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Abstract
Bone metastasis frequently occurs in patients with advanced breast cancer, and leads to
widespread bone destruction. Aberrant activation of the PI3K and Ras-MAPK pathways
are consistently observed in high-grade metastatic breast cancers, making these pathways
attractive targets for therapeutic intervention. Complex signal crosstalk between these
pathways is implicated in cancer cell perpetuation; therefore, dual inhibition should
theoretically provide maximal targeting. The PI3K and MEK inhibitors, PX866 and
AZD6244 were employed to investigate the therapeutic potential in an in vivo model of
MDA-MB-231-EGFP/Luc2 human breast cancer osteolytic metastases. PI3K inhibition
did not directly affect bone-colonized cancer cells, however, it demonstrated an
attenuation of bone loss, whereas MEK inhibition resulted in a significant reduction of
both tumor growth and osteolysis. Simultaneous inhibition of PI3K and MEK resulted in
a reduction of tumor growth, but paradoxically exhibited an exacerbation of bone
damage. These findings suggest that MEK inhibition alone may be a valuable additional

treatment for breast cancer osteolytic metastasis.



Preface
It is apparent that cancer cells have developed sophisticated mechanisms to sustain
proliferative expansion and survival, even in the face of toxic stimuli. Therefore,
strategies that target the aberrant molecular machinery of cancer cells will be essential for
future therapeutics. Signal crosstalk in aberrantly activated signal transduction pathways
is a prime example of this. Furthermore, in order to investigate the therapeutic potential
of certain agents relevant to human malignancies, the specific micro-environment of the
primary or metastatic niche also needs to be taken into consideration. Therefore, this
study employed small-molecule inhibitors to target potential signal pathway crosstalk in
an in vivo model that recapitulates many of the processes in osteolytic breast cancer
metastasis. Systematic investigation into molecular mechanisms that govern cancer cell
fate, and the development of more accurate in vivo models will be essential for the

progression of effective treatment modalities.



Acknowledgements
This thesis would not have been possible without the guidance and support of several
individuals who have contributed in one form or another. First and foremost, | would like
to thank my supervisor Dr. Frank Jirik. His vast repository of knowledge and endless

assistance and direction was a prominent reason for my success.

I would also like to acknowledge all of my lab members, as they all contributed to this

work in one way or another. Everyone’s contribution was invaluable.

Dr. Helen Buie helped with much of the microCT work, and was an extreme asset to the

completion and success of this work.

I would also like to acknowledge Leona Barclay’s vast contribution in the sectioning and

staining of the majority of histology slides.

My committee members, Dr. Shirin Bonni and Dr. Steven Boyd also provided a
tremendous amount of influence and supportive guidance through the learning process of

this research.

Lastly, | would like to acknowledge the tremendous influence my family and friends
provided throughout. They all taught me to strive for nothing but perfection. | would
especially like to thank my parents and Laura Evans for their indispensable support that

motivated my passionate ambition for success.



Dedication
| would like to dedicate the work of this thesis to the memory of my grandmother
and grandfather, who passed away from breast cancer and pancreatic cancer, respectively.
Having experienced the detrimental power that cancer delivers has been a profound

influence in my desire to uncover effective strategies for therapeutic opportunities.

They will be forever missed, but never forgotten.



Table of Contents

N o1 = Tod PP SRR I
PIETACE. ..ttt bbb r s iii
ACKNOWIEAGEMENTS ... bbbt 1\
TabIe OF CONENTS .....oviiiiiiciee et bbb Vi
List of Figures and HIUSEratioNS ..........ooiiiiiiiiiiee e IX
List of Symbols, Abbreviations and Nomenclature.............ccccvevveeiiene e, Xi
EPIGIAPN ...t Xiv
CHAPTER ONE: INTRODUCTION ...ttt 1
1.1 BIAST CANCET ...ttt ebb et e e b e ne e 1
1.1.1 Breast CANCEr SUDTYPES .......cviiieieeiesiee e etestee e ete e e et e e eesraenne e 1
1.2 Breast cancer DONE MELASTASIS. .......verurrirreeieiie e sie ettt enes 4
1.2.1 Current therapies for osteolytic MetastasiS..........ccccvevveveiiiereere e, 6
1.3 Bone remodelling in normal and cancer Cells..........ccoviiiiiiiieee, 7
1.3.1 OSTEOCIASES ...ttt et et 7
R T @51 (=T o] - ] USSR 9
1.4 The “vicious cycle’ of bone Metastasis .........cuervveererriiieniiniie e 11
1.5 Signaling pathways implicated in breast cancer bone metastasis.............cccccveeveeen. 13
1.5.1 The phosphatidylinositol 3-kinase (PI3K) pathway ...........ccccccevvviiviicivennenne. 13
1.5.1.1 PI3K signaling in (Dreast) CanCer..........c.cuoueieieienieiesi e 13
1.5.2 The Ras-MAPK PatiWay .........cccciiiiiiiiiiiiiic e 16
1.5.2.1 Ras-MAPK signaling in (breast) CanCer ..........cccoceeereneneneniseeieeen 16
1.5.3 PI3K and Ras pathway crosstalk and survival mechanisms..............c.ccccco.... 19
1.6 Small-molecule inhibitors in pre-clinical and clinical use.............c.ccocoovviiiiennnn. 22
1.6.1 Small-molecule PI3K inhibitor: PX866 .............ccoovmiieiiereiiiiieicseseeeeiene,s 23
1.6.2 Small-molecule MEK inhibitor: AZDB244...........c.coovooevieeieieee e 25
1.7 TRESIS OVEIVIBW ..ottt sttt sttt eb e es 27
1.7.1 Pre-clinical in vivo model of breast cancer bone metastasis .............cccocveuenee. 28
1.7.2 Intracardiac injection and xenogen bioluminescence imaging..............cc...... 28
1.7.3 Evaluation of bone integrity using LCT .......ccovvviiiieiiniiiieeee e 30
1.7.4 HYpOthesis and @iMS..........ccviiiiieiieie et 32
1.7.4.1 MaIN NYPOLNESIS .....oviiiiiiiiiiciee e 32

1.7.4.2 AIM 1: Investigate the effects of PI3K inhibition on MDA-MB-231
cells in vitro and on established bone metastases in vivo ....................... 32

1.7.4.3 AIM 2: Investigate the effects of MEK inhibition on MDA-MB-231
cells in vitro and on established bone metastases in vivo ..............c........ 33

1.7.4.4 AIM 3: Investigate the effects of simultaneous PI3K and MEK
inhibition on MDA-MB-231 cells in vitro and on established bone

MELASLASES 1N VIVO...eoueiiiiiiiiieiiie ettt 34

1.7.4.5 AIM 4: Investigate the effects of PI3K and/or MEK inhibition in
normal healthy MICe.........ccooii i 35
CHAPTER TWO: MATERIALS AND METHODS .......ccoooiiiie e 36
2.1 Cll CUIUIE ... e 36
P 1] 1 oY (o] £SO SSSS PRSI 36



2.3 Cell VIADTIILY @SSAY ....ve.veveiiieiieiieieste sttt bbbt 37

2.4 Cell CYCIE @NAIYSIS ....ecvveieec et sneas 37
2.5 Annexin V-FITC/propidium iodide apoptoSIS @SSAY ......c.ecvereereererremreeseesienenseens 38
2.6 Luminex CYtOKIiNe SECIELION @SSAY .......ccveverreeireerieseesieesresseesieessesseesseesesseesseseessens 39
2.7 Preparation of protein lysates and western BIOtS ...........cooviiiineninieeee, 39
2.8 IMHICE ..ttt bbbt bbbt 41
2.9 Experimental bone metastasis Model............ccoooviiiiiiiiii e, 41
2.10 Drug adminiStrAtiON .........cceiieiieiiieiie et re e reesae e nneas 42
2.10.1 7-Day treatment of established bone metastases with PX866 and/or
AZDB2AA ...t e 42
2.10.2 3-Day treatment of late-stage metastases with AZD6244 .............ccccocuene.e. 42
2.10.3 14-Day treatment of normal mice with PX866 and/or AZD6244.................. 43
2.11 Harvesting MOUSE TISSUES ......c.verueruerieriesiisieeieeieie sttt ss bbb 43
2.12 Bioluminescence iIMAGING .......ccviiueiieiieeieieeie e s e ste et ese e e sre e s e e sreeeesreas 43
2.12.1 7-Day treatment study bioluminescence iMmaging .........ccocevvrererenieeieeniene. 44
2.12.2 3-Day treatment study bioluminescence imaging (late-stage knee
IMETASTASES) ...ttt ettt sttt e et bbbt 44
2 1 T T G LSRR PRSPPI 44
2.13.1 MOUSE tUMOF STUAIES. .. .eveeiieiiesieesieeiesiee e ree ettt e et sreenne e 45
2.13.2 NOrmal MOUSE STUAY .....ccveeiiiieiieecie ettt nae e 45
2.14 IMMUNONISTOCNEMISIIY ... 45
2.14. 1 Tri-ChrOmME SEAIN ..oviieiieiicieee e et 46
N A I o Y o - USSR 46
2.14.3 TUNEL SEAIN ©.cuviiiiiiieiiesic ettt sttt 46
2.15 StatiStiCal @NAIYSIS.......oiiiieieieiee e 47

CHAPTER THREE: THE EFFECT OF PI3K AND/OR MEK INHIBITION USING
SMALL-MOLECULE INHIBITORS ON MDA-MB-231 BONE

IMETASTASES ...ttt bbb ne e ens 48

3.1 Confirmation of PI3K and MEK inhibition with PX866 and AZD6244 in vitro....48

3.1.1 Examination of PI3K and Ras signaling pathway crosstalk in vitro............... 50

3.2 The effect of PX866 and/or AZD6244 on MDA-MB-231 cells in vitro................. 52

3.2.1 Cell VIADITILY ..o 52

3.2.2 Cell CYCle @NAIYSIS ......ovieieieieieeee e 53

3.3 Cell apoptosis aNd NECIOSIS.......ccveiiiiiieiiieiecie ettt re e ereas 53

3.4 MDA-MB-231 cytokine and chemokine cell secretion in Vitro ...........cccccevvevenen. 58
3.4.1 PI3K and/or MEK inhibition effects on MDA-MB-231 cytokine secretion

1 Y oSSR 58

3.5 The effect of PX866 and AZD6244 on established bone metastasis....................... 60

3.5.1 Treatment efficacy as assessed by tumor bioluminescence ...........c.ccocevvenene. 61

3.5.2 Micro-computed tomography assessment of bone integrity ..........ccccccvevnenee. 64

3.5.2.1 Trabecular separation as a more sensitive parameter of bone
MICTOAICNITECTIUIE ... e 67
3.5.3 TRAP staining to quantify osteoclasts in bone metastases .............ccccceevvenenn. 70
3.6 Histology of PX866 and/or AZD6244 treated mice with established bone
MELASTASES ..ottt e s e e s e e e e e 71
3.7 Sensitivity of nutrient-deprived MDA-MB-231 cells to MEK inhibition ............... 74

vii



3.7.1 Cultured MDA-MB-231 cell sensitivity in low serum conditions to MEK

INNIDITION ...t re e 74
3.7.2 Short treatment regimen of AZD6244 MEK inhibition on late-stage bone
(1015] £ 2 L PSPPSR OPPR PR 78
3.8 DISCUSSION ...ttt ettt sttt e s b e et e e st e e e te e s aeeesbeeabeeenteesreeabaeareeas 81
3.8.1 Potential mechanism of action of PX866 and AZD6244 on bone
METASTASES ...vteieitee ettt ettt e et e st e e e b e e et e ne e 81
3.8.2 MDA-MB-231 sensitivity to MEK inhibition following nutrient-
AEPIIVALION ...ttt 85
3.9 FULUIE TIFECLIONS ..ttt sttt et e s re e te e e e s ra e aeeneenneas 87
3.9.1 Establishing more effective therapeutic avenues for breast cancer
MELASTASIS ... vveveeve ettt ettt e et et e et e st e e aeeseesreesreaneesreebeeneenreas 87

CHAPTER FOUR: THE EFFECT OF PI3K AND/OR MEK INHIBITION USING
SMALL-MOLECULE INHIBITORS IN NORMAL BONE DEVELOPMENT ....92

g I Lo oo [0 Tox 1 o o PSR 92
4.1.1 Endochondral versus intramembranous 0ssification ............cc.ccoevvviivnieiinnnnn 92
4.1.2 Effects of PI3K and MEK inhibition on normal bone development............... 94
A2 RESUIES. ...ttt bbbt 95
4.2.1 pCT assessment of PX866 and/or AZD6244 administration in normal

1] o OSSOSO TTPRPRURPRIN 95

4.2.2 Histological examination of PX866 and/or AZD6244 administration in
NOFMAL MICE ..ttt sttt 100
4.3 DISCUSSTON ...teutetieiteeteeteesteeteesee st e e e e st e sbe e s e sseesteeseesre e beeseesseesseenteareenseenseanennreas 102
4.4 FULUIE AITECTIONS ...ttt sttt 104
CHAPTER FIVE: DISCUSSION........ccotiiiiiieiee ettt 106
5.1 Implications, translational relevance and future directions ...............ccceevevveivenenn, 106
5.2 ConClUdiNg rEMAIKS ......cc.oitiiiiiiieieee e 114
REFERENCES ..ottt sttt st ne e 116

viii



List of Figures and Illustrations

Figure 1-1. Breast cancer subtypes based on molecular classifications. ...........c.cc.ccocee.... 2
Figure 1-2. Normal bone remodelling. ........cccveviiieiiiiicccece e 8
Figure 1-3. The ‘vicious cycle’ of bone metastasis. .........c.ccoereriririieiienenene e 12
Figure 1-4. The phosphatidylinositol 3-kinase (PI3K) pathway..........c.cccccccvivveiviinsennnn. 14
Figure 1-5. The Ras-MAPK PatNWAY. .........cccoiiiiiiiiieiesceseeee s 18
Figure 1-6. Signaling crosstalk between Ras and PI3K pathways...........cccccccvevieieinenne. 20
Figure 1-7. Signal transduction pathway crosstalk survival mechanisms. ....................... 21
Figure 1-8. The PI3K inhibitor PX8B6. ...........cccveiuiiieiiciecieceese e 24
Figure 1-9. The MEK inhibitor AZDB244...........ccooiieiiiiieieeeeeee s 26
Figure 1-10. Intracardiac injection of MDA-MB-231-EGFP/Luc2 cells: an in vivo

model of breast cancer bone MEtaStaSIS. ........ccooererireriierieeee s 29
Figure 1-11. uCT as a measure of bone iNterity. .....cocvverererieriinienieriene e 31
Figure 3-1. Confirmation of PI3K and MEK inhibition with PX866 and AZD6244........ 49
Figure 3-2. PI3K and Ras signaling pathway crosstalk in MDA-MB-231 cells. ............. 51
Figure 3-3. Cell viability following PI3K and/or MEK inhibition. ...........ccccccvceiininnne. 54
Figure 3-4. Cell cycle analysis following PI3K and/or MEK inhibition. ........................ 55
Figure 3-5. Apoptosis/necrosis analysis following PI3K and/or MEK inhibition............ 57
Figure 3-6. Luminex analysis following PI3K and/or MEK inhibition............................ 59

Figure 3-7. The effect of PX866/AZD6244 on MDA-MB-231-EGFP/Luc2 bone
IMETASTASIS. ...ttt bbbt b bbbt 62

Figure 3-8. Knee tumor bioluminescence on day 21 post-1C with PX866 and/or
AZDB24A. ...ttt e 63

Figure 3-9. uCT bone parameter analysis of mice with established bone metastasis
treated with PX866 and/or AZDB244. ............cccoiveiiiiiiiie e 66

Figure 3-10. Trabecular separation analysis of mice with established bone metastasis
treated with PX866 and/or AZDB244. ..........ccoiviiieiiiieiieneee e s 68



Figure 3-11. Histogram distribution of trabecular separation of mice with established
bone metastasis treated with PX866 and/or AZD6244. ............ccccoeeveevveieciieinanenn, 69

Figure 3-12. TRAP+ osteoclast quantification in bone-colonized MDA-MB-231 cells.. 72
Figure 3-13. Histology of drug treated MDA-MB-231-EGFP/Luc2 knee metastases. .... 73

Figure 3-14. MDA-MB-231 sensitivity to MEK inhibition under low serum
CONAITIONS. ...ttt bbbttt 75

Figure 3-15.Caspase-3 cleavage to assess MDA-MB-231 sensitivity to AZD6244
during SEruUM dePIIVALION. ......ccveivieieeie et ra e 77

Figure 3-16. Short treatment regimen of MDA-MB-231 knee metastases with
AZDB2AA. ... bbbt 79

Figure 3-17. Histology of bone metastases after a 3 day treatment with AZD6244. ....... 80

Figure 3-18. Potential mechanism of action of PX866 and AZD6244 on bone

[1015] £ £ F S O P RPN 82
Figure 3-19. Bcl-2 and MEK inhibition as a potential therapeutic intervention. ............. 89
Figure 4-1. Endochondral and intramembranous 0SSification. ............cccoevvivierccnnenes 93

Figure 4-2. Bone quantification of normal mice treated with PX866 and/or AZD6244. . 96
Figure 4-3. uCT bone images of normal mice treated with PX866 and/or AZD6244. .... 97

Figure 4-4. Histogram distribution of trabecular separation of normal mice treated
With PX866 and/Or AZDB24A. ........c.oooeeieeeeeeee e ns 99

Figure 4-5. Histological examination of growth plates from normal mice treated with
PX8B66 OF AZDB24A. ...ttt e e e 101



List of Symbols, Abbreviations and Nomenclature

Symbol Definition
HCT Micro-computed tomography
Akt Acutely transforming retrovirus AKT8 in rodent T cell lymphoma
BLI Bioluminescence imaging
BMD Bone mineral density
BMP Bone morphometric protein
BS Bone surface
BSA Bovine serum albumin
BV Bone volume
CK17 Cytokeratin 17
CK5 Cytokeratin 5
ConnD Connectivity density
CSF-1 Colony stimulating factor-1
CTR Calcitonin receptor
CtTh Cortical thickness
DMEM Dulbeco's modified Eagle’s medium
EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor
EGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
ER Estrogen receptor
ERK Extraceullar-regulated kinase
EtOH Ethanol
FACS Fluorescent activated cell sorting
FBS Fetal bovine serum
FOXO Forkhead homeobox type O
G-CSF Granulocyte colony-stimulating factor
GDP Guanosine diphosphate
GNEF Guanine nucleotide exchange factor
GEP Gene expression profile
GM-CSF Granulocyte macrophage colony-stimulating factor
GPCR G-protein coupled receptor
GSK-3p Glycogen synthase kinase-3 beta
GTP Guanosine triphosphate
HA Hydroxyapatite
HER2 Human epidermal growth factor receptor-2

Xi



HRP

IGF-1
IHC
IL-8
IL-11
IP10
Luc2
MAPK
MCP-1
MEK
MMP9
mTOR
NF«B
OPG
PA
PBS
PCR
PDGF
PDK1

PGE;
PH
PI
PI3K

PIP,

PIP,

PLD
PR
PTEN

PTH
PTHrP
RANKL
RIPA
ROI
SDF1
SEM
SOS
SRE
TbN
ThSp
TbTh

Horseradish peroxidase
Intracardiac
Insulin-like growth factor-1

Immunohistochemistry

Interleukin-8

Interleukin-11

Interferon gamma-induced protein-10

Luciferase2

Mitogen activated protein Kinase
Monocytic chemotactic protein-1
Mitogen-activated protein kinase/extracellular signal-regulated kinase kinase
Matrix metalloproteinase 9
Mammalian target of rapamycin
Nuclear factor « B

Osteoprotegerin

Phosphatidic acid

Phosphate buffered saline
Polymerase chain reaction

Platelet derived growth factor
Phosphoinositide-dependent kinase-1

Prostaglandin E;

Pleckstrin homology (domain)
Propidium iodide
Phosphatidylinositol 3-kinase
Phosphotidylinositol 4,5-bisphosphate

Phosphotidylinositol 3,4,5-trisphosphate
Phospholipase D

Progesterone receptor
Phosphatase and tensin homolog deleted on chromosome 10
Parathyroid hormone

Parathyroid hormone related protein
Receptor activator of nuclear factor x B ligand
Radioimmunoprecipitation assay buffer
Region of interest

Stromal cell-derived factor 1

Standard error of the mean
Son-of-sevenless

Skeletal related event

Trabecular number

Trabecular separation

Trabecular thickness

xii



TGFa
TGFp
TN
TRAP
TRK
TSC1/2

TUNEL
TV
Wnt
ZFN

Transforming growth factor o
Transforming growth factor 8
Triple-negative

Tartrate resistant acid phosphatase
Tyrosine receptor kinase

Tuberous sclerosis complex protein 1/2

Terminal dUTP nick end-labeling
Total volume

Wingless int-1

Zinc finger nuclease

Xiii



Epigraph
We shall not cease from exploration, and the end of all our exploring will be to arrive
where we started and know the place for the first time.

