linear regression, and were used to calculate the relative amount of DNA
compared to control samples using the Pfaffl method [207]. Tail lengths and weight were

measured every other week beginning at weaning, week 3 of age.
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A.4 Results

Ex vivo organ culture treatments with 17-AAG

Establishment of a dissection protocol. To determine the effect of Hsp90 inhibitors on
linear bone growth in ex vivo organ cultures, | established a dissection protocol for
metatarsals from wild-type C57BL6 mice based off the methods of Mukherjee et al.
[206]. Dissection of wild-type metatarsals revealed significant variability in growth due
to several dissection related factors which were normalized in future dissections. These
factors included the temperature and length of time of the dissection from the 15.5 day
embryo, the post-dissection quality of the perichondrium or the method used to remove it,
extraneous tissue or cells that influenced the culture media and drug concentrations and
trauma to the cartilaginous anlage during dissection. As illustrated in Figure A.1A, the
metatarsals exhibit a clear cartilaginous anlage which, over time, develops a hypertrophic
clearing yielding to ossification. While | found that the linear growth of the metatarsals
was consistent over time, | did not find the onset of appearance or expansion rate of the
ossification center to consistently correlate to days post dissection (data not shown). This
may have been related to the position of the three metatarsals in the foot. Therefore, all

measurements focused on linear growth.

Metatarsal and Tibia Cultures correlate FGFR3 genotype to phenotype. After
establishing a reproducible dissection protocol, | characterized the growth phenotypes of
metatarsal dissected from the CA-FGFR3 (K650E knock-in) achondroplasia mouse

model [203]. As illustrated in Figure A.1B, at dissection Day 0 the metatarsals had
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similar length, which increased linearly with time and in relationship to genotype. Linear
regression revealed that the growth rates correlated with genotype, with wild-type
metatarsals growing the fastest (73.4 um/day), and the heterozygous and homozygous
metatarsals growing slower (51.5 and 48.3 um/day, respectively). Unlike the length, the
widths of the metatarsals were significantly different from one another at Day 0, with

homozygous metatarsals significantly wider than wild-type (Figure A.1C).

In addition to metatarsals, | characterized the growth phenotype of tibias from the CA-
FGFR3 mice to maximize the yield from each embryo (6 metatarsals and 2 tibias per
embryo). Tibia culture protocols are similar to those of metatarsal cultures, and the tibias
adapted well to the established protocol. Tibias cultured at day 15.5 were at a more
advanced stage of development and had well-established ossification centers. Unlike the
metatarsals, tibias had significantly different lengths at Day O relative to their genotype
(Figure A.1D, y-intercept). Tibia cultures grew with a rate directly related to genotype
(wild-type 165, heterozygous 122, homozygous 94 pum/day), thus permitting distinction
between all three genotypes. Thus, tibia cultures represented a better model to study the
FGFR3 phenotype to genotype correlation. However, due to the yield of tibias (2 per
animal), using metatarsals gave more statistical power (6 per animal). Experiments were
initially performed with only the metatarsals, and later experiments were performed with

both.

Responsiveness of organ cultures to FGF requires heparin. Several studies have

published that addition of FGF to ex vivo organ cultures results in a reduction of linear
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growth through FGFRs, presumably FGFR3. | was not able to reproducibly observe a
reduction in growth after administration of FGFs as published in the protocol by
Mukherjee et al. [206]. While it seemed that increased concentrations of FGFs were
negatively impacting growth it was not dose responsive and highly variable (Figure
A.2A, left). Further reading suggested that others had used 10 pg/ml heparin with FGF
stimulation in metatarsals [31]. Addition of heparin reduced the FGF response variability
and produced dose responsive reductions in metatarsal linear growth to FGFs (Figure
A.2A). Interestingly, heparin alone caused an increase in linear growth (Figure A.2B). It
is likely that excess heparin may disrupt FGF signaling in the growth plate causing an
increase in linear growth. The lowest concentration of heparin tested was 10 pg/ml,
which facilitated consistent responses to FGFs and was used in future experiments. In
addition to FGF2, | found that FGF18, a more relevant FGF found in the growth plate,
reduced the linear growth of the metatarsals (Figure A.2C). It appeared to affect the
growth of the metatarsals more than that of FGF2, perhaps reflecting a higher affinity of
FGFR3 for this growth factor. This observation is consistent with reports in the literature
that FGF18 knockout and FGFR3 knockout have similar phenotypes, and thus are likely
responsible for the reduction in linear growth observed in these cultures [16, 23]. As a
positive control for the induction of linear bone growth above that of basal rates, | found
that the addition of CNP (no heparin) to both metatarsal and tibia cultures increased

linear bone growth (Figure A.2D, E).