- T.S. Eliot
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Chapter One: Introduction

1.1 Breast cancer

Based on recent global statistics breast cancer is the most prevalent type of cancer in
females, accounting for 23% of total new cancer cases. Furthermore, breast cancer is the leading
cause of cancer related deaths in females worldwide at approximately 14%. In general, breast
cancer is more common to Western countries, such as Western/Northern Europe, Australia/New
Zealand, and North America, however, the incidence is increasing in less developed countries as

well, such as in Africa and Asia [1].

1.1.1 Breast cancer subtypes

Breast cancer is a heterogeneous disease, and can be categorised by a variety of different
methods, such as histological staining, clinical parameters and gene expression profiles. At least
18 different subtypes have been classified using histological methods [2]. More recently,
molecular profiling has generated at least 5 subtypes, including luminal A, luminal B, HER2
positive, basal-like and normal breast-like [3] (Figure 1-1). Luminal tumors arise in the cells that
line the ducts and glands and generally grow slower, whereas basal-like tumors arise in the deep
tissue of the ducts and glands and frequently grow much quicker [4]. These two subtypes
demonstrate a distinct pattern of immunohistochemical staining that correlates with luminal and
myoepithelial (basal) tissue origin. However, recently, strong evidence suggests that basal-like
tumors likely arise from luminal progenitors and not from basal stem cells [5]. This finding has
important implications, as the cell of origin of a tumor is crucial to understanding cancer

progression, and therefore holds valuable prognostic and therapeutic indications. Although



Luminal Her2 Overexpressing *Basal-like*

ER + ER +
PR +/- PR +/-
Her2 - Her2 +

More favorable P I .
prognosis OO0r overall prognosis

Figure 1-1. Breast cancer subtypes based on molecular classifications.

Breast cancer is a heterogeneous disease that can be classified into distinct subtypes, based on
molecular profiling. Luminal types of breast cancer are further sub-classified into types A and B,
with a key identifying feature of the absence or presence of the HER2/neu receptor, respectively.
Clinically, this type is associated with a much more favorable prognosis using conventional
therapeutic approaches, such as chemotherapy. As the name implies the HER2/neu
overexpressing type of breast cancer harbor an overexpression of the receptor, and generally lack
the ER and PR. This type is generally associated with a poor prognosis; however, there has been
some success in targeting the overexpressed Her2 receptor. Lastly, the basal-like subtype is
generally synonymous with a triple-negative profile that lacks hormonal receptors. This type is
also associated with a poor prognosis, and also relatively difficult to target therapeutically due to
the absence Her2, ER, and PR. Abbreviations: ER = estrogen receptor, PR = progesterone
receptor.



molecular subtyping of breast cancers [6-9] doesn’t entirely correlate with immunohistochemical
classifications [10-12], genetic profiling still provides strong evidence for the effective use of
therapeutic modalities and for determining patient prognosis. The major molecular distinctions
that were identified to characterize the different subtypes were dependent on the presence or
absence of hormone receptors, estrogen receptor (ER), progesterone receptor (PR) and the
human epidermal growth factor receptor-2 (HER2/neu), in addition to other biomarkers, such as
cytokeratin epithelial markers and Ki67 as a measure of mitotic index [11].

The luminal A subtype is considered the most common, accounting for 50-60% of total
cases, and is generally characterized by the expression of the ER, variable expression of the PR,
and absence of the HER2/neu receptor. Additionally, luminal A subtypes demonstrate low
proliferation, based on Ki67 mitotic index, and low histological grade. The luminal B subtype
accounts for 10-20% of cases, and similarly express the ER and PR, but also frequently express
the Her2/neu and the epidermal growth factor receptor (EGFR). This subtype also demonstrates a
more aggressive phenotype and higher mitotic index than the luminal A subtype [13], however
there has been some clinical success in targeting the estrogen receptor with tamoxifen [14].

As the name implies the HER2/neu subtype demonstrates an overexpression of the HER2
receptor, and generally lacks the expression of ER and PR. HER2 tumors are also characterized
by high proliferation, high histological grade and generally a poor overall prognosis. However,
there has been substantial success in the last decade with the use of anti-Her2 treatments to target
the amplified receptor, both in the initial stage and late metastatic disease [13, 15, 16].

Basal-like subtypes of breast cancer represent 10-20% of all cases and, as the name
implies, express genes present in normal breast myoepithelial cells, such as cytokeratins CK5
and CK17 and EGFR. An additional major characteristic is the absence of receptors present in

3



other subtypes (ER, PR, and HER2/neu), and therefore basal-like cancers are generally referred
to as the “triple-negative” (TN) subtype [13]. The absence of these receptors is a major reason
for the difficulty in targeting basal-like triple negative breast cancers. The primary form of
therapeutic intervention involves chemotherapy, and although relatively sensitive due to the
inherently high mitotic index [17], early metastatic relapse is a frequent occurrence when
compared to non-triple-negative breast cancers [18]. Basal-like triple-negative breast cancers
have a high frequency of p53 mutations [19], which may be one explanation for their apparent
aggressiveness and lack of response to standard treatment modalities. The MDA-MB-231 breast
cancer cell line used in our investigations is of the basal-like triple-negative subtype, based on
the absence of hormonal receptors, as well as presence of other markers, such as elevated EGFR
expression and a high Ki67 mitotic index. Additionally, the MDA-MB-231 cell-line harbors a

p53 mutation, and also demonstrates considerable invasive and metastatic capacity.

1.2 Breast cancer bone metastasis

It is increasingly evident that certain types of cancers are associated with a distinct
metastatic profile that is representative of an elevated propensity to colonize distant sites in the
body. These characteristics result in various cellular programs that permit intravasation, survival
in the blood stream, and eventual colonization and growth in specific micro-environments. Thus,
breast cancer is frequently observed to metastasize to distinct distant organs, such as the bone,
lung, liver and brain [20, 21]. Interestingly, there is now ample evidence implicating the
expression of several chemokine receptors, such as CXCR3, CXCR4, CCR4, CCR5, and CCR7
with organ-specific metastasis [22]. For example, high levels of CXCR4 are highly implicated in

the effective homing of breast cancer cells to the SDF-1 producing bone microenvironment, and
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survival of cancer cells in the bone-marrow [23]. Bone is the most frequent site of metastatic
colonization in advanced breast cancer, occurring in up to 70% of patients [24]. Despite recent
advances in screening, a significant proportion of women initially present with advanced breast
cancer. Associated micrometastases, especially within the bone often initially go undetected [25],
owing to the unique characteristics of that microenvironment. Once tumors metastasize to bone
they are usually incurable, with only 20% of breast cancer patients remaining alive at 5 years
following detection [24, 26].

The consequences of developing bone metastasis are devastating, including severe pain,
hypercalcemia, pathological fractures, as well as nerve and spinal cord compression syndromes
[27]. There are a number of reasons for bone being a frequent site of metastasis, including the
permissive nature of the fenestrated structure of bone marrow sinusoid capillaries, allowing
cancer cell infiltration [21]. Also the highly mineralized and growth factor rich bone
microenvironment is an ideal site for tumor growth and survival. In fact, insulin-like growth
factors (IGFs), transforming growth factor p (TGFp), fibroblast growth factors (FGFs), platelet-
derived growth factors (PDGFs), and bone morphogenetic proteins (BMPs) present within the
bone matrix are able to promote the growth of bone-colonized cancer cells [28].

In order to effectively investigate specific types of primary cancers, or their associated
metastases, it is necessary to include the contextual cues of the accompanying
microenvironment. This is becoming increasingly achievable with the development of mouse
models that more closely recapitulate human disease. In fact, a comparison of established breast
cancer cell lines, such as the widely used MDA-MB-231 cells and primary tumors taken from
human patients, have demonstrated a similar poor-prognosis transcriptional signature, as well as
a distinct organ-specific metastatic potential [29].
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1.2.1 Current therapies for osteolytic metastasis

Skeletal metastases demonstrate a difficult target for therapeutic intervention, owing to
the complex nature of the bone microenvironment and the associated relationship that tumors
cells establish with resident bone cells. Currently, treatment options are limited and are palliative
at best.

Presently, management options include analgesia, radiation therapy, surgery and systemic
therapy. Analgesia simply represents a form of pain control in an attempt to reduce poor quality
of life resulting from tumor-induced skeletal-related events [30]. Similarly, radiation therapy and
surgery are primarily used as a palliation for painful bone metastasis, for example, to reduce
osteolysis and prevent pathological fractures, respectively, while controlling tumor burden to
some degree [25, 30]. Systemic therapy includes conventional cytotoxic chemotherapy, as well
as administration of bisphosphonates. The latter treatment represents a specific anti-resorptive
strategy owing to their propensity to be absorbed into the inorganic matrix of bone. The drug is
subsequently internalized by activated osteoclasts, whose function they inhibit [31]. Within the
context of bone metastasis, bisphosphonates represent a treatment that targets an important
subset of the stromal cell population, thereby reducing the production of local growth factors that
effectively promote the growth of the tumor [32]. Zoledronic acid (Zoledronate) is a relatively
effective bisphosphonate that has been shown to delay the onset of first skeletal related events
(SREs), as well as an ability to reduce the total number of SREs in patients with bone metastases
[33-35]. However, this form of treatment is known to have toxic side effects, such as
nephrotoxicity, induction of hypocalcemia, and osteonecrosis of the jaw [34]. Furthermore,
breast cancer cells have demonstrated potent inhibition of bisphosphonate-induced osteoclast

apoptosis, ultimately rendering this treatment ineffective [36]. As the currently available
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treatments are primarily palliative and controversial with regard to their universal benefit, there
is a critical need for more effective therapeutic options that can target breast cancer cells within

the bone microenvironment.

1.3 Bone remodelling in normal and cancer cells

In healthy individuals, there is a fine homeostatic balance that is responsible for the
proper maintenance of bone architecture. Normal bone-remodeling is carried out by the
coordinated actions of bone-depositing osteoblasts, and bone-resorbing osteoclasts, in order to
sustain appropriate bone function and structural integrity (Figure 1-2). An imbalance between
the activities of these cells can lead to disproportionate bone formation, or bone loss, as seen in
osteopetrosis, or osteoporosis, respectively.

Osteolytic breast cancer metastasis leads to widespread bone destruction by effectively
altering normal bone remodelling such that it favors bone resorption by osteoclasts. This results
from sophisticated and complex autocrine and paracrine loops between cancer cells and resident
bone cells that lead to a mutual promotion of tumor growth and extensive bone destruction.
Tumor-stromal cell interactions thus constitute an important consideration that dictates cancer
cell fate and the efficacy of treatments. Therefore, it is essential that pre-clinical examination of
potential therapeutics targeting osteolytic metastasis be studied in tumors located within the bone

microenvironment.

1.3.1 Osteoclasts

Osteoclasts are tissue-specific cells derived from the differentiation of precursor

monocyte/macrophage cells. Pre-osteoclasts fuse together to form multi-nucleated, post-mitotic
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Figure 1-2. Normal bone remodelling.

Many cells within the bone microenvironment are responsible for regulating the homeostatic
balance between bone deposition and bone resorption. Osteoblasts are derived from
mesenchymal stem cells, which undergo terminal differentiation through the influence of
cytokines and growth factors, such as PTH and BMPs. Mature osteoblasts, in conjunction with
bone marrow stromal cells are critical for osteoclastogenesis through their expression of
RANKL, and CSF-1. Negative regulation of osteoclastogenesis is supplied by OPG, a decoy
receptor for RANKL. Osteoclasts are derived from monocytic precursors, and upon activation
and differentiation fuse together, becoming multinucleated. Mature osteoclasts that hold the
capacity to resorb bone express the markers TRAP, CTR, Cathepsin K, and the B3 integrin.
Abbreviations: PTH = Parathyroid Hormone, BMPs = bone morphogenetic proteins, RANKL =
receptor activator of nuclear factor « B ligand, CSF-1 = colony stimulating factor-1, OPG =
osteoprotegerin, TRAP = tartrate resistant acid phosphatase, CTR = calcitonin receptor.



mature osteoclasts [37]. Two hematopoietic factors are primarily required for this differentiation;
these include the TNF-related cytokine RANK ligand (RANKL), and the growth factor,
macrophage colony-stimulating factor (CSF-1 or M-CSF). Together, these factors induce the
expression of genes that generate the osteoclast lineage, including TRAP (tartrate resistant acid
phosphatase), cathepsin K, calcitonin receptor, and the avps integrin [38]. Other factors, such as
prostaglandin E, (PGE,) and parathyroid hormone related protein (PTHrP) can stimulate
osteoclastogenesis indirectly by inducing the expression of RANKL by osteoblasts. [37]. Factors
such as IL-8 [39] and IL-11 [40] can also induce osteoclast maturation directly.

Following the appropriate signals and stimulation, mature osteoclasts undergo internal
structural changes that prepare the cell to begin bone resorption, such as actin cytoskeletal
rearrangement and the formation of a sealed tight junction between the bone surface and the
basal membrane. It is now clear that the avB3 integrin is essential for osteoclast recognition of
bone and is a key mediator of the adhesive and resorptive function of osteoclasts [41]. Once
there is an interaction, the enclosed space between osteoclasts and the bone surface becomes
acidified through a vacuolar H* ATPase [42]. Osteoclasts then release cathepsin K into the
acidified region, which degrades type | collagen [43], and subsequently liberates other matrix-
associated factors. Interestingly, invasive breast cancer cell lines, including the MDA-MB-231
cells used in this study, also show high expression levels of avp3 integrin [44] and is likely
another explanation for the colonization preference to bone, and also the observed close

proximity of tumor and osteoclast cells in the bone microenvironment.

1.3.2 Osteoblasts

In contrast to osteoclasts, osteoblasts are derived directly from mesenchymal stem cells.
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Their differentiation from progenitor cells is primarily controlled by growth factors within the
bone microenvironment, including Wnts, BMPs, PTH [45, 46] and others. In fact, an approved
treatment for osteoporosis is the daily administration of PTH, however, enthusiasm for its use in
bone metastases is tempered by the observed increase incidence in osteosarcomas seen in rats
treated with PTH [32]. The differentiation of osteoblasts is less well understood than osteoclasts,
however, a critical transcription factor for this process is known to be Runx-2, as mice that lack
this gene do not develop bones [47]. It is also known that early precursors produce alkaline
phosphatase, and more differentiated osteoblasts produce osteocalcin and calcified bone matrix.
Interestingly, osteoclast differentiation and maturation is under the control of immature
osteoblasts through the expression of membrane-bound RANKL [48]. Intuitively, this is a logical
relationship, as coupling the opposing functions of bone formation and destruction generates
regulatory mechanisms that can support the structural requirements of bone, as well as the
physiological demands of the body, such as release of Ca?* into the blood stream.
Bone-colonized cancer cells are able to induce the expression of osteoblast RANKL
through the secretion of factors, such as PTHrP [27], which subsequently enhance
osteoclastogenesis. This is one approach that allows cancer cells to effectively tip the balance to
favor osteoclast activity within the bone, leading to widespread destruction. Interestingly, it has
also been reported that enhanced apoptosis of mature osteoblasts occurs following bone-
colonization of MDA-MB-435 breast cancer cells, and that conditioned media in vitro prevents
differentiation of pre-osteoblast cells with bone-depositing capacity [49]. These observations
demonstrate the important role of osteoblast cells in producing and maintaining a pro-osteolytic

imbalance. It also highlights the need for treatments that not only target bone-colonized cancer
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cells, but are also able to induce net bone formation by skewing the balance towards mature bone

depositing osteoblasts.

1.4 The ‘vicious cycle’ of bone metastasis

The ‘vicious cycle’ can be considered a multi-faceted relationship between cancer and
resident bone cells that leads to profound tumor expansion and an imbalance of normal bone
remodelling. This relationship can be presumed to begin with the specific recruitment, homing
and initial survival of cancer cells in the bone microenvironment, by mechanisms such as those
involving the SDF-1/CXCR4 axis [23], followed by tumor propagation. Once colonized, cancer
cells in the bone produce factors that directly or indirectly modulate the generation and/or
activity of osteoblasts, and osteoclasts (Figure 1-3). As previously mentioned, these factors, such
as PTHrP and PGE; can induce osteoblast expression of RANKL. Additionally, cancer cells can
secrete factors that directly induce the maturation of osteoclasts, such as CSF-1, granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-11 and IL-8 [50-52]. The increased
presence of bone resorbing osteoclasts is primarily responsible for the osteolytic lesions that
occur. Cancer cell secretion of factors, such as monocytic chemotactic protein-1 (MCP-1) or
interferon gamma-induced protein-10 (IP-10) is highly implicated in the recruitment of pre-
osteoclast monocyte precursor cells [53]. Once recruited to the bone, osteoclasts become
differentiated into mature cells with resorptive capacity. Furthermore, it has been demonstrated
that MDA-MB-231 cells exert potent and direct anti-apoptotic effects on mature osteoclasts [54],
thereby maximizing the destructive potential of the ‘vicious cycle.” Bone resorption, in turn,
releases latent growth factors from the bone matrix, such as PDGF, IGF-1 and 2, FGF-1 and 2,

BMPs and TGF- [32]. These factors, and particularly TGFp, further stimulate colonized breast
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Figure 1-3. The ‘vicious cycle’ of bone metastasis.