Metatarsal cultures tolerate low nM levels of 17-AAG. Several dose curves were

performed to determine the optimal working dose of 17-AAG. Because inhibition of
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Hsp90 function can target multiple pathways, and because many of these pathways
promote growth, determining an appropriate dose is critical. Indeed, concentrations of
17-AAG at or above 100 nM caused a reduction or complete stop in metatarsals growth
(Figure A.2E). Unfortunately, due to unknown reasons, a significant variability in
response made it difficult to determine a precise concentration to use between 1 and 100
nM. While 25 nM or 50 nM caused no effect in one experiment it could be observed to
slightly negatively impact growth in other experiments. Further experiments were
proposed to refresh drug at lower does daily, however, this was highly toxic even at low
nM concentrations and an optimal dose for this type of experiment was not determined
(data not shown). Despite these unanswered possibilities, at no concentration of 17-AAG
did I observe a statistically significant increase in linear growth compared to the DMSO

control when added to basally growing metatarsals.

25 nM 17-AAG does not prevent FGF induced reductions in linear bone growth. To
determine if 17-AAG was able to prevent an FGF induced reduction in linear growth,
metatarsals were allowed to recover overnight from their dissection and then treated with
media containing 17-AAG and FGF2/heparin. 17-AAG was unable to prevent an FGF2
induced reduction in linear bone growth (Figure A.3A). Likewise, pre-treatment with 17-
AAG for 24 hours before the addition of FGF2/heparin did not prevent a FGF2 reduction

in growth (Figure A.3B).

17-AAG does not rescue TDII metatarsal or tibia growth. To determine if 17-AGG

was able to increase growth in metatarsals from mice expressing CA-FGFR3, metatarsals
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were treated with 25 uM 17-AAG over the course of the culture. 17-AAG appeared to
slightly decreased wild-type metatarsal growth but did not effect CA-FGFR3 metatarsal
growth (Figure A.3C). Similar results were seen for tibia cultures (Figure A.3D). This
observation may indicate that CA-FGFR3 induces altered responses to Hsp90 inhibitors.

Further research is needed to determine the significance of this observation.

Establishing experimental parameters in a pilot trial of 17-AAG in CA-FGFR3 mice

A preliminary study was performed to estimate the technical parameters needed to
conduct a thorough investigation of the effect of 17-AAG treatment in the CA-FGFR3
mice. This pilot study was based on a similar study performed by Waza et al. [126]. The
goal of this pilot trial was to gauge the technical feasibility and cost of performing a
larger trial, to determine the best phenotypes to measure and their statistical variability,

and to determine an appropriate dosing scheme.

Rationale of initial dosing scheme. We modeled our dosage scheme to target FGFR3
in the growth plate as was performed previously by Waza et al. to target the androgen
receptor in the central nervous system [126]. Because 17-AAG was able to target the
androgen receptor in the central and peripheral nervous system, which has reduced
absorbance of 17-AAG due to the poor ability of 17-AAG to traverse the blood-brain
barrier [208], and because there were no apparent side effects on the growth of these
animals, we choose to similarly treat our achondroplastic mice with three weekly

intraperitoneal injections of 25 mg/kg.

80



Phenotype genotype correlations and observations. Although the experiments were
performed blinded with respect to genotype, phenotypes became apparent as the mice
grew preventing true blinding (Figure A.4A). X-rays permitted clear visualization and
measurement of tibia and femur lengths which correlated with genotype (Figure A.4B).
It was observed that the homozygous mice were hypersensitive to the anesthesia and
several did not recover. Wild-type and heterozygous mice had similar weights which
increased rapidly once weaned, while the homozygous mice were significantly smaller
and had a reduction in weight after weaning, suggesting that they had difficulty
transitioning to hard food despite the fact that all mice were placed on wet food post
weaning (Figure A.4C). Tail length accurately reflected genotype and was used as the
primary experimental parameter (Figure A.4D). When whole litters were compared to
each other variations in litter size significantly affected offspring size early on but this
effect disappeared quickly, especially after weaning (data not shown). This observation
may be of significance for future experiments attempting to dose offspring as litter size
may effect competition for food, growth, or dose of medication depending on delivery

method.