The presence of colonized breast cancer cells in the bone microenvironment results in an
imbalance of bone deposition and bone resorption, ultimately favoring the generation and
function of bone-resorbing osteoclasts. This can occur either indirectly through the secretion of
factors that induce osteoblast expression of RANKL, leading to osteoclastogenesis, or through
the secretion of factors that can act directly on monocytic osteoclast precursor cells. Once
activated, osteoclasts degrade the bone, releasing latent matrix factors, such as IGF-1 and TGFp,
that can act on cancer cells to promote their growth. Abbreviations: IGF-1 = insulin-like growth
factor-1, TGFp = transforming growth factor-beta.



cancer cells by directly promoting expansion, and indirectly, by inducing cancer cell secretion of
osteoclastogenic factors [55], thereby completing the ‘vicious cycle’ of bone metastases. The
establishment of this paracrine relationship generates a scenario where tumor growth progresses

concomitantly with bone destruction.

1.5 Signaling pathways implicated in breast cancer bone metastasis
1.5.1 The phosphatidylinositol 3-kinase (P13K) pathway

Class I PI3Ks are heterodimers, found in four isoforms, that are further divided into two
subclasses. Class IA (PI3K-a, PI3K-B, and PI3K-8) heterodimers consist of a catalytic subunit
p110 (a, B, 8) and regulatory subunit p85 (a or B) and are activated via receptor tyrosine kinases
(RTKSs). Class IB PI3Ks (PI3K-y) consist of a catalytic subunit p110 (y) that is associated with
one of two regulatory subunits, p101 and p84, that is activated through G-protein-coupled
receptors (GPCRs). PI3K functions to phosphorylate the phosphoinositide PIP, to PIP;. PIP;
propagates downstream intracellular signaling through the recruitment and direct binding of
various proteins containing pleckstrin-homology (PH) domains, such as PDK1 and AKT. The
phosphorylation and activation of AKT by PDK1 and the mTOR complex mTORC2 at
threonine308 and serine473, respectively, generates a cascade of downstream signaling that
affects growth and protein synthesis (mTOR/S6), cell survival (BAD), cell cycle progression

(FOXO0), glucose metabolism (GSK3), among others (Figure 1-4) [56].

1.5.1.1 PI3K signaling in (breast) cancer

Studies have established the central role for the PI3K signaling pathway in diverse cellular

functions such as metabolism, growth, survival, motility and cancer progression [56], and is
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Figure 1-4. The phosphatidylinositol 3-kinase (PI3K) pathway.

PI3K functions to convert PIP, to PIP3. Class 1A PI3K is activated through ligand binding to
RTKSs. Upon receptor activation, p85 binds to phosphorylated tyrosine residues, which activates
the catalytic subunit p110 (a, B, 6) which converts PIP, to PIP;. Class IB PI3K act similarly,
however are activated by GPCRs, and generate PIP3; from the p110 y catalytic subunit isoform.
Ras is also able to act upstream, and activate p110 catalytic activity resulting in PIP3 generation.
PIP; subsequently propagates downstream intracellular signaling through the recruitment and
direct binding of various proteins containing PH domains, such as PDK1 and AKT. The
phosphorylation and activation of AKT by PDK1 and the mTOR complex mTORC2 at
threonine308 and serine473, respectively, results in multiple downstream effects such as growth
and inhibition of apoptosis. Abbreviations: RTKs = receptor tyrosine kinases, PIP2 =
phosphatidylinositol 4,5-bisphosphate, PIP3 = phosphatidylinositol 3,4,5-triphosphate, GPCRs =
G-protein coupled receptors, PH = pleckstrin-homology.
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currently considered among the most commonly activated pathways in human cancer [57]. PI3K
can be aberrantly activated by multiple routes, such as mutational activation or
amplification/over-expression of PI3K isoforms, loss of PTEN tumor suppressor activity,
oncogenic Ras signaling, and activation of many cell surface receptors (eg. IGFR, HER2/neu,
EGFR) [58]. Mutational activation of the PI3K p110a catalytic subunit (PIK3CA) gene has an
incidence of 32% of colorectal, 36% of endometrial, 40% of ovarian, and 30% of breast cancers,
among others [58]. Although less frequent, aberrant activation of PI3K signaling can occur as a
result of PTEN mutations that are estimated to occur in up to 14% of prostate, 9% of colorectal,
and 6% of breast cancers [58]. Infrequently, AKT can also undergo mutational activation, as
seen in 5% of thyroid, and 3% of breast cancers [58]. Furthermore, as discussed in greater detail
below, PI3K can also be activated through upstream signaling of the Ras pathway, either through
mutational activation, such as in KRAS, HRAS, or NRAS mutations, or alternatively through
receptor and signaling amplification, such as with EGFR. The latter form is especially dependent
on the presence of cytokine and growth factors within the microenvironment that can activate
Ras pathway signaling. For example, 70-80% of breast carcinomas demonstrate EGFR
overexpression [59], and this appears to be primarily responsible for the hyperactivation of the
Ras pathway seen in breast cancer patients [60].

PI3K-a and PI3K-B are ubiquitously expressed, while the PI3K-6 and PI3K-y isoforms are
largely restricted to cells of hematopoietic origin [61]. Although not a central theme of our study,
targeting all PI3K isoforms with a pan-PI3K inhibitor holds the potential of attenuating aberrant

PI3K signaling in cancer cells, as well as in resident bone-marrow and recruited stromal-cells.
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1.5.2 The Ras-MAPK pathway

There are three ras genes comprising four Ras isoforms (H-Ras, N-Ras, K-Ras4A and K-
Ras4B) that function as molecular switches near the apex of a complex signaling network
cascade. Although there is some redundancy between these isoforms, there is evidence that they
exhibit specific roles, most notably in oncogenic signaling [62]. For example, K-Ras was shown
to be the most potent inducer of the transformed phenotype, when compared to N-Ras and H-Ras
[63]. Ras proteins are GTPases, that in their GDP-bound state are inactive and become activated
upon GDP dissociation and replacement with the more abundant GTP. This is achieved through
guanine nucleotide exchange factors (GNEFs), such as son-of-sevenless (Sos). Activated GTP-
bound Ras phosphorylates and stimulates the Raf kinase, which goes on to activate a second
protein kinase, MAPK/ERK kinase (MEK1/2). MEK, in turn, phosphorylates and activates a
third set of protein kinases, the extracellular signal-regulated kinases (ERK1/2), which results in
the regulation of proliferation, differentiation, cytoskeletal rearrangement, and anti-apoptotic
processes. For example, activated ERK has the ability to activate many downstream targets
(Figure 1-5), such as c-MYC, ELK-1, and NF-kB that are responsible for the expression of
genes associated with proliferative and anti-apoptotic signals, such as Cyclin D1, and Bcl2 [64].
Mutations of any of the Ras isoforms results in these proteins being predominantly GTP-bound,

and therefore in the constitutively activated state [65].

1.5.2.1 Ras-MAPK signaling in (breast) cancer

Aberrant activation of the Ras pathway occurs in approximately 30% of all human
cancers [66], making it one of the most frequently activated pathways in cancer. The Ras

pathway has been implicated in promoting cell proliferation, differentiation, survival, motility
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and invasion [62]. Similar to PI3K signaling, the Ras pathway can be aberrantly activated
through multiple mechanisms, such as activating mutations at the level of Ras or downstream
effectors, such as Raf.

KRAS mutations are a frequent occurrence in certain types of cancers, such as pancreatic
(~90%), and thyroid (~60%) tumors [67]. Breast cancer displays a lower frequency of KRAS
activating mutations, estimated at approximately 5% [68], and has led to the notion that Ras
signaling does not play an important pathogenetic role in this cancer. However, as previously
mentioned a very large proportion of patients present with an overexpression of EGFR and
subsequent Ras pathway hyperactivation, which likely plays a role in breast cancer invasion,
development, growth [68], and resistance to conventional chemotherapeutic approaches [69]. In
fact, more than 50% of patients demonstrate hyperactivation of the Ras-MAPK pathway and this
has also associated with an overall shortened survival [60]. The importance of EGFR signaling
within the context of breast cancer bone metastasis is apparent, as demonstrated by several
studies. For example, an autocrine/paracrine loop has been implicated in invasion [70], and
survival of bone-colonized breast cancer cells due to macrophage secretion of EGF ligand, and
subsequent tumor cell secretion of CSF-1, leading to an induction of Ras signaling in both cell
types [71]. Furthermore, it was determined that inhibition of EGFR-Ras signaling can induce
cancer cell necrosis and also decrease paracrine secretion of CSF-1 and MMP9, factors that are
highly implicated in the support of the tumor-bone microenvironment [71].

The MDA-MB-231 breast cancer cell line used in this study harbors an overexpression of
EGFR and a mutant K-Ras that leads to aberrant Ras pathway activation. Although not central to
our study, the Ras signaling pathway has also been implicated in osteoclast survival and
differentiation [72, 73], and therefore targeting components within this pathway hold the strong
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Figure 1-5. The Ras-MAPK pathway.

The Ras-MAPK pathway is activated upon RTK ligand binding. Upon RTK activation, Grb2
binds phosphorylated tyrosine residues, and subsequently binds Sos, which is a guanine
nucleotide exchange factor (GNEF). Shc is an adaptor protein, which is proposed to help in the
interaction between Grb2 and Sos. Activated Sos then promotes the removal of GDP, and
binding of GTP to Ras. Activated GTP-bound Ras phosphorylates and stimulates Raf kinase
activity, which goes on to phosphorylate MEK, whose kinase activity phosphorylates and
activates ERK. Activated ERK promotes the regulation of many processes, such as proliferation,
growth and the inhibition of apoptosis. Abbreviations: Sos = sons of sevenless, GNEF = guanine
nucleotide exchange factor, RTK = receptor tyrosine kinase, GDP/GTP = guanine nucleotide
di/tri-phosphate.



potential to prevent/limit tumor growth, as well as to attenuate osteoclast activity in the context

of osteolytic metastasis.

1.5.3 PI3K and Ras pathway crosstalk and survival mechanisms

Cancer cell reliance on the PI3K and Ras signal transduction pathways is supported by
extensive experimental and clinical investigation. Adding further complexity, there is substantial
evidence that multiple levels of crosstalk exist between these two pathways [74].

As previously mentioned, Ras can activate PI3K. Early investigations demonstrated that
Ras directly binds the PI3K pl110 catalytic subunit, providing a direct link between these
pathways [75]. However, it is becoming increasingly evident that there is interconnectedness
between these pathways at multiple levels (Figure 1-6). For example, it was demonstrated that
AKT can inactivate Raf, an antagonistic mechanism thought to have evolved to ensure survival
of cells [76]. Furthermore, several studies have established a feedback loop, in which inhibition
of the common downstream effector mTOR can lead to activation of upstream AKT and ERK
[77, 78]. Interestingly, there are multiple levels of downstream convergence of these pathways,
such as the activation of the translational machinery (eIF4E and S6), NFkB, and inhibition of
pro-apoptotic BAD [74], among others. These convergences and pathway crosstalk have the
potential to demonstrate feedback loops upon inhibition, or alternatively to induce downstream
signal amplification in the context of simultaneous pathway activation. In fact, inhibiting only
one of these pathways can result in signal amplification of an alternate pathway in a
compensatory fashion [79], suggesting that simultaneous inhibition of both pathways may be
necessary to completely ablate downstream effects (Figure 1-7). Recently, a group reported an

analysis of a large panel of breast cancer cell lines and xenograft models with a basal-like gene
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Figure 1-6. Signaling crosstalk between Ras and PI3K pathways.

There are multiple levels of crosstalk between the PI3K and Ras signal transduction pathways.
Ras can act upstream of PI3K to propagate downstream activation of AKT and other molecules.
Additional levels of crosstalk can occur downstream, such as with AKT and Raf, MEK and
TSC1/2, and ERK on multiple PI3K effector proteins, among others. Aberrant activation of
either or both pathways, through receptor and signaling amplification, or oncogenic mutations
can therefore lead to complex pathway crosstalk, regulating such processes as apoptosis, growth
and translation.
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Figure 1-7. Signal transduction pathway crosstalk survival mechanisms.

Due to the extensive crosstalk between the PI3K and Ras signal transduction pathways,
inhibition of one pathway alone can result in signal amplification of the alternate pathway in a
compensatory fashion. This has led to the notion that single-agent inhibition may lead to
therapeutic resistance, and therefore simultaneous inhibition of both pathways may be necessary
to completely ablate all downstream signaling, thereby effectively preventing cancer cell growth
and/or survival.
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expression that exhibited a profound Ras-like transcriptional program at baseline, and were
correspondingly sensitive to MEK inhibition with small molecule inhibitors. The importance of
these pathways is further demonstrated by the fact that loss of the PTEN tumor suppressor (that
leads to upregulation of the PI3K-AKT pathway) is associated with a resistance to MEK
inhibitors and continued cell survival. This indicates that both of these pathways are responsible
for generating survival cues, even in the presence of MAPK pathway inhibition [80]. It was also
observed that in the presence of wild-type PTEN, inhibition of the MAPK pathway leads to
feedback activation of the PISBK-AKT pathway in an EGF-dependent manner [79]. This latter
finding provides evidence of the importance of extracellular environmental stimuli in the form of
cytokines and growth factors. The interconnectedness of the PI3K and Ras-MAPK pathways,
and their apparent importance in basal-like breast cancers, encourages investigation into pathway

crosstalk survival mechanisms in specific microenvironments, such as in osteolytic metastasis.

1.6 Small-molecule inhibitors in pre-clinical and clinical use

The detrimental consequences of systemic chemotherapy and other conventional
treatment options has led to an intense investigation into alternative therapies that attempt to
more specifically target cancer cells. The discovery of aberrant signaling pathway activation in
specific subtypes of different cancers has led to the notion that certain pathways demonstrate
important avenues in the perpetuation and longevity of tumors. The more recent creation of
small-molecule inhibitors for the use of targeting specific cancer cell signaling pathways has
generated an exciting new opportunity for more effective and individualized treatment. There are
currently countless small-molecule inhibitors in pre-clinical and clinical trials. This study

employed two small-molecule inhibitors that target either the PI3K or the MEK component of
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the Ras signal transduction pathway, and that are currently in clinical trials for several different

cancers with promising results.

1.6.1 Small-molecule PI3K inhibitor: PX866

There are currently a diverse number of PI3K inhibitors under investigation that have
shown varying results. Effectiveness is generally predicted by transcriptional-gene signatures
that are associated with addiction to the PI3K pathway. PI3K inhibitors can be subdivided into
isoform-specific or pan-PI3K inhibitors. For example, targeting the p110a and p110p isoforms,
which are ubiquitously expressed and that often show mutational activation in breast cancers, has
the potential to specifically target such cancer cells. Similarly, targeting the p1105 and p110y
isoforms, that are restricted to hematopoietic lineages, is a more effective means for targeting
bone marrow-derived stromal cells within the bone microenvironment (as in the context of
skeletal metastases). Conversely, the use of a pan-PI3K inhibitor holds the capacity to inhibit
multiple cell types. Some examples of different PI3K inhibitors in clinical trials include the dual
PISK/mTOR inhibitor, NVP-BEZ235 [81], the pan-PI3K inhibitors, GDC-0941 [82] and PX866
[83], the p1103 isoform specific inhibitor, CAL-101, and Akt inhibitor, MK-2206 [84].

PX866 (Figure 1-8), the small-molecule inhibitor employed in this study, is a pan-PI3K
inhibitor, that effectively targets all p110 isoforms (a, B, 3, v), with an ICs 0f 14 nM, 57 nM, 131
nM, and 148 nM, respectively, therefore demonstrating the most potent inhibition of the o and 3
isoforms [85]. PX866 has demonstrated improved PI3K pathway inhibition with minimal
toxicity, as compared to the original wortmannin analogue. It is also unique in that it provides
irreversible inhibition of PI3K through the generation of a covalent bound complex. This permits

effective low in vivo dosing of 2-4 mg/kg and once daily administration [85, 86]. Pre-clinical
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Figure 1-8. The PI3K inhibitor PX866.

Owing to the unique structure, PX866 generates a covalently-bound complex, making it the only
irreversible PI3K inhibitor in development. PX866 is a pan-PI3K inhibitor that can effectively
inhibit all isoforms, including the Class IA a, B, 9, and Class IB vy isoforms.
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studies have reported an effective anti-tumor effects with the administration of PX866 in
xenograft models of human glioblastoma [87], ovarian, colon [86], and lung cancers [88]. Phase
| trials using PX866 have been completed and currently there are numerous phase Il trials
underway investigating effects of this agent against prostate, glioblastoma multiforme, non-small
cell lung cancer, and colorectal cancer (clinicaltrials.gov). Furthermore, this compound has been
shown to be well-tolerated, with minimal toxicity, and has led to prolonged disease stabilization

in patients with advanced incurable cancers [89].

1.6.2 Small-molecule MEK inhibitor: AZD6244

Currently there are no potent and selective inhibitors against Ras, Raf or ERK, and
therefore the development of small-molecule inhibitors targeting MEK1/2 may demonstrate the
most optimal way to inhibit Ras-MAPK signaling. Additionally, because ERK can elicit many
diverse downstream effectors and processes, targeting the upstream MAPK/ERK (MEK) kinase
may prove to be an effective means to inhibit important signal inputs from multiple levels of
signaling.

There are numerous MEK inhibitors in pre-clinical and clinical trials, and these have
demonstrated varying results and efficacies. For example, CI1-1040 was the first MEK inhibitor
in human trials and initially demonstrated low toxicity and tolerance in phase | trials, however
due to low efficacy reported in phase Il trials, development was stopped [90]. Other MEK
inhibitors such as PD098059 and U0126 demonstrate effective means to study the role of the
MAPK pathway in carcinogenesis, however, demonstrate low solubility and bioavailability and
therefore are restricted to in vitro investigation. A second generation CI-1040 MEK inhibitor,

named AZD6244 (ARRY-142886/Selumetinib) [91], has exhibited effective oral bioavailability
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AZD6244

Figure 1-9. The MEK inhibitor AZD6244.

The AZD6244 compound is an ATP-noncompetitive, selective and potent inhibitor of MEK1/2,
which prevents Ras-mediated ERK activation. The compound has shown efficacy in various pre-

clinical and clinical studies.
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and tolerance, and is currently in phase Il clinical trials, with more than 40 trials underway
(clinicaltrials.gov). AZD6244 (Figure 1-9) is a potent and selective, ATP-noncompetitive
inhibitor against MEKZ1/2, demonstrating an ICsy of approximately 14 nM. In fact,
concentrations of AZD6244 tested against more than 40 different kinases consistently showed
selective inhibition of MEKZL/2 [92]. Pharmacokinetic studies in mice have demonstrated
AZD6244 to effectively inhibit downstream ERK activation at concentrations as low as 10
mg/kg, which are consistent with concentrations administered in clinical trials [93]. Furthermore,
pre-clinical reports have shown that AZD6244 demonstrates anti-proliferative and apoptosis
induction in several xenograft tumor models, such as colorectal [94], and lung cancer [95], as
well as the in vitro sensitivity of a panel of breast cancer cell lines [96]. This drug has also been
well tolerated in conjunction with chemotherapeutic compounds [94], indicating the potential for

combinatorial treatment.

1.7 Thesis overview

As described in more detail below, this thesis concerns an investigation of the effects of
PI3K and MEK inhibition on the breast cancer cell line MDA-MB-231-EGFP/Luc2, both in vitro
and in vivo. Additionally, the small molecule inhibitors used, were administered to healthy mice
in order to delineate the potential effects of PI3K and/or MEK inhibition on normal bone
development. The Xenogen/Caliper bioluminescence imaging system allowed us to quantify
tumor growth via the luciferase reporter expressed by the MDA-MB-231-EGFP/Luc2 tumor
cells, as a function of photon emission or flux. Micro-computed tomography (uCT) technology

allowed evaluations of bone integrity.
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1.7.1 Pre-clinical in vivo model of breast cancer bone metastasis

Although in vitro and subcutaneous in vivo experiments have been useful, much more
relevant knowledge can be gained when tumor micro-environments are also taken into
consideration. Therefore, this study utilized a model of breast cancer bone metastasis that
portrays many of the mechanisms and processes involved in human disease, including cell
survival in the circulation, extravasation, colonization at an appropriate microenvironment [21,
97-100], and development of osteolytic lesions through recruitment of stromal components, such

as osteoblasts, osteoclasts, macrophages and blood vessels.

1.7.2 Intracardiac injection and xenogen bioluminescence imaging

Our lab has previously established a pre-clinical murine model of breast cancer metastasis
based on the introduction of the MDA-MB-231-EGFP/Luc2 cells into the arterial circulation via
their intracardiac (IC) injection into nude-beige athymic (NIH-I1) mice. Although these cells
generate soft tissue metastases, they are particularly prone to developing bone metastases, the
primary focus of this study. Thus, following successful injection, mice almost invariably develop
unilateral or bilateral knee metastases within the first 2 weeks as seen using bioluminescence
imaging. All mice were imaged twice a week (on days 7, 10, 14, 17 and 21), with daily
administration of the different inhibitors beginning on day 14 (Figure 1-10). Bioluminescence
detection technology allowed us to monitor tumor progression and follow responses to
therapeutic treatments non-invasively in real time over the 21 day experimental period.

Variability can occur when performing an intracardiac injection. This can be due to the
level of technical skill required, with each injection having a variable level of success, ultimately

determining the numbers of cells that enter the arterial circulation. This could theoretically
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Treatment Start

Figure 1-10. Intracardiac injection of MDA-MB-231-EGFP/Luc?2 cells: an in vivo model of
breast cancer bone metastasis.

Injection of MDA-MB-231-EGFP/Luc? cells into the left ventricle of NIH-111 mice results in the
frequent establishment of bone metastases. Upon successful injection, an immediate scanning
with the Xenogen bioluminescence imaging system reveals full body bioluminescence,
indicating a systemic distribution of cancer cells. Successful survival in the blood stream,
extravasation, and colonization in the bone microenvironment leads to the establishment of bone
metastasis that can be visualized in the first week post IC injection. Tumor progression is
monitored throughout the experiment in real-time to assess the effects of different treatments.
Abbreviations: IC = Intracardiac.
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generate variable levels of metastases due to unequal levels of circulating metastatic cells that
could potentially extravasate out of the circulation and colonize at an appropriate site. However,
it has been demonstrated that nearly all cells injected by this route are unable to survive and there
are only a few cells that are consistently capable of extravasating and colonizing the bone
microenvironment to initiate tumor propagation [49]. Therefore, the large numbers of cells
injected mean that the level of success of an intracardiac injection does not have a profound
effect on the numbers of metastases obtained. However, to reduce any potential variation, only
those mice that generated significant knee metastases by day 14, as assessed by Xenogen
bioluminescence imaging, were used in the treatment studies. Similarly, if a mouse generated
metastases in both knees, only the largest bioluminescence signal was followed for the remainder

of the study.

1.7.3 Evaluation of bone integrity using uCT

uCT allows for a quantitative measurement of tumor-induced bone loss. This technology is
a non-destructive method to image and quantify complex 3D structures, such as the distal femur
and proximal tibia, which is the focus of this study (Figure 1-11). Upon sacrifice on day 21,
vehicle-treated controls and drug-treated mice legs were harvested in fixative and scanned with
uCT technology. Multiple parameters were measured to evaluate and assess bone integrity
including bone mineral density, connectivity density, trabecular number, bone surface and

trabecular separation.
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Figure 1-11. pCT as a measure of bone integrity.

uCT was used to generate 3D reconstructed images of bone and also evaluate different bone
parameters, such as BMD, in order to determine a qualitative and quantitative measure of bone
integrity. Generated bone (knee) metastases, as assessed by bioluminescence imaging can be
compared to uCT quantification in order to assess the effect of treatment modalities, such as
PX866 PI3K inhibition and/or AZD2644 MEK inhibition, as employed in this study. Arrows are
demonstrating sites of radiographically visible tumor-induced osteolytic lesions (middle image).
Abbreviations: BMD = bone mineral density.
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1.7.4 Hypothesis and aims
1.7.4.1 Main hypothesis

Targeting the PI3K and Ras signal transduction pathways, using small-molecule
inhibitors, will effectively target metastatic bone-colonized MDA-MB-231-EGFP/Luc2 cells,

and a subsequent alleviation of tumor-induced bone destruction.

1.7.4.2 AIM 1: Investigate the effects of PI3K inhibition on MDA-MB-231 cells in vitro and on
established bone metastases in vivo

The PI3K pathway is one of the most highly mutated pathways in human cancer, with a
profound incidence in breast cancer, estimated in upwards of 40% patients [67, 101]. There have
been promising results observed in pre-clinical breast cancer studies [102, 103], however these
investigations involve the use of in vitro cell culture experiments, or subcutaneous in vivo
models that fail to incorporate the important extracellular cues of the stromal-microenvironment.
Additionally, PI3K inhibitors in clinical trials are showing promise in breast cancer patients [83],
however, there are no studies currently examining their use in patients with osteolytic breast
cancer metastasis.

Owing to the importance of the PI3K pathway in tumorigenesis, there have been
considerable efforts in developing small-molecule pathway inhibitors. PX866, developed by
Oncothyreon, currently in phase Il clinical trials, is a unique irreversible pan-PI3K inhibitor that
was employed in this study to determine the effects of PI3K pathway inhibition in an in vivo
model of breast cancer bone metastasis. It was anticipated that PI3K inhibition with PX866
would reduce the levels of MDA-MB-231-EGFP/Luc2 cytokine and growth factor secretion,

thereby diminishing stimulation of ‘the vicious cycle’ of bone metastasis. Furthermore, PX866
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was hypothesized to directly reduce the growth of bone-colonized MDA-MB-231EGFP/Luc?2
cells due to inhibition of signaling pathway activation from extracellular factors within the bone

microenvironment.

1.7.4.3 AIM 2: Investigate the effects of MEK inhibition on MDA-MB-231 cells in vitro and on
established bone metastases in vivo

Activating Ras mutations, as seen in the MDA-MB-231 cell line (KRAS) are infrequent in
breast cancer (~5%) [68], however, there is considerable evidence that the Ras pathway is a
prominent avenue during breast cancer progression. For example, breast cancer frequently
demontrates an amplification of cell surface receptors (eg. EGFR, HER2/Neu), that upon
stimulation with extracellular factors, activates the Ras pathway and promotes tumorigenesis [60,
69, 104]. In fact, upwards of 50% of patients demonstrate hyperactive aberrant expression of the
Ras-MAPK pathway and is also associated with resistance to chemotherapeutic drugs [66], and
an overall shortened survival [60].

Due to the importance of Ras pathway activation in many cancers, including breast cancer,
small-molecule inhibitors have been under development. AZD6244, a potent and selective, ATP-
noncompetitive inhibitor against MEK1/2, was developed by Array Biopharma/Astrazeneca.
This drug has demonstrated significant suppression of tumor growth in an in vivo MDA-MB-231
breast cancer subcutaneous model [105]. Furthermore, phase I clinical studies of AZD6244 in
breast cancer patients showed a significant reduction in the levels of p-ERK and Ki-67 mitotic
indices [106], and is currently undergoing phase Il clinical trials [92, 94].

For our study, it was anticipated that AZD6244 would reduce MDA-MB-231-EGFP/Luc2

cytokine and growth factor secretion, thereby diminishing stimulation of ‘the vicious cycle’ of
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bone metastasis. Furthermore, AZD6244 was hypothesized to directly reduce the growth of

bone-colonized MDA-MB-231-EGFP/Luc2 cells.

1.7.4.4 AIM 3: Investigate the effects of simultaneous PI3K and MEK inhibition on MDA-MB-
231 cells in vitro and on established bone metastases in vivo

Emerging impressions regarding anti-cancer treatments suggest single agent therapeutic
approaches are often ineffective due to the complex interactions of multiple signal transduction
pathways. Therfore combinatorial treatment is a focus of current research. For example, in an
MDA-MB-231 breast cancer subcutaneous xenograft model, PI3K or MEK inhibition alone
showed a modest to significant effect on tumor growth, respectively, whereas combinatorial
treatment demonstrated tumor regression [80]. Due to sophisticated signaling crosstalk survival
mechanisms, simultaneous targeting of the Ras and PI3K pathways is an example of a potentially
effective anti-cancer treatment. Interestingly, activation of the PI3K pathway following MEK
inhbition [80, 107], or activation of the Ras pathway following PI3K inhibition can lead to
resistance [103], likely due to multilevel pathway crosstalk [79]. Further investigation of
potential therapeutic benefit targeting the Ras and PI3K pathways is warranted, notably, in the
context of tumor-stromal interactions, such as in the microenvironment of osteolytic breast
cancer metastases.

Simultaneous inhbition of PI3K and MEK with PX866 and AZD6244 small molecule
inhibitors, respectively, was expected to exhibit maximal targeting of bone-colonized MDA-MB-

231-EGFP/Luc2 cells and potentially induce a cytotoxic effect and tumor regression.
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1.7.4.5 AIM 4: Investigate the effects of PI3K and/or MEK inhibition in normal healthy mice

Because the systemic administration of drugs induces pleiotropic effects on many different
cells throughout the body, it was important to examine the effects of PI3K and/or MEK
inhibition in the absence of osteolytic breast cancer metastases. Furthermore, because bone-
colonized breast cancer cells establish paracrine relationships with resident stromal cells, it was
important to investigate if signal pathway inhibition would have any direct effects on cells within
the bone microenvironment, such as osteoblasts and/or osteoclasts. The PI3K and Ras pathways
are known to be important regulators of osteoblasts and osteoclasts, and therefore PX866 and/or
AZD6244 may alter normal bone remodelling. For example, blockade of either of these
pathways has demonstrated a significant inhibition of osteoclastogenesis, cell survival, and
resorptive function [108, 109]. Studies have also demonstrated crosstalk mechanisms between
Ras/Raf and PI3K in osteoclasts to promote differentiation/survival, with simultaneous pathway
inhibition resulting in synergistic osteoclast apoptosis [73, 110].

PX866 or AZD6244 administration in healthy mice is anticipated to enhance bone
deposition through the reduction of bone resorptive osteoclasts, with simultaneous inhibition of

both pathways exhibiting an additive effect.
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Chapter Two: Materials and Methods

2.1 Cell culture

The human breast cancer cell line, MDA-MB-231, was kindly provided by Dr. T. Guise
(University of Virginia, Charlottesville) and confirmed to be free of pathogenic murine viruses
and Mycoplasma spp. by PCR testing at Charles River Laboratories (Wilmington, MA). The
MDA-MB-231 cells were previously transfected by a member of our laboratory, with a plasmid
expressing an EGFP-Luc?2 fusion gene. Cells were grown in Dulbecco’s modified Eagle medium
(DMEM; Invitrogen, Grand Island, NY or Sigma, St. Louis, MO) and supplemented with 10%
fetal bovine serum (FBS) (Invitrogen, Grand Island, NY), 100 U/mL penicillin, 100 pg/mL
streptomycin (Invitrogen, Grand Island, NY) at 37°C in a 5% CO, humidified incubator. For
selection purposes, transfected MDA-MB-231-EGFP/Luc2 cells were also cultured in media

containing 0.8 Geneticin (Invitrogen, Grand Island, NY).

2.2 Inhibitors

PX866 was kindly provided by Oncothyreon for experiments used in vitro and in vivo in
the MDA-MB-231 tumor studies. For in vivo experiments in normal mice without tumors,
PX866 was purchased from Active Biochem (Maplewood, NJ). AZD6244 used in all in vitro and
in vivo tumor studies was purchased from Axon Medchem (Netherlands), whereas for in vivo
experiments with normal mice without tumors, AZD6244 was purchased from Active Biochem
(Maplewood, NJ). ABT-263 was also purchased from Active Biochem (Maplewood, NJ).

Camptothecin was purchased from Sigma (St, Louis, MO).
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2.3 Cell viability assay

Growth of MDA-MB-231-EGFP/Luc2 following 72 hour exposure to varying
concentrations of PX866 and/or AZD6244 was assessed using 3-(4,5-dimethyl-2-thiazol)-2,5-
diphynyl-2H-tetrazolium bromide (MTT reagent; Sigma, St. Louis, MO) according to the
manufacturer’s instructions. Briefly, 4000 cells were plated in triplicate in a 96 well plate and
left overnight to adhere. Media was aspirated and varying concentrations of PX866 and/or
AZD6244 were diluted in fresh media and added to the wells. Following 72 hours of exposure to
the compounds, 20 ul of 5 mg/mL MTT reagent was added to each of the wells and left to
incubate for 4 hours at 37°C for cells to develop the formazan crystal product. Subsequently, the
MTT-containing media was aspirated and 150 ul of DMSO (Alfa Aesar, Ward Hill, MA) was
added to solubilize the formazan crystals. Absorbance values of the solubilized formazan
solution were determined on a Multiskan Ascent microplate reader (Thermo Labsystems,
Helsinki, Finland), using a background wavelength of 620 nm and a detection wavelength of 550

nm.

2.4 Cell cycle analysis

Analysis of cell cycle was performed using a flow cytometry-based protocol with
propidium iodide (PI) stain. Briefly, 2.0 x 10° MDA-MB-231 cells were plated in a 100 mm
plate. Once cells had adhered, the media was replaced with media containing no fetal bovine
serum for 24 hours, in order to synchronize the cells prior to the addition of any drugs. It should
be noted that this is a relative synchronization, as the MDA-MB-231 cells do not have a
complete cell cycle arrest and continue dividing, albeit at a much slower rate. PX866, AZD6244

or combinations of these compounds were added to fresh media containing 10% fetal bovine
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serum at a concentration of 2.5 um. Following a 24 hour exposure to the different compounds,
cells were harvested with 0.25% Trypsin-EDTA (Invitrogen, Burlington, ON) for 5 minutes at
37°C, washed first with media containing serum to stop the activity of Trypsin, followed by 2
washes in Dulbecco’s Phosphate Buffered Saline (PBS) (Sigma, St Louis, MO) and re-
suspended at a concentration of 1.0 x 10° cells/mL in ice cold PBS. 1 mL of this cell suspension
was added to 9mL of cold 70% EtOH for fixation, and left at -20°C for at least a week before
analysis. After a week cells were spun down and washed at least twice with cold PBS, followed
by re-suspension in 500 ul of PI/Triton X-100 staining solution, containing RNAase (supplied by
the University of Calgary Flow Cytometry Facility), and incubated at 37°C for 15 minutes. Cells
were then subjected to flow cytometry, and analyzed using ModFit LT software to assess levels

of PI and cell cycle phase.

2.5 Annexin V-FITC/propidium iodide apoptosis assay

A BD Pharmingen (San Diego, CA) FITC Annexin V Apoptosis Detection Kit | was used
for in vitro apoptosis experiments. MDA-MB-231 cells untransfected with EGFP-Luc2 were
cultured up using standard protocol, and 10° cells were re-plated in a 6-well plate. The cells were
left for 24 hours to adhere, and then media was aspirated and replaced with fresh media,
containing either 10% FBS (denoted as ‘Full Serum’), or 0.1% FBS (denoted as ‘Low Serum’)
and incubated for an additional 24 hours. Following this, PX866, AZD6244, or a combination of
the two compounds, were diluted in the same 10% FBS or 0.1% FBS conditions at a
concentration of 2.5 um and left for 48 hours. Identical experimental procedures were used with
ABT-263 (Bcl-2 inhibitor). Non-adherent cells were collected from the media, and adherent cells

were gently harvested from the plate using 1x Versene (Life Technologies,Grand Island, NY).
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Both non-adherent and adherent cells were combined together from the same wells in order to
include all cell populations. Cells were then washed twice with PBS, and once with 1x Binding
Buffer, and then resuspended at a concentration of 10° cells/ml.100 ul of these suspensions were
used for a total of 10° cells, and these were first stained with 5ul of Annexin V-FITC in the dark
for 15 minutes. Propidium iodide (P1) was then added to the cell suspension directly before
acquisition. At least 20,000 cells were acquired with the ATTUNE Focus Cytometer, in 3

independent experiments and analyzed for Annexin V-FITC and PI positive cell staining.

2.6 Luminex cytokine secretion assay

MDA-MB-231-EGFP/Luc2 cells were cultured as previously described to near confluency.
The cells were then harvested with 0.25% Trypsin-EDTA, as previously described and 200,000
cells were re-plated in a 12-well plate and left overnight to adhere, which led to near confluency
of plates. PX866 and/or AZD6244 were then added to the plates diluted in fresh media at a
concentration of 2.5 um for 48 hours. The supernatant was then collected after the cells and
debris had been spun down at 1200 rpm for 5 minutes. The media supernatants were then frozen
at -80°C, until the time of analysis. Samples were taken to Eve Technologies Corporation
(Calgary, AB) for Luminex analysis to be run on a human 64-plex Cytokine/Chemokine Routine

Discovery Assay.

2.7 Preparation of protein lysates and western blots

Plated cells were either treated with drugs in 10% or 0% FBS conditions, depending on the
experiment, as indicated in the figures. Cells in 0% FBS were initially plated in 10% FBS and

allowed to adhere, followed by a replacement with media containing 0% FBS for 24 hours before
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treatment with drugs. Drugs or DMSO (vehicle control) concentrations were diluted in DMEM
media. For experiments with IGF-1 stimulation, diluted PX866, AZD6244, or the combination
was added to the cells in fresh media for 3 hours, followed by the addition of IGF-1 directly into
the media at a concentration of 100 ng/mL. For experiments with EGF stimulation, compounds
were added to the cells, and EGF was added at a concentration of 20 ng/mL 30 minutes later and
cell lysates collected 2 hours later. Ice cold RIPA lysis buffer containing protease and
phosphatase inhibitors (Roche, IN, USA) were used to lyse cells directly on the plate and scraped
off with a cell scraper. Following 30 minutes in RIPA buffer solution, lysates were centrifuged at
13,000 rpm for 15 minutes and protein was collected from supernatants. Protein levels were
determined using a colorimetric assay with Bio-Rad Protein Dye Reagent Concentrate (CA,
USA), using varying concentrations of bovine serum albumin (Bio-Rad, NY, USA) as standards
to determine protein levels in the experimental samples. A wavelength of 620 nm was used to
determine absorbances with a Multiskan Ascent plate reader (Labsystems). In all in vitro
experiments, protein extracts were loaded at 30 pg per lane, electrophoresed, transferred to
polyvinylidene difluoride membranes (Millipore, MA, USA) with a semi-dry transfer apparatus
(Bio-Rad). Membranes were then blocked with 5% skim milk in 1X TBS 0.1% Tween-20, and
probed with specific antibodies in 1% skim milk in 1X TBS 0.1% Tween-20 at 4°C overnight on
a shaker. The following day membranes were exposed to the corresponding secondary antibodies
and detected using Immobilon Chemiluminescent HRP Substrate (Millipore, MA, USA). All
primary and secondary antibodies were purchased from Cell Signaling Technology (Boston,

MA, USA).
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2.8 Mice

All mice were housed in the specific pathogen-free biohazard containment unit at the
University of Calgary Animal Resources Centre in compliance with the Canadian Council for
Animal Care guidelines and ethics approval from the Animal Care Committee. All mice were
allowed to acclimatize to the biohazard unit environment for at least 4 days.