TDII mice were not responsive to 25 mg/kg 17-AAG. Analysis of genotype versus
treatment revealed no significant increase in tail length from treatments with 17-AAG
(Figure A.4E). To control for sex specific differences in growth, female mice, for which
we had a larger number of animals, also did not show any change with treatments (data
not shown). X-rays were measured and analyzed for femur length but did not show a

statistically significant change in femur length upon treatment (data not shown).
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Genetic cross of the CA-FGFR3 and actin-CHIP mice

Others have reported that overexpression of CHIP can destabilize Hsp90 clients and
induce their ubiquitination and degradation [143]. Similar to that observed for other
Hsp90 clients, we observed that CHIP was able to interact with and destabilize FGFR3 in
tissue culture models (Chapter 2, Figure. 2.4). Some of our experiments suggested that
CA-FGFR3 was more sensitive to CHIP overexpression (Figure A.5A). The ability of
CHIP overexpression to destabilize Hsp90 clients has also been demonstrated in vivo by
crossing an Hsp90 client disease model (SMBA) to a transgenic mouse overexpressing
CHIP [125]. In this mouse CHIP is overexpressed from an actin promoter leading to
significant expression of CHIP in all tissues tested. This approach theoretically
eliminates most problems arising from a pharmaceutical approach such as finding an
appropriate dose of the drug, cellular uptake of the drug, metabolic breakdown of the
drug, cellular absorbance of the drug or drug reaching target tissues. Because our
previous pre-clinical models were confounded with determination of the appropriate dose
of 17-AAG without causing toxicity, we crossed our mouse model of achondroplasia

with that of the mouse line overexpressing actin-CHIP.

Establishment and observations of the actin-CHIP line. The actin-CHIP transgenic
mouse line was kindly provided to us by Dr. Gen Sobue and was reestablished at the
OHSU Transgenic Core using embryos at the two cell stage. Although no overt

phenotype was previously reported, it was clear that the actin-CHIP mice were different
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than wild-type BDF1 mice. Homozygous mice had large ears with a prominent ridge
extending horizontally across the back of the ear. Male actin-CHIP mice aged differently
than the parental line and became mottled grey on their back with increased age. It was
also noted that the offspring of the mixed background cross were prone to lethally
aggressive fighting in the males, significantly more than that observed in the BDF1 or

C57BL6 lines.

Rationale and observations for crosses. We modeled our experimental crosses after
that done by Adachi et al. [125]. In this publication they crossed their disease mouse
model, which was on a C57BL6 background, to the actin-CHIP BDFL1 transgenic line.
Similar to their design, we crossed our TDIlI C57BL6 mice with the actin-CHIP BDF1

(Figure A.5B)

Actin-CHIP does not rescue the TDII phenotype. To determine if overexpression of
CHIP rescues the CA-FGFR3 phenotype, | crossed homozygous actin-CHIP BDF1 mice
to heterozygous CA-FGFR3 C57BL6 mice to produce offspring that contained one copy
of the actin-CHIP allele in the presence or absence of a CA-FGFR3 allele (depicted in
Figure A.5B). These crosses generated 89 mice with roughly the expected Mendelian
ratios (Figure 5C). Tail lengths and weight were monitored weekly. Analysis of female
tail length revealed no significant change in the rate of growth for the CA-FGFR3 mice

containing an actin-CHIP allele (Figure A.5D).
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A.5 Discussion

This appendix outlined some preliminary experiments to gauge the therapeutic
potential of modulating Hsp90 complexes to alter FGFR3 mediated reductions in linear
bone growth in vivo. In contrast to our observations in tissue culture models where 17-
AAG treatment could alter proliferation in response to FGFs (Chapter 2 Figure 2.5E and
2.S2F), I was unable to demonstrate that treatment with 17-AAG or CHIP overexpression
was able to increase bone growth in these models. The lack of response in these
preliminary experiments may reflect a number of possibilities including fundamental
molecular differences between these models, technical and statistical barriers to

determine the optimal dose or to detect change in vivo, or dosing scheme of 17-AAG.