Nude-beige (NIH-I1I) mice (4-5 weeks old) were purchased from Charles River
Laboratories (St. Constant, QC). C57BL/6 mice (4 weeks old) were purchased from Jackson

Laboratories (Bar Harbor, Maine).

2.9 Experimental bone metastasis model

Initially, MDA-MB-231-EGFPLuc?2 cells were cultured in vitro to near confluency, and
then harvested and suspended in sterile PBS at a concentration of 2 x 10° cells/mL. In order to
generate metastases, 5-6 week old NIH-III mice were anaesthetized by intraperitoneal (i.p.)
injection of ketamine/xylene (200mg/kg), followed by an intracardiac (IC) injection of 2 x 10°
MDA-MB-231-EGFP/Luc2 cells suspended in 100 ul of PBS into the left ventricle with a 26
gauge needle. Successful entry into the left ventricle was visible by a rapid influx of oxygenated
blood into the hub of the needle, and the cell suspension was then injected over a span of 30-40
seconds in order to generate appropriate systemic distribution of the MDA-MB-231-EGFP/Luc?2
cells into the arterial circulation. Successful IC injection was assessed by immediate
bioluminescence imaging (Xenogen/Caliper Life Sciences, IVIS Lumina, MA). Mice were then
placed on a heating pad and allowed to recover. The progression of metastases was monitored
with bioluminescence imaging bi-weekly (days 7, 10, 14, 17, 21), and mice were sacrificed on

day 21 following the IC injection.
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2.10 Drug administration

There were a total of three in vivo studies done, in which the drug compounds were

administered to mice, all with different treatment regimens, as described below.

2.10.1 7-Day treatment of established bone metastases with PX866 and/or AZD6244

Mice with BLI evidence of knee metastases by day 14 following IC injection were
randomly assigned into experimental treatment groups and were administered a volume of
5ml/kg of the various compounds in 50nM of vehicle ((2-Hydroxypropyl)-B-cyclodextrin)
(Sigma, St. Louis, MO), by means of oral gavage. This was to ensure similar dosing of the
compounds in mice based on their weight. PX866 was administered at a concentration of 3
mg/kg and AZD6244 at a concentration of 25 mg/kg. The simultaneous combinatorial
administration of the compounds was given at the same concentrations described above. The
treatment regimen with PX866 and/or AZD6244 began on day 14, daily, until the end of the
experimental end date, day 21, for a total of 7 days of administration. A control group was

administered 5ml/kg of vehicle only.

2.10.2 3-Day treatment of late-stage metastases with AZD6244

Following a successful IC injection, bioluminescence of knee metastases was monitored,
and once the total photon fluxes (photons/s) reached an average of 10°, which was taken as an
indication of a late-stage tumor, a 3-day drug treatment regimen was commenced. Mice were
randomly assigned into experimental treatment groups and were administered AZD6244

(25mg/kg) in vehicle, or vehicle only as a control group, for 3 days.
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2.10.3 14-Day treatment of normal mice with PX866 and/or AZD6244

Normal C57BL/6 mice without knee metastases were administered 5 ml/kg of either
PX866 (3 mg/kg), AZD6244 (25 mg/kg), or a combination of both compounds at the same
concentrations (Combo group), daily for 14 days. Again, there was also a control group
administered only vehicle (2-Hydroxypropyl)-B-cyclodextrin (50 mM) (Sigma, St. Louis, MO).

For this study n=6 mice for all treatment groups.

2.11 Harvesting mouse tissues

Upon sacrifice, the legs (femur and tibia), were harvested and initially fixed in 4%
paraformaldehyde (PFA) (Acros Organics, New Jersey, USA) for 24 hours, followed by
scanning by uCT. The harvested legs were then put into fresh 4% PFA for a period of 7 days for
appropriate fixation, followed by 14 days of decalcification in 14% EDTA (Avantor,
Phillipsburg, NJ). Once the bone tissue was sufficiently decalcified, the legs were sectioned at 6-

8um for immunohistochemistry and histology.

2.12 Bioluminescence imaging

Mice received D-luciferin (Gold Bio Techhnology, St. Louis, MO) at a dose of 150 mg/kg
i.p. injection, and anaesthetized with 2% isofluorane. After 10 minutes, mice were placed in the
light-tight imaging chamber and maintained on 1.5% isofluorane. A Xenogen/Caliper IVIS
Lumina system (Caliper Life Sciences) was then used for image acquisition. This instrument has
a highly sensitive cooled charge coupled device (CCD) camera. Parameters used for imaging are
as follows: f/stop 1, bin 4, field of view 12.5cm and exposure times ranged from 20s to 5 min,

depending on the strength of the bioluminescent signal. These parameters were kept consistent
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throughout the experimental treatment groups. Mice were imaged in the ventral position, and
signal intensity was quantified with the Living Image 3.0 software, as total photon flux
(photons/s) in a uniform region of interest (ROI) placed over the knee region of the legs. For ex
vivo imaging, organs were dissected out, placed in a 24-well plate containing PBS and D-

luciferin and imaged for 1 minute to detect the presence or absence of soft-tissue metastases.

2.12.1 7-Day treatment study bioluminescence imaging

If mice generated metastases in both legs by day 14, the leg with the largest
bioluminescence signal was followed for the remainder of the experiment and used for data
analysis in order to reduce variability between treatment groups. Numbers of legs included in the
analysis were n=8 for the ‘PX866,” n=6 for the ‘AZD6244,” n=12 for the ‘combo,’ and n=16 for

the “vehicle’ group.

2.12.2 3-Day treatment study bioluminescence imaging (late-stage knee metastases)

If mice generated metastases in both knees, the largest BLI signal was followed for the
remainder of the experiment. The largest BLI signal was used to assess when the 3-day treatment
regimen began (10’ photons/s BLI) and used for all data analysis in order to reduce variability
between treatment groups and individual mice. Numbers of legs included in the analysis were

n=5 for ‘AZD6244,” and n=6 for the ‘vehicle’ group.

2.13 pCT

Bone loss as a result of colonized MDA-MB-231-EGFP/Luc?2 cells was assessed by pCT.

At 21 days post-intra-cardiac injection, mice were sacrificed and tissues harvested. Legs were
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dissected, cleared of the majority of soft tissue and placed in 4% paraformaldehyde for 24 hours,

and then placed in fresh fixative.

2.13.1 Mouse tumor studies

For scanning, a maximum of 6 legs were placed in a cylinder sample holder for the uCT
instrument (VivaCT 40, Scanco Medical, Briittisellen, Switzerland.) and the whole leg was
scanned. Serial tomographic slices were acquired with 10 um high resolution at 70kVp, 114 pA
and 250 ms integration time. 3D reconstructed images and analysis was done separately on a 2.5

mm region of the distal femoral growth plate, and the proximal tibial growth plate.

2.13.2 Normal mouse study

On days 0, 7, and 14 of treatment, a consistent measurement of the distal femur growth
plate and the proximal tibia growth plate of mice legs were scanned in vivo using isofluorane
anesthesia. Serial tomographic slices were acquired with 15 pum resolution, at 55kVp, 145 pA

and 200ms integration time.

2.14 Immunohistochemistry

All slides used for histological examination were baked at 60°C for 15 minutes to loosen
the paraffin wax, followed by chemical deparaffinization with two changes of xylene (VWR,
West Chester, PA). This was followed by subsequent changes of decreasing concentrations of
ethanol (100%, 95%, 70%), and final rehydration in distilled water. Following staining of the
slides as described below, an exact reverse process of dehydration was done (with exception to

the TUNEL stain — explained below), and completed with mounting and cover slipping.
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2.14.1 Tri-chrome stain

A tri-chrome stain was done by Leona Barclay for histological examination of tumor and
normal mouse studies. Briefly, hydrated sections were placed in hematoxylin gill No. 2 (Sigma,
St. Louis, MO) for 20 minutes, followed by a wash in water for 5 minutes. Then, slides were
placed into fast-green stain for 5 minutes and 1 minute in 1% acetic acid and a quick rinse with

water. Finally, slides were placed in Saf-O stain for 2 minutes.

2.14.2 TRAP stain

TRAP staining protocol was done as manufacturer’s directions from the Acid Phosphatase
Leukocyte kit for TRAP staining (Sigma, St. Louis, MO). Briefly, hydrated sections were placed
in incubation buffer (45mL dH,0O, 0.5mL Napthol, 2mL Acetate solution, 1ImL Tartrate), for 25
minutes in a 37°C water bath. Slides were then placed in a colour solution (1:1 GBC fast garnet
and Nitrite solution) for approximately 2-5 minutes, watching for a maroon-brown colour
reaction to occur. A counterstain was then done with hematoxylin gill No.2 for 2 minutes,

followed by quick rinses in PBS and dH,0.

2.14.3 TUNEL stain

For TUNEL staining, an ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit
(Millipore, Temecula, CA) was used, as per the manufacturer’s protocol. Briefly, an initial pre-
treatment was done directly on the slides with 20 pg/mL proteinase K (Invitrogen, Grand Island,
NY) for 15 minutes and washed in dH,O for 2 minutes. Equlibration buffer was then added to
slides for up to 1 minute and then tapped off. Working strength TdT enzyme was then added to

the slides and incubated at 37°C for 1 hour. A stop/wash buffer was added to slides for 1 minute
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at room temperature, followed by 3 changes in PBS for 1 minute each. Room temperature anti-
digoxignenin conjugate was applied and placed in a humidifier chamber for 30 minutes, followed
by 3 changes of PBS for 1 minute each. Peroxidase substrate was then applied directly to slides
for colour development for approximately 5 minutes, watching for reaction to take place.
Counterstain with 0.5% methyl green was done for 10 minutes at room temperature in a coplin
jar. Slides were then washed in dH,O 3 times for 1 minute each, followed by 3 changes of 100%

N-Butanol for 1 minute each, and a final 3 changes of Xylene at 2 minutes each.

2.15 Statistical analysis

All data were plotted as mean +/- standard error of the mean (SEM) and statistical analysis
was performed using one-way or two-way ANOVA, depending on the nature of the data, with

Bonferonni post-tests to determine statistical significance, in Graphpad Prism 4.03 software.
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Chapter Three: The effect of PI3K and/or MEK inhibition using small-molecule inhibitors
on MDA-MB-231 bone metastases

3.1 Confirmation of PI3K and MEK inhibition with PX866 and AZD6244 in vitro

In order to ensure that PX866, and AZD6244 would be effective at inhibiting PI3K, and
MEK, respectively, in bone-colonized MDA-MB-231 cells in vivo, these compounds were first
examined in vitro. It should be noted that PX866 and AZD6244 were purchased from two
different sources, and were confirmed for similar effects of pathway inhibition in vitro.

MDA-MB-231 cells have a low basal level of PI3K activity and p-AKT. Therefore, the
cells were stimulated with IGF-1, resulting in an induction of p-AKT. In the presence of PX866,
IGF-1-stimulated PI3K activity and AKT phosphorylation was blocked. Similarly, the high
endogenous level of Ras pathway activity and downstream p-ERK was inhibited with AZD6244
exposure. The simultaneous inhibition of both pathways resulted in further inhibition of common
convergent downstream components, such as p-S6 and p-mTOR. Interestingly, increased
concentration of PX866 resulted in additional inhibition of p-S6, whereas increased
concentration of AZD6244 demonstrated elevated levels of p-S6. Additionally, the presence of
the AZD6244 MEK inhibitor, followed by IGF-1 stimulation, demonstrated a slight
enhancement of AKT phosphorylation (Figure 3-1). Crosstalk between these pathways has been
established in an EGF-dependent manner [79], however it is possible that other signaling
modalities can induce such compensatory pathway communication, such as with IGF-1 (or other
factors), as seen here. IGF’s are produced by osteoblast cells and are also the most abundant
growth factors within the bone matrix. Furthermore, increased IGFR signaling in MDA-MB-231

cells demonstrated enhanced metastatic bone disease [111]. Therefore, this axis could be an
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Figure 3-1. Confirmation of PI3K and MEK inhibition with PX866 and AZD6244.

Following stimulation with IGF-1 a strong induction of p-AKT occurs in cultured MDA-MB-231
cells. In the presence of the PI3K inhibitor PX866, IGF-1 stimulated p-AKT is blocked.
Furthermore, Ras pathway activity and downstream ERK phosphorylation were effectively
inhibited by AZD6244. The simultaneous inhibition of both pathways resulted in the further
inhibition of downstream components, as reflected by decreased S6 and mTOR phosphorylation.
However, an increased concentration of AZD6244 led to elevated levels of p-S6. Furthermore,
the presence of the AZD6244 MEK inhibitor, followed by IGF-1 stimulation, demonstrated
enhanced AKT phosphorylation. Blot shown is representative of three independent experiments.
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important form of cellular signaling within the bone microenvironment, with simultaneous PI13K

and MEK inhibition demonstrating maximal downstream pathway inhibition.

3.1.1 Examination of PI3K and Ras signaling pathway crosstalk in vitro

A strong induction of p-AKT occurred following MEK inhibition and stimulation with
EGF, as compared to EGF stimulation alone (Figure 3-2A), indicating that pathway crosstalk
and feedback loops exist between these pathways. Although this has been demonstrated before, it
was important to verify that the MDA-MB-231 cells used in this study exhibit crosstalk between
PI3K and Ras components. This may be experimentally and clinically relevant, as a high
proportion of breast cancer patients exhibit overexpression of the EGFR-Ras-MAPK cascade
[60], and the MDA-MB-231 cells harbor similar features. Additionally, in serum-containing
media conditions, there was an increase in p-AKT following MEK inhibition (Figure 3-2B), in
the absence of EGF stimulation. This indicates that PI3K and Ras signaling crosstalk may not be
completely reliant on the presence of potent extracellular ligand-receptor activation, and media-
containing serum may be sufficient for this to occur. This implies that inhibition of constitutively
activated oncogenic signaling pathways that do not require upstream receptor activation, may
also lead to crosstalk, enhanced survival and therapeutic resistance. Collectively, it is evident that
crosstalk between PI3K and Ras is possible in MDA-MB-231 cells and can be examined in an
appropriate in vivo model of breast cancer bone metastasis.

Simultaneous exposure to PX866 and AZD6244 was able to effectively eliminate the
observed feedback loop, as demonstrated by loss of p-AKT and P-ERK. Downstream
components were also further reduced, such as P-S6 and P-mTOR levels, which are important

regulators of protein translation and cell growth. These results suggest that the simultaneous
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Figure 3-2. PI3K and Ras signaling pathway crosstalk in MDA-MB-231 cells.

Following stimulation with EGF in non-serum containing media conditions, a strong induction of
p-Akt was evident following inhibition of MEK with AZD6244, as compared to EGF stimulation
alone. Simultaneous inhibition of both pathways with PX866 and AZD6244 was able to
completely ablate p-AKT and p-ERK induction, and also reduce downstream convergent
components such as p-S6 and p-mTOR. (B) An increase of p-AKT levels occurred following
MEK inhibition in serum-containing media conditions, without addition of EGF receptor
stimulation. This demonstrates that pathway crosstalk and feedback loops exist between these
pathways, which may be significant in vivo. Blots shown are representative of three independent

experiments.
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inhibition of these pathways may provide maximal dampening of signaling pathway activation
and eliminate crosstalk and feedback loops that might otherwise lead to resistance with

administration of either compound alone.

3.2 The effect of PX866 and/or AZD6244 on MDA-MB-231 cells in vitro

In order to assess and interpret potential consequences of PX866 and/or AZD6244 in vivo,
several in vitro experiments were used to determine the effects on cell viability, cell cycle, and

cell death of cultured MDA-MB-231 cells.

3.2.1 Cell viability

The 3-(4,5-dimethyl-2-thiazol)-2,5-diphynyl-2H-terazolium bromide (MTT) assay is a
colorimetric method for quantifying viable cells. It allows detection of functioning mitochondria
that are able to convert MTT into formazin crystals, which can be dissolved and quantified using
a spectrophotometer. Thus, the MTT assay is able to quantifiably measure viable cells that
harbor functioning mitochondria. However, a caveat of this assay is that it cannot provide a
mechanism for changes in cell viability due to certain treatment conditions, such as cytostasis or
cytotoxicity. The MTT result is an assumed effect on cell proliferation, however to confirm this
cell counts would also be necessary. As a substitute, flow cytometry based cell cycle analysis
and apoptosis/necrosis assays were performed, following any effect observed.

The MTT assay was first used to determine whether the compounds had any effect on
reducing MDA-MB-231 cell viability following 72 hour exposure. PI3K inhibition had no
significant effect on cell viability at all concentrations examined, whereas MEK inhibition

demonstrated a much more robust reduction of viable cells in a dose dependent manner (Figure
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3-3). Exposure to both compounds resulted in a similar pattern to MEK inhibition alone, with a
slight further reduction. This latter reduction in cell viability was most likely due to a further
decrease in downstream signaling effectors that are responsible for growth, translation, cell cycle

progression and survival.

3.2.2 Cell cycle analysis

We next investigated if the effects of pathway inhibition on MDA-MB-231 cell viability
were due to a cytostatic mechanism that is by inducing cell cycle arrest and therefore reducing
the proportion of actively proliferating cells. Using a flow cytometry-based cell cycle analysis, a
quantifiable measure of DNA content is obtained following exposure to propidium iodide (PI),
which has a strong affinity for DNA. Therefore, the relative ratios of cells in different phases of
the cell cycle can be determined.

We found that PI3K inhibition resulted in a similar cell cycle profile to that of cells
without treatment. In contrast, MEK inhibition induced a significant G1 cell cycle arrest, and the
combination of PI3K and MEK inhibition resulted in nearly 100% of the cells being arrested in
G1 (Figure 3-4). This type of cell cycle arrest has been attributed to the PI3K and ERK1/2 MAP
kinases cooperative role in sustaining proliferative signals through cyclin-depdendent kinases,
cyclin D1 as well as cellular machinery involved in cell growth such as mTOR, elF4E and S6

[112].

3.3 Cell apoptosis and necrosis

Although it was demonstrated that MEK inhibition lead to G1 cell cycle arrest, it was

possible that sustained impediment of transition through cell cycle checkpoints would eventually
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Figure 3-3. Cell viability following PI3K and/or MEK inhibition.

Following a 72 hour exposure to PX866, AZD6244 or the combination of both compounds cell
viability was quantified by means of an MTT assay. PI3K inhibition with PX866 resulted in no
appreciable reduction in cell viability at all concentrations tested. In contrast MEK inhibition
with AZD6244 resulted in a much more robust decrease in viable cells, with the combination of
both compounds resulting in a slight further reduction, in a dose dependent manner Data
represents three independent experiments, each in triplicates, and is plotted as the mean = SEM.
Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 3-4. Cell cycle analysis following PI3K and/or MEK inhibition.

Using a flow cytometry-based analysis, propidium iodide (PI) was used to determine the level of
genetic material, and therefore the phase of the cell cycle. Camptothecin, used as a positive
control, demonstrated a modest induction of G1 cell cycle arrest. PI3K inhibition resulted in a
similar cell cycle profile to that of cells without treatment. MEK inhibition induced a significant
G1 cell cycle arrest, and the combination of PI3K and MEK inhibition resulted in nearly 100%
of the cells arrested in G1 phase. Representative cell cycle analysis plots are also included,
demonstrating the relative PI peaks in each treatment group. Data represents three independent
experiments and is plotted as the mean + SEM. Asterisks indicate statistical significance (*
p<0.05; ** p<0.01; *** p<0.001).
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lead to cell apoptosis or necrosis. Thus, the observed reduction in cell viability could also have
been due to a combination of cell cycle arrest and apoptosis induction. An Annexin V-FITC PI
apoptosis assay was therefore carried out following exposure to each of the compounds alone, as
well as in combination. Annexin-V has a strong binding affinity to exposed outer membrane
phosphatidylserine, which can signal the start of apoptosis, and also serves as a trigger for
phagocytic recognition of an early apoptotic cell [113]. PI, as previously mentioned, has a strong
binding affinity for DNA, and therefore, if the outer cell membrane is compromised, as occurs in
late apoptotic or necrotic cells, Pl will penetrate and bind to nuclear DNA. Therefore, Annexin-
V+/PI- is an indication of early apoptosis, whereas Annexin-V+/Pl+, or PI+ is an indication of
late apoptotic/necrotic cells [114].

It was determined that basal levels of apoptosis and/or necrosis in MDA-MB-231 cells
without any treatment (DMSO control) was on average 8.8%, including all positive staining for
Annexin-V-FITC and Pl together. PX866 PI3K inhibition resulted in an average of 7.9%,
AZD6244 MEK inhibition an average of 10.9%, and the simultaneous inhibition an average of
11.05% positive staining for apoptosis and/or necrosis (Figure 3-5). The individual levels of
Annexin-V+/PI- (early apoptosis), Annexin-V+/Pl+ or Pl+ (late apoptosis/necrosis), were similar
across all treatment groups, as well as the control population with no treatment. Camptothecin, a
topoisomerase | inhibitor, was used as a positive control, and demonstrated significant induction
of total cell apoptosis and/or necrosis with an average of approximately 30%, with the majority
of these cells staining positive for both Annexin-V and Pl (Figure 3-5). Therefore, taken
together these results suggest that PI3K inhibition has little to no effect on MDA-MB-231 cells,
whereas MEK inhibition results in significant cytostasis, but not cytotoxicity. Surprisingly, the
combination of both compounds did not result in any dramatic additive or synergistic effect
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Figure 3-5. Apoptosis/necrosis analysis following PI3K and/or MEK inhibition.

A flow cytometry-based analysis was carried out to determine levels of apoptosis and/or necrosis
following exposure to PI3K and/or MEK inhibition. Camptothecin was used as a positive control
and resulted in significant positive staining of about 30% of cells, with the majority of these cells
staining for both Annexin V-FITC and Pl. Exposure to PX866 or AZD6244 alone and in
combination did not result in any significant levels of apoptosis and/or necrosis. The individual
levels of Annexin-V+/PI- (early apoptosis), Annexin-V+/Pl+ or Pl+ (late apoptosis/necrosis),
were similar across all treatment groups, as well as the untreated control population. Data
represents three independent experiments and is plotted as the mean + SEM. Asterisks indicate
statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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on inducing apoptosis, however, demonstrated a slightly more potent effect on G1 cell cycle
arrest. This implies that in serum-containing media conditions, other mechanisms are responsible

for the survival of MDA-MB-231 cells following exposure to PI3K and MEK inhibition.

3.4 MDA-MB-231 cytokine and chemokine cell secretion in vitro

Bone-colonized breast cancer cells undoubtedly produce and secrete extracellular growth
factors and cytokines in the bone microenvironment. As such environmental cues are thought to
be important in the ‘vicious cycle’ and ultimately perpetuate the outgrowth of bone metastases
leading to local bone loss, it was important to determine if these PI3K and MEK inhibitors had
any potential effect on reducing cytokine and growth factor secretion in vitro. This was

determined with a Luminex assay of cell culture supernatants.

3.4.1 PI3K and/or MEK inhibition effects on MDA-MB-231 cytokine secretion in vitro

PI3K inhibition, after a 48 hour exposure to PX866, did not demonstrate any significant
attenuation of cytokine or growth factor secretion, with the exception of TGF-a, and therefore
this inhibitor could theoretically result in a reduction of EGFR autocrine signaling. In contrast,
MEK inhibition, after a 48 hour exposure to AZD6244, significantly reduced the secretion of a
number of factors, including G-CSF, GM-CSF, MCP-1, PDGF, IL-8 and TGF-a (Figure 3-6).
Importantly, these factors have been implicated in the recruitment of monocyte/macrophage
precursor cells, and the activation, proliferation and differentiation of osteoclasts either directly,
at the level of the monocytic precursors, or indirectly, via regulation of osteoblast-derived
RANKL. Interestingly, G-CSF is used to treat chemotherapy-induced neutropenia, however,

there is strong evidence that it is associated with increased osteoclast numbers and decreased
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Figure 3-6. Luminex analysis following PI3K and/or MEK inhibition.

PX866 exposure did not demonstrate any significant attenuation of cytokine or growth factor
levels in MDA-MB-231 supernatants, with the exception of TGF-a. In contrast, AZD6244
significantly reduced the secretion of a variety of factors, such as G-CSF, GM-CSF, MCP-1,
PDGF, IL-8 and TGF-a, all of which have been implicated in autocrine and paracrine loops
within the ‘vicious cycle of bone metastasis.” Data represents three independent experiments and
is plotted as the mean = SEM. Asterisks indicate statistical significance (* p<0.05; ** p<0.01;
*** p<0.001).
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bone mineral density [115], indicating that this treatment may exacerbate metastatic osteolysis.
GM-CSF expression has been implicated in enhanced osteoclastogenesis caused by MDA-MB-
231 cells, as well as by human breast cancers [51]. MCP-1 has many functions, such as
monocyte and macrophage recruitment, angiogenesis, and the promotion of tumor growth [116].
IL-8 can play a dual role, as cancer cell secretion generates an autocrine-loop that can self-
promote cancer growth, in addition to its role as a potent direct inducer of osteoclastogenesis
[117, 118]. IL-8 has also been detected at high levels in the serum of breast cancer patients, and
has been associated with breast cancer bone metastasis [119]. TGF-a has been similarly
implicated in tumor-promotion in an autocrine fashion through stimulation of cancer cell EGFR,
and is also associated with increased bone turnover [120]. This signaling axis could also provide
one explanation for high Ras-MAPK activity associated with breast cancer bone metastasis.
MDA-MB-231 cells that were simultaneously exposed to PX866 and AZD6244 resulted in
a similar cytokine secretion profile to that of AZD6244 MEK inhibition alone. However, the
combination resulted in enhanced secretion of the chemokine 1P-10. Although this factor has not
generated much interest in the context of bone metastasis, it is regarded as a potent factor in the
recruitment, proliferation and differentiation of osteoclast precursors, as well as in chemotaxis
and adhesion of multinucleated osteoclasts to the bone interface [53]. Therefore, it is possible
that the combined administration of PI3K and MEK inhibitors may actually enhance
osteoclastogenesis, thus functioning to exacerbate bone destruction, via the enhanced recruitment

of osteoclast precursors to the tumor-bone microenvironment.

3.5 The effect of PX866 and AZD6244 on established bone metastasis

As previously mentioned, the intracardiac injection of MDA-MB-231 cells into the left
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ventricle of nude NIH-I11 mice frequently results in distant metastasis, and serves as a model of
osteolytic breast cancer metastases. Upon successful injection and systemic distribution of
MDA-MB-231-EGFP/Luc2 cells, mice were imaged for knee bioluminescence on days 7, 10, 14,
17 and 21 post IC injection, and mice with established bone metastases were started on day 14
with daily treatment of PX866 and/or AZD6244. nCT bone parameters and qualitative images of

bone integrity were also obtained upon sacrifice on day 21 and correlated with results of BLI.

3.5.1 Treatment efficacy as assessed by tumor bioluminescence

Daily administration of PX866 at a concentration of 3mg/kg did not result in a significant
reduction of tumor bioluminescence over the 7-day treatment period. At day 21 there was a slight
reduction of knee photon emission rates, however there was no evidence that the growth kinetics
of bone-colonized MDA-MB-231-EGFP/Luc2 cells was significantly attenuated. In contrast,
MEK inhibition resulted in a much more robust attenuation of knee photon emission throughout
the treatment period (Figure 3-7), showing approximately 1 log difference as compared to
vehicle-treated controls at day 21 (Figure 3-8). The combination of PX866 and AZD6244
resulted in reductions in bioluminescence, similar to those seen with AZD6244 administration.
There was no initial indication of tumor regression, as indicated by losses of bioluminescence.
Instead, photon fluxes plateaued throughout the treatment period, suggesting growth inhibition
without major cell death. Similar to the results of the in vitro experiments, the combination of
both compounds did not result in any additive or synergistic effects reduction of knee tumor
bioluminescence (Figure 3-7/3-8). The data suggests that combination therapy using PI3K and

MEK inhibitors may not be as effective as hypothesized.
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Figure 3-7. The effect of PX866/AZD6244 on MDA-MB-231-EGFP/Luc2 bone metastasis.

Daily administration of PX866 at a concentration of 3mg/kg for 7 days did not result in a
significant reduction of tumor bioluminescence. In contrast, MEK inhibition resulted in a much
more significant attenuation of knee tumor bioluminescence throughout the treatment period.
The combination of both compounds did not result in any additive reduction in tumor
bioluminescence, demonstrating similar growth kinetics to MEK inhibition alone. ‘Vehicle’
control group n=12, ‘PX866° n=7, ‘AZD6244’ n=6, ‘Combo’ n=12. Data plotted as mean +
SEM. Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001), relative to
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Figure 3-8. Knee tumor bioluminescence on day 21 post-1C with PX866 and/or AZD6244.

Following 7 days of treatment, mice treated with AZD6244 resulted in an approximate 10-fold
reduction of tumor bioluminescence by day 21. PX866 did not have any significant effect on
reducing tumor BLI. ‘Vehicle’ control group n=12, ‘PX866’ n=7, ‘AZD6244’ n=6, ‘Combo’
n=12. Data plotted as mean + SEM. Asterisks indicate statistical significance (* p<0.05; **
p<0.01; *** p<0.001), relative to vehicle-treated control mice.

63



3.5.2 Micro-computed tomography assessment of bone integrity

uCT technology in combination with in vivo bioluminescence imaging has been
described before [121], and has proven to be a reliable technique in the assessment of tumor-
induced osteolysis. This study utilized a similar approach in order to determine the efficacy of
the previously described small-molecule inhibitors. On the experimental end date (day 21), the
legs of mice with established bone metastases were scanned by pCT, enabling an analysis of the
following bone parameters: bone mineral density (BMD), connectivity density (ConnD),
trabecular number (TbN), bone surface (BS), and trabecular separation (TbSp).

BMD is a measure of hydroxyapatite, which is the inorganic mineral component of the
bone matrix, such as calcium. BMD is considered to be a reliable and accurate measure of
mineralized bone, and is associated with overall strength and mechanical properties [122].
ConnD is a measure of the microarchitectural connections made by the trabeculae bone in a
given area [123]. It should be noted that increased connectivity density may not be an overall
indicator of increased bone, and could indicate enhanced bone loss. For example, bone that is
constantly being resorbed will likely demonstrate increased perforations, resulting in increased
trabecular connections. However, there is an obvious threshold to this trend, where trabecular
interconnectivity will eventually decrease once perforations transition into larger cavities.
Regardless, comparison to normal controls without bone metastasis is necessary to ensure proper
interpretation of bone analysis. TbN, as the name implies, is the average number of trabeculae
per millimeter. BS is a measure of the surface area of bone. Lastly, TbSp utilizes a sphere-filling
model within the spaces of bone that is a measure of the separation between adjacent trabeculae.
This parameter has been designed to be a sensitive method to evaluate the integrity of the bone

microarchitecture [124]. All of these parameters have been widely utilized as a reliable
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approximation of cortical and trabecular architecture in the setting of pathological conditions in
bone [125], and is used in this study to determine the subsequent effect of PI3K and MEK
inhibition in osteolytic breast cancer metastasis.

Administration of PX866 and AZD6244 compounds individually resulted in an attenuation
of tumor-induced bone osteolysis, demonstrating consistent preservation of bone integrity as
assessed by all bone parameters, BMD, ConnD, TbN, BS, and ThSp (Figure 3-9). Either of these
compounds used as a single-agent in mice with established bone metastases reliably
demonstrated bone more similar to that of normal mice, as indicated by bone mineral density
(BMD), which has been consistently used as an accurate parameter in the assessment of bone
architecture [126]. When compared with tumor-BLlI, it is interesting that mice administered
PX866 displayed similar knee metastasis bioluminescence as vehicle-treated mice, and yet
relative preservation of bone, determined by pCT. This is suggestive that PI3K inhibition, while
showing no effect on colonized MDA-MB-231- EGFP/Luc2 cells, may be targeting the stromal
cell population, such as osteoclast differentiation, survival, or resorptive function. In contrast,
AZD6244 resulted in an attenuation of knee metastasis bioluminescence, as well as a reduction
in osteolysis. This preservation of bone could be attributed to AZD6244-induced cancer cell
growth inhibition, and possibly direct effects on stromal cells, including osteoclasts.
Alternatively, it is possible that MEK inhibition resulted in a reduction of MDA-MB-231-
EGFP/Luc?2 secretion of osteoclastogenic cytokines.

Interestingly, the simultaneous administration of both compounds in mice with established
bone metastasis resulted in an exacerbated osteolytic phenotype, with bone parameters

demonstrating levels similar to those of vehicle-treated tumor-bearing controls (Figure 3-9).
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Figure 3-9. pCT bone parameter analysis of mice with established bone metastasis treated
with PX866 and/or AZD6244.

Administration of the PX866 and AZD6244 compound alone resulted in an attenuation of tumor-
induced bone osteolysis by the experimental end date, day 21. This was demonstrated through a
consistent preservation of bone integrity as assessed by all bone parameters, BMD, ConnD, TbN,
and BS. Despite a significant reduction in tumor bioluminescence, the combination of both
compounds together resulted in an exacerbation of bone loss, displaying similar bone loss to that
of tumor-bearing vehicle-treated controls. Tibia and femur data was pooled together following
confirmation of similar trends in bone parameter quantification when analyzed separately.
“Vehicle’ control group n=24, ‘PX866’ n=14, ‘AZD6244’ n=12, ‘Combo’ n=24. Data plotted as
mean + SEM. Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001),
relative to vehicle-treated control mice.
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This suggests that combination treatment induces an osteolytic phenotype that is as harmful as no
treatment at all. It is possible that the simultaneous PI3K and MEK inhibition has an adverse
effect on the maintenance of bone integrity, such as inhibiting bone formation and/or promoting
bone resorption by osteoclasts. For example, the combination of PX866 and AZD6244 led to an
approximate 10-fold increase in the levels of IP-10 in vitro, which is a potent factor in the
recruitment of monocytic precursors [53] into the tumor-bone microenvironment, potentially

enhancing osteoclast presence.

3.5.2.1 Trabecular separation as a more sensitive parameter of bone microarchitecture

The dense network of trabeculae within the confines of thick cortical bone is an integral
structure that provides stability and strength to the skeleton. Weakening or loss of structural
integrity in the trabeculae can result in fracture (eg. vertebral compression fractures as seen in
osteoporosis). The puCT parameter trabecular separation (TbSp), quantifiably measures the
amount of total separation between adjacent trabeculae using a sphere-filling model. Briefly, this
model generates spheres in the space between trabeculae until a point of contact occurs with
adjacent bone, and it is the size of these spheres that is then quantified. Consistent with other
uCT parameters, the PX866 and AZD6244 single-agent administration resulted in reduced
separation of trabeculae compared to vehicle-treated controls, suggesting a preservation of
microarchitecture. The combination of both compounds displayed an increased separation of
trabeculae, similar to that of vehicle-treated controls. This can be visualized through the
generation of 3D reconstructed images that display a heat map of the level of trabecular
separation (Figure 3-10). A more sensitive approach to quantify and visualize the range of

separation is with a histogram distribution plot (Figure 3-11). This method graphically compares
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Figure 3-10. Trabecular separation analysis of mice with established bone metastasis
treated with PX866 and/or AZD6244.

The trabecular separation parameter quantifiably measures the amount of total separation
between adjacent trabeculae using a sphere-filling model, and has proved to be a more sensitive
measure of tumor-induced bone loss. Consistent with other bone parameters, PX866 and
AZD6244 administration alone effectively resulted in less trabecular bone loss, as assessed
qualitatively, and with quantification of separation between trabeculae. Combination treatment
led to a worsening of these parameters. Tibia and femur data was pooled together after
confirmation of similar trends in bone parameter quantification. ‘Vehicle’ control group n=12,
‘PX866° n=7, ‘AZD6244’ n=6, ‘Combo’ n=12. Data plotted as mean + SEM. Asterisks indicate

statistical significance (* p<0.05; ** p<0.01; *** p<0.001), relative to vehicle-treated control
mice.
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Figure 3-11. Histogram distribution of trabecular separation of mice with established bone
metastasis treated with PX866 and/or AZD6244.

Histogram of trabecular separation can be a more sensitive approach to quantify and visualize the
range of separation and trabecular bone loss. The total volume of spheres or simply the
frequency of different sizes of trabecular separation can be determined, and therefore the
distribution of small or large bone loss. Peaks on the left side of the graph display the amount of
small, whereas the peaks on the right side demonstrate the frequency of large separations. PX866
or AZD6244 led to a higher frequency of small trabecular separations associated with
preservation of bone integrity. Vehicle-treated mice, and mice administered both compounds
simultaneously, displayed a loss of small trabecular separations, and an associated increase in
large separations, indicative of increased bone loss. Data plotted is from individual mice.
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the total volume of spheres generated against the separation. In other words, the frequency of
different sizes of trabecular separation can be determined, and hence the distribution of small or
large regions of bone loss can be quantified. Essentially, peaks on the left side of the graph
display the amount of small trabecular separations, whereas the peaks on the right side of the
graph demonstrate the frequency of large separations. This proved to be a more sensitive method
to determine the extent of tumor-induced bone loss and treatment effects. For example,
administration of either PX866 or AZD6244 resulted in a preservation of a large number of small
separations, similar to those seen in normal controls. In contrast, bone lesions in vehicle-treated
and combination treatment mice displayed a loss of small separations on the left side of the graph
and a corresponding gain of large separations on the right side of the graph, indicating enhanced

bone loss.

3.5.3 TRAP staining to quantify osteoclasts in bone metastases

Breast cancer and stromal cells promote osteoclast development and activity within the
tumor microenvironment, and this ultimately results in an osteolytic phenotype. Therefore, the
prevalence of osteoclast cells in the tumor-bone environment may provide a relative indication of
potential resorptive capacity. Although semi-quantitative, an estimate of osteoclast numbers
through the use of a distinct stain for tartrate resistant acid phosphatase (TRAP), may reveal
evidence of treatment effects on established bone metastases. A caveat of this histological
method is TRAP can be expressed by osteoclast cells that are not fully mature, and therefore may
not be entirely representative of resorptive capacity. However, TRAP is a critical enzyme
responsible for the degradation of bone and collagen matrices, and is therefore considered an

important indicator of osteoclast activation and potential resorption [38].
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Consistent with the pCT assessment of tumor-induced bone loss and treatment effects,
similar levels of osteoclasts were detected in vehicle-treated controls, and in mice treated with
the combination of PX866 and AZD6244. However, mice treated with either compound alone

showed a reduced presence of osteoclasts as assessed by TRAP staining (Figure 3-12).