An important difference between the tissue culture and in vivo models is that both of
the tissue culture lines previously tested (RCS and Hela) were not only immortalized but
also transformed. Because Hsp90 function is closely integrated with several aspects of
cellular physiology that may be altered in transformed cells including metabolism and
stress, its function in transformed cells may be more active and constant and thus
rendering more easily inhibited and observed. Others have documented that the activity
of Hsp90 in cancer is upregulated relative to non-transformed cells [132, 209]. This may
explain why the role of Hsp90 in FGF responses may be observable in our tissue culture
models rather than in non-transformed tissue. Additionally, cellular responses to 17-
AAG are facilitated by the enzyme NAD(P)H/quinone oxioreductase (NQO1) which

converts 17-AAG to a more potent dihydroquinone form [210, 211]. It is possible that
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non-transformed chondrocytes lack expression of this enzyme, in which case other Hsp90
inhibitors may be more effective in targeting Hsp90. Furthermore, if CA-FGFRS3 altered
the expression of this enzyme in chondrocytes it may explain the differential sensitivities
observed in the CA-FGFR3 organ cultures to 17-AAG (Figure A.3C, D). Future studies
should include an analysis of NQO1 expression levels in chondrocytes and/or examine

the ability of other Hsp90 inhibitors to affect chondrocyte growth.

In addition to the molecular differences in these models, there are major differences in
the technical and statistical experimental set-up and power. With the tissue culture
model, it was possible to plate tens of thousands of cells in 96-well dishes with many
replicates. The experiments could be performed in a matter of days and were easily
optimized for growth factor and drug concentrations. In contrast, dissection of
metatarsals and tibias was time consuming and inherently variable. Although this
variability was controlled for as much as possible, it was impossible to completely
remove thereby increasing the number of samples required to detect a significant change.
Therefore, small changes may exist but would have been undetectable due to this inherent

variability.

A serious limitation to these experiments is to find a dose of 17-AAG at which
FGFR3 is destabilized without negatively affecting other Hsp90 clients necessary for
promoting growth. Thus, lack of a response could be due to an inadequate concentration
of 17-AAG or too high of a concentration that inhibits growth. It is possible that no such

optimal concentration exists in vivo, due to the presence of stronger Hsp90 clients that
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promote growth of the growth plate. If the window of concentration is narrow, it is

unlikely that a treatment with an Hsp90 inhibitor could be dosed properly in humans.

To ask this question genetically and independent of the problems arising from
administration and dosing of 17-AAG, we performed a cross of the CA-FGFR3 line with
the transgenic actin-CHIP mice. This experiment was modeled after the work done by
Adachi et al., where a CHIP transgene dosage effect was observed to improve disease in
SMBA mice by reducing the protein levels of the disease causing Hsp90 client.
Although the rationale for CHIP to destabilize client protein levels in these two diseases
is similar, the natures of these two diseases are quite distinct. It is possible that the
results observed in the SMBA mouse models are due to a broader role of Hsp90 in the
pathology of polyglutamine related diseases, or in the stress response of cells to Hsp90
inhibitors [205]. Furthermore, the co-chaperone makeup is different for the client
proteins of these two diseases, in that FGFR3 is a kinase specific client which also
contains the co-chaperone Cdc37. Other studies in cancer models have shown that
inhibiting Hsp90 function is necessary to destabilize Hsp90 clients using CHIP
overexpression [101, 123]. Some of my preliminary data suggested that combining CHIP
overexpression with 17-AAG treatment synergized to destabilize CA-FGFR3, more so
than that observed for wild-type FGFR3 (Figure A.5A). Further work could answer this
possibility by crossing the CA-FGFR3 mouse with actin-CHIP in the presence and

absence of an Hsp90 inhibitor.
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Taken together, these results suggest that the use of Hsp90 inhibitors to treat
achondroplasia and other skeletal disease mediated by FGFR3 are unlikely to be
effective. However, the results shown here are preliminary and warrant further, more
rigorous, investigation. Some future investigations could include experiments with
optimized (less toxic, more potent) Hsp90 inhibitors, in utero treatment strategies or
combination of CHIP overexpression with Hsp90 inhibition. These studies have also
established the usefulness of CA-FGFR3 metatarsal and tibia cultures to recapitulate the

disease phenotype in vitro as a pre-clinical model for FGFR3 disease.
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