3.6 Histology of PX866 and/or AZD6244 treated mice with established bone metastases

Tri-chrome staining allows discrimination between cancer cells, resident bone-marrow
cells and mineralized bone. Vehicle-treated control mice frequently demonstrated large tumors
that had expanded throughout the medullary cavity of the distal femur and/or proximal tibia,
often breaking through the cortical bone. The proliferating MDA-MB-231-EGFP/Luc2 cells
appeared visually healthy regardless of size or location of tumors. Similarly, mice administered
with PX866 frequently displayed large sized tumors, without any significant indication that PI3K
inhibition had affected cancer cell survival or proliferation. In contrast, mice treated with the
AZD6244 MEK inhibitor, including mice administered with the combination of both
compounds, frequently revealed large sized holes within the center of established bone tumors
(Figure 3-13). On the periphery of these holes was a small layer of approximately 10-20 cells
that appeared viable and contained mitotic figures. These AZD6244-induced spaces, likely due
to cell death, probably occurred early upon treatment, allowing time for dead cells to be cleared.
Furthermore, the central locations of the holes raised the possibility that they may have arisen in

ischemic areas and that these might be especially sensitive to MEK inhibition.
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Figure 3-12. TRAP+ osteoclast quantification in bone-colonized MDA-MB-231 cells.

Quantification of TRAP positive cells demonstrated similar levels of osteoclasts in vehicle-
treated controls, and mice treated with the combination of PX866 and AZD6244. Mice treated
with either compound alone showed reduced numbers of osteoclasts. TRAP positive cells were
counted in 4 random fields of view at a magnification of 40X.. Number of sections, n=4 for all
groups, and n=16 for total quantified field of view for each treatment group. Data plotted as
mean £ SEM. Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 3-13. Histology of drug treated MDA-MB-231-EGFP/Luc2 knee metastases.

Vehicle-treated controls and mice treated with PX866 displayed large tumors without cavities.
Mice treated with the AZD6244 MEK inhibitor, or mice administered with the combination of
both compounds, frequently revealed large cavities within the centers of established tumors.
Sectioning and tri-chrome stained done by Leona Barclay.
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3.7 Sensitivity of nutrient-deprived MDA-MB-231 cells to MEK inhibition

Due to the presence and location of large holes seen in mice with established bone
metastases following a 7-day treatment with AZD6244, it was hypothesized that areas of low

nutrient perfusion might sensitize MDA-MB-231 cells to MEK inhibition.

3.7.1 Cultured MDA-MB-231 cell sensitivity in low serum conditions to MEK inhibition

As was previously demonstrated, PX866, AZD6244 or the simultaneous exposure to both
agents was unable to induce any significant cytotoxic effect in cultured MDA-MB-231 cells.
However, the observation that mice with established bone metastases treated with AZD6244
developed large central cavities in the bone metastases led us to test the idea that deprivation of
nutrients and/or oxygen might sensitize the cells to AZD6244. To evaluate this, an Annexin V-
FITC/PI assay was performed with MDA-MB-231 cells grown in 0.1% FBS media conditions
and exposed to the drugs for 48 hours. Interestingly, as compared to cultured MDA-MB-231
cells in 10% FBS media, in 0.1% FBS the cells became dramatically sensitive to MEK inhibition
(Figure 3-14). Similar to previous experiments done in 10% FBS, camptothecin was used as a
positive control, as it is known to induce apoptosis in MDA-MB-231 cells. As was expected,
camptothecin demonstrated a potent effect, generating approximately 35% apoptosis and/or
necrosis, as assessed by positive staining for Annexin VV FITC and PI. PX866 did not produce
any significant increase in cell death, and resulted in similar staining to control cells. These
observations were comparable to assay results in 10% FBS. This indicated that MDA-MB-231
cells are relatively resistant to nutrient deprivation, with PI3K inhibition providing no increase in
sensitivity. In contrast, MDA-MB-231 cells exposed to AZD6244 exhibited approximately 25%

apoptosis and/ or necrosis, and simultaneous PI3K and MEK inhibition demonstrated no
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Figure 3-14. MDA-MB-231 sensitivity to MEK inhibition under low serum conditions.

MEK inhibition, but not PI3K inhibition, resulted in increased MDA-MB-231 cell death,
cultured in media containing 0.1% FBS. Similar to other experiments, the combination of both
compounds did not result in any significant additive apoptosis and/or necrosis. Camptothecin
was used as a positive control and resulted in similar apoptosis/necrosis to that in 10% FBS
conditions. Data represents three independent experiments and is plotted as the mean £ SEM.
Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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significant additive effect. This showed that the Ras-MAPK pathway was important in delivering
survival signals when exposed to nutrient deprivation, and that blockade of this pathway resulted
in increased MDA-MB-231 cell death.

A qualitative analysis can be visualized from images taken of the cultured cells following
a 48 hour exposure to the two drugs (Figure 3-14). Cells without treatment in 0.1% FBS develop
an altered morphology, demonstrating a more spindle-shaped and fibroblastic character that has
been associated with an increased migratory capacity of cancer cells, compared to cells in
nutrient-rich conditions [127]. The latter may serve as a survival mechanism enabling tumor cells
to escape regions of nutrient and/or oxygen deprivation. PX866 treated cells demonstrated a
similar appearance to vehicle-control MDA-MB-231 cells, whereas camptothecin or AZD6244
induced obvious cellular death, a finding that correlated with Annexin V FITC/PI quantification.

In order to confirm results from the Annexin V FITC/PI assay and to ensure an apoptotic
mechanism of cell death following exposure to AZD6244, a western blot for cleaved caspase-3
levels was performed (Figure 3-15). Caspase-3 is a frequently activated protease that is cleaved
and activated upon induction of programmed cell death [128]. Therefore, measuring protein
levels of cleaved caspase-3 is a reliable and frequently used assay to determine levels of
apoptosis in a cell population. Results obtained were consistent with 10% and 0.1% FBS
conditions using the flow cytometry based analysis. In 10% FBS, camptothecin was the only
compound to demonstrate significant levels of cleaved caspase-3. In contrast, in 0.1% FBS, a
dramatic increase of cleaved caspase-3 levels was evident following exposure to AZD6244
(Figure 3-15). This demonstrated that, in the absence of adequate serum factors, MDA-MB-231

cells become sensitive to MEK inhibition, resulting in significant levels of cellular apoptosis.
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Figure 3-15.Caspase-3 cleavage to assess MDA-MB-231 sensitivity to AZD6244 during
serum deprivation.

To assess MDA-MB-231 cell sensitivity as a function of FBS levels in low serum conditions,
western blotting for cleaved caspase-3 was performed. Camptothecin was used as a positive
control. There was a slight elevation of cleaved caspase-3 protein in control cells with no
treatment and PX866 exposed cells in low serum versus full serum conditions, most likely due to
minimal apoptosis induced by the stress of serum deprivation. MDA-MB-231 cells exposed to
AZD6244 under low serum conditions, resulted in a dramatic increase of cleaved caspase-3
protein levels, relative to full serum conditions. Blot shown is representative of three
independent experiments.
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3.7.2 Short treatment regimen of AZD6244 MEK inhibition on late-stage bone metastases

A short 3 day treatment regimen with AZD6244 on late stage knee metastases was
performed in an attempt to reveal whether large tumors, likely having regions starved for
nutrients, would be sensitive to MEK inhibition in vivo. BLI of mice with large knee metastases
following AZD6244 administration for 3 days demonstrated an inhibition of tumor growth as
reflected by photon flux determinations (Figure 3-16). Following day 2 of treatment with
AZD6244 there was a consistent drop of BLI in all mice, followed by an increase in photon flux
on the last experimental date, however, there was still a significant overall reduction of tumor
BLI, as compared to vehicle-treated control mice. These results showed that even short treatment
with MEK inhibitors can have a striking effect on the growth and/or survival of MDA-MB-231-
EGFP/Luc2 bone metastases.

In order to visualize the in vivo consequences of AZD6244 treatment, a histological
examination was performed. The tri-chrome stain was carried out to distinguish between
mineralized bone, resident bone marrow cells, and colonized MDA-MB-231-EGFP/Luc2 cells.
In contrast to controls, AZD6244 treatment led to the development of regions of cell death within
the knee metastases (Figure 3-17). Furthermore, TUNEL staining revealed a significant amount
of positively staining cells within the affected areas. The involved regions were likely consistent
with previous histological examination of mice treated with AZD6244 in the 7 day treatment
regimen that demonstrated central zones that were cleared of MDA-MB-231 cells (Figure 3-13).
Hallmarks of the apoptotic process include the fragmentation of DNA, chromatin condensation
and the formation of rounded apoptotic bodies, followed by rapid clearance of dead cells by
macrophage phagocytosis [129]. The latter feature would be predicted to be the cause of the

large cavities seen within bone metastases in the 7 day treatment group.
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Figure 3-16. Short treatment regimen of MDA-MB-231 knee metastases with AZD6244.

A 3 day treatment with AZD6244 was performed on mice with late stage tumors. At the
experimental end date (day 4), vehicle-treated controls displayed over 1 log increase in tumor
bioluminescence, as compared to AZD6244 treated mice. For ‘Vehicle-Treated” group n=6, and
‘AZD6244’ n=5. Data plotted as mean = SEM. Asterisks indicate statistical significance
(*p<0.05; ** p<0.01; *** p<0.001).
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Figure 3-17. Histology of bone metastases after a 3 day treatment with AZD6244.

Representative regions of an MDA-MB-231-EGFP/Luc2 knee metastasis demonstrate a large
region of cell death at the lower pole of the tumor (upper right image), following treatment with
AZD6244. TUNEL staining (bottom left and right images) demonstrates the presence of
TUNEL-positive cells in the region of cell death in mice treated with AZD6244 (right lower
image). Sectioning and tri-chrome stain (top four boxes) done by Leona Barclay.
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3.8 Discussion
3.8.1 Potential mechanism of action of PX866 and AZD6244 on bone metastases

It is complicated and difficult to decipher specific in vivo effects of systemically
administered signaling pathway inhibitors, primarily due to potential pleiotropic effects on all
cells in the body. However, appropriate analysis is possible through the application of a
combination of in vitro and in vivo methods of experimentation. This study aimed to specifically
evaluate the effects of PX866 and AZD6244, PI3K and MEK inhibitors, respectively, on breast
cancer bone metastases and their effects on bone integrity. Using the evidence obtained, a
mechanism of action can be proposed (Figure 3-18), taking into consideration the players in the
‘vicious cycle,” including the bone-colonized MDA-MB-231-EGFP/Luc2 cells, as well as
osteoblasts and osteoclasts.

Although PX866 resulted in no significant effects in vitro or on tumor bioluminescence in
vivo, it was able to attenuate the extent of bone destruction, likely by inhibiting hyper-active
osteoclast activity. It was previously demonstrated that PI3K activity is important in osteoclast
cytoskeletal processes, such as chemotaxis, attachment to the bone surface, and formation of the
actin ring responsible for resorption [130, 131]. In fact, the osteoclast avP3 integrin is a major
upstream activator of the PI3K pathway. Furthermore, inhibition of PI3K has been demonstrated
to inhibit osteoclast bone resorption [132]. Alternatively, as reported by others, PI3K inhibition
can inhibit the differentiation of pre-osteoclast cells into mature TRAP-positive resorptive
osteoclasts in vivo, likely due to inhibition CSF-1R signaling [133].

We found that AZD6244 was able to effectively reduce tumor bioluminescence, and also
resulted in an attenuation of bone loss. Consistent with our in vitro data, AZD6244 was able to

cause growth inhibition of MDA-MB-231 cells in full serum culture conditions, and to trigger
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Figure 3-18. Potential mechanism of action of PX866 and AZD6244 on bone metastases.

PX866 administration was unable to affect MDA-MB-231 cells in vitro, and was ineffective at
reducing tumor bioluminescence in vivo, however, resulted in an attenuation of tumor-induced
bone osteolysis. Therefore, PI3K inhibition may ultimately target osteoclast cell resorptive
function or differentiation, either directly, or indirectly through decreased osteoblast expression
of RANKL. In contrast, AZD6244 inhibited growth of MDA-MB-231 cells in vitro, and
demonstrated a reduction of cancer cell growth in vivo, with a corresponding preservation of
bone integrity. Alternatively, AZD6244-induced reduction of MDA-MB-231 cytokine secretion
of osteoclastogenic factors could indirectly affect osteoclasts. As well, it is possible that MEK
inhibition directly targets osteoclast cells in the bone microenvironment. The combination of
both compounds resulted in a similar negative effect on tumor growth as seen with AZD6244
administration alone, but displayed enhanced bone destruction. Therefore, multiple mechanisms
are possible that would favor osteoclast activity, such as inhibition of osteoblast-mediated bone
deposition, or induction of osteoclastogenic factors from these cells, or from bone-colonized
MDA-MB-231 cells.
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cell apoptosis under low serum conditions. Therefore, the reduction in tumor bioluminescence in
vivo was likely a consequence of both of these processes. It is possible that the AZD6244-
mediated reduction of tumor mass abrogated osteoclast-induced bone destruction. Alternatively,
the possibility exists that MEK inhibition might directly target osteoclasts. Previous studies have
determined that the MEK-ERK signaling axis is integral in the survival, differentiation,
maintenance of cell polarity and function of the ruffled border of osteoclasts [109, 134].
Additionally, AZD6244 effectively reduced MDA-MB-231 cytokine and growth factor secretion
in vitro (Figure 3-6), thereby potentially reducing osteoclast recruitment, differentiation, and
resorptive function. Reduced expression of factors in the bone microenvironment, such as G-
CSF, GM-CSF, MCP-1, TGF-o and IL-8, all of which have demonstrated to promote
osteoclastogenesis [135], might plausibly be involved in the AZD6244-associated preservation
of bone we observed.

Interestingly, the combination of both compounds resulted in reduced tumor
bioluminescence, however, this treatment displayed an exacerbation of bone damage. The
AZD6244 component was the most likely cause of reduced tumor bioluminescence (levels were
similar to those of AZD6244 administration alone). The addition of PX866 conferred no
additional therapeutic benefit as assessed by tumor bioluminescence. However, it was possible
that the combination treatment was able to further tip the balance towards osteoclast bone
resorption, leading to enhanced destruction. This would be achievable through multiple
mechanisms, such as the inhibition of mature, bone depositing osteoblasts or through the
induction of osteoblast-derived factors, such as the osteoclast activator RANKL. Furthermore,
and consistent with in vitro luminex cytokine secretion data, the simultaneous inhibition of PI3K
and MEK might actually induce cancer cell secretion of potent osteoclastogenic factors, such as
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IP-10. Interestingly, IP-10 has not received much attention in the context of osteolytic
metastases. However, in a genome-wide study of circulating monocytes, IP-10 was demonstrated
to be amongst the most potent recruiters of monocytic osteoclast precursors into the bone
microenvironment [53]. Furthermore, it has been demonstrated that human breast cancer
patients, and breast cancer cell lines (primarily the basal subtype) frequently overexpress IP-10
[136].

It is possible that an assault on two key signaling pathways, such as that occurs with
PX866 and AZD6244 combination treatment, results in an upregulation and/or dependency on
other signaling modalities, such as those downstream of NF«B. Interestingly, it is known that
pathway convergences between PI3K, MEK, and NF«kB exist [69], further complicating potential
avenues for pathway crosstalk and cancer cell resistance to therapeutic intervention.

Numerous studies have demonstrated the importance of both PI3K and MEK-ERK
signaling, including crosstalk between them [73, 110], in osteoclast survival, differentiation and
function, however, this has only been investigated in the in vitro setting. Therefore, such
approaches are unable to account for stromal-cell interaction and important extracellular cues
derived from cytokines and growth factors in the microenvironment.

This study demonstrates that investigation of potential therapies must take the appropriate
microenvironments into consideration, in order to ensure the inclusion of multiple cell types and
their interactive effects. Collectively, the results suggest crosstalk between the PI3K and the Ras-
MAPK pathways is not a critical mechanism in continued MDA-MB-231 survival in vitro and in
vivo. Also implicated is that MEK inhibition alone may be a valuable option for the treatment of
osteolytic breast cancer metastases, either alone, or most likely in conjunction with other agents,
such as alternative signaling pathway inhibitors or chemotherapeutic drugs.
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3.8.2 MDA-MB-231 sensitivity to MEK inhibition following nutrient-deprivation

It is apparent that cancer cells have developed sophisticated mechanisms to perpetuate
proliferative expansion and survival, even in the face of normally toxic stimuli. For example, it
has been demonstrated that conventional chemotherapeutic compounds, such as doxorubicin or
docetaxel can activate the Ras-MAPK pathway, leading to drug resistance [74]. Furthermore, the
finding that signal transduction pathways contain numerous points of regulation, leading to
positive and negative feedback loops, only complicates matters. Cell signaling propagation and
regulation are extremely complex processes that must be carefully evaluated when considering
novel potential therapeutic interventions in patients with any type of cancer. For example, as
demonstrated before, as well as in this study, the PI3K and Ras signal transduction pathways
harbor multi-level crosstalk mechanisms, and generate similar downstream effects. This leads to
the notion that inhibition of one pathway alone may not be sufficient for cancer therapy.
However, tumor cell dependency on the Ras and PI3K pathways may not be as critical as
previously thought and may vary depending on the specific cancer type examined. Indeed, both
our in vitro and in vivo investigations demonstrated that simultaneous inhibition of both
pathways did not lead to any significant additive effects on MDA-MB-231 cells. However, this is
unquestionably cell type and location specific, in terms of the corresponding microenvironment.
For example, signals that arise within the microenvironment, such as in the bone are important
regulators of signal pathway propagation, and therefore crosstalk could be more evident
depending on the nature of the available extracellular cues. Similarly, different types of cancers
or cancer subtypes could act differently, primarily based on their inherent transcriptional and
mutational profiles. For example, a study demonstrated that basal-like breast cancer cells that

harbor wild-type p53 tumor suppressor, and that are exposed to simultaneous PI3K and MEK

85



inhibition, underwent additive apoptosis, whereas in the context of mutant p53, additive cell
cycle arrest occurred [79]. Consistent with this finding, the MDA-MB-231 cells used in this
study harbor mutant p53 and similar results of enhanced cytostatsis without any significant
apoptosis were found following simultaneous PI13K and MEK inhibition.

Our finding that serum deprivation can sensitize MDA-MB-231 cells to MEK inhibition
has important therapeutic implications. The Ras-MAPK pathway is highly deregulated in many
cancers and it seems to provide an important signaling mechanism to resist times of stress, such
as in nutrient deprivation [137]. Therefore, if it were possible to starve tumors of nutrients in
vivo, it might be possible to render them sensitive to MEK inhibition. Furthermore, it has been
demonstrated that mutant p53 in MDA-MB-231 cells is stabilized by phospholipase D (PLD),
and is required for survival during a stress response [137]. Interestingly, it was also shown that
either inhibition of PLD activity or MEK resulted in the de-stabilization of mutant p53, and this
led to significant apoptosis following serum deprivation [137]. It is now collectively agreed that
mutant p53 can exert an oncogenic dominant negative or gain of function property, in contrast to
the tumor suppressive activity of wild-type p53 [138]. This can occur through mutant p53-
mediated inhibition of wild type p53 (dominant negative), or alternatively, direct binding and
transcription of diverse proto-oncogenes (gain of function). For example, genome-wide
approaches have determined that mutant p53, but not wild-type p53, regulates the transcription
of EGFR and c-myc [139], molecules that are important in tumorigenesis. In fact, this may
account for the overexpression of EGFR seen in the MDA-MB-231 cells, as well as in breast
cancer patients. Indeed, a large portion of aggressive breast cancers associated with a triple-
negative profile, harbor p53 mutations [139]. Furthermore, a positive feedback loop has been
demonstrated, in which the product of PLD activity, phosphatidic acid (PA), results in increased
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Ras-MAPK signaling, and conversely, EGFR signaling through the Ras-MAPK pathway is able
to activate PLD [140]. Therefore, it is evident that a connection between mutant p53, PLD and
the Ras-MAPK pathway has developed to suppress default apoptotic programs, such as during
nutrient-deprived stress conditions. Further delineation of signaling transduction pathway
connections and their regulation will surely generate avenues for potential therapeutic

intervention in diverse cancers that harbor common mutations.

3.9 Future directions
3.9.1 Establishing more effective therapeutic avenues for breast cancer metastasis

Although it is significant to understand that the Ras-MAPK pathway is able to generate
survival signals during nutrient deprivation, the ultimate goal for cancer therapy is specific and
effective targeting of all cancer cells. Therefore, induction of tumor cell death of cancer cells,
regardless of the presence or absence of nutrients or oxygen represents an effective therapeutic
intervention. Roles for signal transduction pathways in promoting potent anti-apoptotic
mechanisms have been under intense investigation in order to determine susceptibilities that can
be taken advantage of for cancer therapy. The Ras-MAPK pathway is one such signaling axis
that is now known to induce multiple pro-tumorigenic effects, such as proliferative and anti-
apoptotic signals. For example, in the nucleus, ERK-mediated phosphorylation of c-myc and
ELK-1 leads to sustained expression of genes controlling cell cycle progression. Similarly, ERK-
induced phosphorylation of Bcl-2 family members has been implicated in mediating the strong
anti-apoptotic phenotype of cancer cells [141]. Bcl-2 family members consist of anti-apoptotic
proteins, such as Bcl-2, Bcl-xL and Mcl-1, and pro-apoptotic members such as Bim, Bax and

Bak. Anti-apoptotic Bcl-2 is frequently elevated in breast cancer, and is now used as a diagnostic
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and prognostic evaluation since it has been highly implicated in resistance to chemotherapeutic
agents [142]. It is known that ERK-induced phosphorylation of the pro-apoptotic factor Bim
induces its proteasomal degradation, thereby impeding any potential induction of apoptosis
[141]. Therefore, it was postulated that inhibition of MEK would inhibit this phosphorylation,
freeing Bim to promote mitochondrial-dependent cell death. However, despite strong theoretical
evidence, there have been disappointing results with MEK inhibitors in the clinic [90]. Recently,
an explanation for the failure of MEK inhibitor-induced apoptosis may have been uncovered, at
least in part; elevated levels of Bcl-2 were shown to be able to sequester and neutralize MEK
inhibition-increased Bim, thus inhibiting the latter’s pro-apoptotic function [141]. Therefore,
simultaneous inhibition of the MEK-ERK axis, as well as Bcl-2 may be able to effectively
promote Bim-induced cancer cell apoptosis. In fact, this type of treatment has been demonstrated
to transition MEK inhibitor cytostatic effect into a cytotoxic effect with long-term tumor
regression in B-Raf mutant cell lines in vitro and in vivo [143].

It was of interest to briefly investigate whether this type of combinatorial treatment was
also able to sensitize MDA-MB-231 cells, irrespective of growth factor presence within serum-
containing media. Interestingly, we found that the combination of Bcl-2 and MEK inhibition
resulted in a strong induction of apoptosis, with approximately 40% of the cells staining
Annexin+/Pl — or Annexin+/Pl+. Use of the Bcl-2 inhibitor, ABT-263, alone also induced
appreciable levels of apoptotic cells, at approximately 25%, however the most dramatic effect
was seen when this agent was used in conjunction with AZD6244 (Figure 3-19). This data is
suggestive that cancers with elevated levels of Bcl-2 and demonstrate evidence of Ras-MAPK

pathway activation may be sensitive to simultaneous Bcl-2 and MEK inhibition and represents
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Figure 3-19. Bcl-2 and MEK inhibition as a potential therapeutic intervention.

The high frequency of increased Bcl-2 expression and hyperactivation of Ras-MAPK signaling
in breast cancer makes simultaneous inhibition of these proteins an attractive strategy for
therapeutic intervention. ABT-263-mediated Bcl-2 inhibition alone, as well as in combination
with PX866 PI3K inhibition resulted in a significant induction of apoptosis. However, ABT-263
in conjunction with the AZD6244 MEK inhibitor demonstrated the most dramatic induction of
apoptosis (approximately 40% of all cells). All groups were exposed to the corresponding
compounds for 48 hours (Ium for ABT-263 and 2.5um for PX866 or AZD6244). Data
represents three independent experiments and is plotted as the mean + SEM. Asterisks indicate
statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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an approach that should be investigated further in the context of primary and metastatic breast
cancer.

It has recently been demonstrated that signaling pathway inhibition results in adaptive
resistance in matrix-attached cancer cells, through the upregulation of Bcl-2. This study revealed
that only subsets of matrix-attached cells were resistant to pathway inhibition, and that additional
targeting of Bcl-2 was able to completely sensitize all cells to undergo apoptosis [144]. It is
known that a direct link exists between p53 and Bcl-2 family members. Wild-type cytoplasmic
p53 is able to activate pro-apoptotic proteins that are able to antagonize the anti-apoptotic effects
of Bcl-2, such as sequestration of Bim [145]. However, the presence of mutant p53, such as in
the MDA-MB-231 cells, would result in an impaired modulation of pro-apoptotic proteins,
leading to enhanced anti-apoptotic function. Interestingly, wild-type p53 has demonstrated to
reduce Bcl-2 function, thereby leading to induction of apoptosis in the face of toxic stimuli.
Conversely, mutant p53 has the capacity to increase anti-apoptotic Bcl-2 levels and function in a
transcription-dependent and independent manner [146], leading to cancer cell survival under
cytotoxic conditions. As was previously mentioned, MEK inhibition during nutrient deprivation
causes destabilization of mutant p53. Therefore, it is possible that reduced mutant p53 activity in
this scenario results in a down-regulation of Bcl-2 or other anti-apoptotic family members,
thereby sensitizing MDA-MB-231 cells to MEK inhibition, as we observed in vivo.

It is evident that a connection with p53 exists in many different settings, and is seemingly
responsible for pro-survival effects, even in nutrient-deprived environments. The p53
transcription factor modulates many cellular processes, and the fact that it is considered to be the
most frequently mutated in all cancer types, lends importance into further investigation of its role
in metastatic breast cancer, as well as in the generation of creative ways to target or reverse its
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pro-tumorigenic effects. Signal propagation and crosstalk between different pathways is a
complicated and challenging process to decipher, however, further delineation of these
mechanisms, along with personalized genetic screening will surely prove beneficial in the

treatment of many different types of cancer.
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Chapter Four: The effect of PI3K and/or MEK inhibition using small-molecule inhibitors in
normal bone development

4.1 Introduction
4.1.1 Endochondral versus intramembranous ossification

Prior to an analytical evaluation of the effects of small-molecule signaling pathway
inhibition in normally developing mice, a brief overview of bone development and maintenance
is required. As described in more detail below, longitudinal bone growth occurs through dynamic
sequential events that are tightly regulated, in a process termed endochondral ossification [49,
147]. In contrast, outward growth and thickening of cortical bone occurs through distinct
mechanisms, through a process termed intramembranous ossification [148].

Endochondral ossification of long bones in a developing organism occurs at the growth
plate, primarily containing cartilage, or more specifically, chondrocytes (Figure 4-1).
Chondrocytes in the growth plate undergo a sequential modification of cellular states, including
proliferation, hypertrophy, and eventually cell death. These latter events result in the release of
membrane-bound matrix vesicles, containing proteins, such as annexins, and phosphatases,
which are thought to provide necessary signals and sites for mineralisation by osteoblasts.
Osteoclasts are also present, and are responsible for the removal of cartilage matrix, thereby
providing a suitable framework for differentiating osteoblasts and bone deposition. Therefore, a
concerted process involving chondrocytes, osteoblasts and osteoclasts is required for proper
longitudinal bone growth and trabeculogenesis. In humans, during puberty, the ossification front
begins to invade the growth plate, eventually resulting in a fusion of the bones (metaphysis and
epiphysis) [149, 150]. However, in mice this fusion event never occurs, and essentially,

continued growth occurs throughout lifetime, albeit progressively decelerates in adulthood.

92



Perichondrium

Trabecular bone

Cortical bone

Bone collar
Cartilage Bone Cartilage
(o o— | —— (o ]| om— —
e < <
s ® g 2 Col X PTHrP
g 2 £g 8%¢ > < >
> 8 g $§> £t I Ihq Sox5, Sox6,
58 88 T8 888 Sox9, FGFR3
ST B3 5% >779 Runx2/3
28 35 55 ivs «—>
€2 382 82 2982
g o X o wo aOmo ‘ N PPR ’
Col | Colll

Figure 4-1. Endochondral and intramembranous ossification.

Endochondral ossification results in the longitudinal growth of bones through the concerted
efforts of various cell types, including chondrocytes, osteoblasts and osteoclasts. Chondrocytes
show an orderly progression through several states, including proliferation, hypertrophy, and
death. The latter stage is a signal for osteoblast deposition of bone matrix at the ossification
front, leading to matrix mineralisation and growth. Osteoclasts are responsible for cleanup and
remodelling of matrix, and aid in generating an appropriate foundation for osteoblast bone
deposition. In contrast, intramembranous ossification is responsible for the outward growth of
cortical bone in the absence of a cartilage template. Reprinted from Biochemical and Biophysical
Research Communications, 328(3), Provot, S., Schipani, E., “Molecular mechanisms of
endochondral bone development,” 658-665, 2005, with permission from Elsevier.
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Intramembranous ossification accounts for the thickening of cortical bone (Figure 4-1).
This process occurs in the absence of chondrocytes, and results from the recruitment of
mesenchymal stem cells from the periosteum and their subsequent differentiation into mature
osteoblasts, capable of bone deposition [148]. Osteoclasts are also involved in bone remodelling

in the context of responding to applied stresses to the bone as an organism grow.

4.1.2 Effects of PI3K and MEK inhibition on normal bone development

As described previously, the PX866 and AZD6244 studies on tumor-induced bone
remodelling suggested that these agents might be affecting osteoclast and/or osteoblast activity.
There is evidence that both the Ras and PI3K pathway are important in osteoclast and osteoblast
development and function. For example, it was demonstrated in culture systems with mouse
bone marrow cells, inhibition of MEK or PI3K resulted in inhibition of osteoclast differentiation
[109]. The authors of this study postulated that this was, at least in part, due to a blockade of
RANKL downstream signaling activation. Another investigation also demonstrated that
inactivation of ERK1/2 significantly reduced osteoblast RANKL expression, resulting in a delay
of osteoclast formation in vivo [151]. Similarly, two independent studies demonstrated that Aktl
can induce the expression of RANKL, and stimulate the differentiation and survival of
osteoclasts, resulting in enhanced bone resorption in vitro and in vivo [152, 153]. Loss of Aktl in
vivo demonstrated osteoblast differentiation, and an inhibition of coupled-osteoclastogenesis,
resulting in a net bone acquisition [153]. Interestingly, crosstalk between the Ras and PI3K
pathways has been implicated in supporting osteoclast, differentiation, survival and function [73,
110, 154]. Therefore, there is potential for simultaneous inhibition of the Ras and PI3K pathways

to result in an additive reduction in osteoclast activity in vivo, similar to osteopetrosis.
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4.2 Results
4.2.1 uCT assessment of PX866 and/or AZD6244 administration in normal mice

Vehicle-treated control mice demonstrated a normal pattern of bone growth, consistent
with uCT bone parameter analysis. Parameters included BV/TV (bone volume fraction), BMD
(bone mineral density), CtTh (cortical thickness), TbTh (trabecular thickness), ConnD
(connectivity density), TbN (trabecular number), TbSp (trabecular separation), and BS/BV (bone
surface/bone volume). Interestingly, the major effects on bone growth in mice administered
PX866, AZD6244, or the combination of both compounds, were primarily a consequence of
PI3K inhibition. Thus, AZD6244 did not result in any significant quantitative effects on all bone
parameters analyzed. In contrast, PX866 or the combination of both agents resulted in a similar
dramatic impairment of endochondral ossification (Figure 4-2). This showed that this process is
heavily reliant on PI13K signal transduction, but not the Ras-MAPK pathway. However, as can be
visualized in the images that show trabecular thickness, AZD6244 led to a distinct elevation of
bone growth under the growth plate, at the ossification front (Figure 4-3). It is possible that the
length of treatment with AZD6244 was insufficient to generate a significant quantitative measure
(by uCT) of increased trabecular thickness. Additionally, this parameter is a measure of the
average trabecular thickness, and is therefore not sensitive to the spatial location of enhanced
mineralisation specifically at the ossification front of the growth plate. The qualitative analysis is
suggestive that MEK inhibition potentially targeted resorptive osteoclast cells directly, or
alternatively enhanced osteoblast differentiation and subsequent bone deposition at the growth
plate. Regardless of the mechanism, the results suggest that MEK inhibition may be able to tip
the balance back towards osteoblasts.

In contrast to the results obtained with AZD6244, PX866 (See Figure 4-2 for details on
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Figure 4-2. Bone quantification of normal mice treated with PX866 and/or AZD6244.

Mice were treated daily with PX866, AZD6244, the combination of both, or vehicle only, at 4-5
weeks of age for 14 days and scanned with microCT on days 0, 7 and 14 to assess the level of
bone growth, development and maintenance. Vehicle-treated mice were undergoing obvious
considerable growth during this time, implying greater osteoblast presence, and appreciable bone
deposition. All bone parameters analyzed, with exception to trabecular number, demonstrated
similar and consistent results, in which AZD6244 had no significant effect on bone growth,
whereas mice treated with PX866 displayed impaired bone growth. Abbreviations: BV/TV —
Bone Volume/Total Volume, BMD — bone mineral density, CtTh — cortical thickness, TbTh —
trabecular thickness, TbN — trabecular number, ConnD — connectivity density, TbSp — trabecular
separation, BS/BV — bone surface/bone volume. For all treatment groups n=6. Data plotted as
mean £ SEM. Asterisks indicate statistical significance (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 4-3. pCT bone images of normal mice treated with PX866 and/or AZD6244.

Following 14 days of treatment, mice treated with PX866 resulted in the near complete loss of
the cartilage growth plate containing chondrocytes, resulting in an impairment of endochondral
ossification and bone mineralisation at the ossification front. In contrast, mice treated with the
AZD6244 alone resulted in enhanced endochondral ossification process, and increased the level
of bone deposition at the growth plate, Although the mechanism is unknown, it is evident that
PI3K inhibition holds the potential to disrupt bone growth, whereas MEK inhibition may actually
enhance bone growth.
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dosing) resulted in a dramatic impairment of endochondral ossification. Similar results were seen
with the combination of PX866 and AZD6244, suggesting that PI3K inhibition alone was
responsible for the impairment of bone growth. Trabecular thickness images of PX866-treated
animals demonstrated a thinning, and most strikingly, a virtual disappearance of the cartilage
growth plate (Figure 4-3), suggesting a direct effect on chondrocyte proliferation and/or
differentiation. This would obviously impact osteoblast recruitment and bone formation at the
growth plate. It is also plausible that PI3K inhibition could have resulted in a direct inhibition of
osteoblast function, differentiation or survival, however, the most profound defect caused by
PX866 was the ablation of the growth plate.

The bone parameter trabecular separation was more closely examined with a histogram
sphere distribution analysis. There were no PX866-induced differences in large separations, thus
only the small separations portion of the graph were analyzed. As mentioned in the previous
chapter, an inherently small separation between trabeculae is necessary for the maintenance of
proper bone integrity. In the context of bone disease that favors bone-resorbing osteoclasts, such
as osteolytic metastases, a loss of the small separations is generally associated with the gain of
large separation, generating areas of weakness and predisposition to fracture. However, during
normal bone development, some small trabecular separations become filled-in as new bone is
laid down. As demonstrated by the histogram distribution, vehicle-treated controls and AZD6244
treated mice demonstrated similar levels of small trabecular separation loss throughout the 14
day period, whereas the PX866 (and combo) treated mice displayed a static level of small
trabecular separation between days 7 and 14 of the treatment period (Figure 4-4). Consistent
with other bone parameters, the histogram distribution of trabecular separation indicates that
PI3K inhibition, but not MEK inhibition, results in impairment of normal bone growth.
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Figure 4-4. Histogram distribution of trabecular separation of normal mice treated with
PX866 and/or AZD6244.

Vehicle-treated controls and AZD6244 treated mice demonstrated similar losses of small
trabecular separations throughout the 14 day period. In contrast, PX866-treated (and
combination) mice displayed a constant level of small trabecular separation at day 7 and 14 of
the treatment period, indicating an impaired capacity for new bone deposition. For all treatment
groups n=6.
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4.2.2 Histological examination of PX866 and/or AZD6244 administration in normal mice

Histological examination of mice in this investigation was consistent with results obtained with
uCT (Figure 4-5). Vehicle-treated control mice demonstrated normal endochondral ossification,
with intact chondrocyte stages of differentiation. These include resting cells (chondrocyte
progenitors), stacks of proliferating chondrocytes, followed by pre- and late-stage hypertrophy.
The latter stimulate angiogenesis and recruitment of marrow derived osteoclasts, and also
osteoblasts that will imitate the process of ossification beneath the growth plate. Mice treated
with PX866 demonstrated significantly less bone deposition at the growth plate, most likely due
to a negative influence on any one or more of these processes. Mice treated with both PX866 and
AZD6244 demonstrated a further effect on chondrocyte development, with an obvious reduction
in the width of the epiphyseal growth plate and decreased bone formation. It has been
demonstrated previously that PI3K inhibition can affect endochondral ossification through a
reduction in the proliferative, and particularly the hypertrophic zone of chondrocytes both in
vitro and ex vivo [155]. Therefore, the observed endochondral ossification impairment seen here
in vivo was most likely due to PX866. However, as crosstalk between PI3K and Ras occurs, it is
possible for the combination of both compounds to produce an additive impairment of the
endochondral ossification process. In contrast, mice treated with AZD6244 alone appeared to
have an enhanced level of chondrocyte development with an apparent increase of the
proliferative and hypertrophic zone of chondrocytes. It has been demonstrated in embryonic
limb tissue that pharmacological MEK inhibition can enhance chondrocyte differentiation
and the accumulation of cartilage matrix [156]. Therefore, it is likely that AZD6244 is causing a
qualitative increase of bone deposition at the ossification front, as assessed by pCT, suggesting

an overall enhancement of endochondral ossification.

100



Proliferative Zone

Hypertrophic Zone

Mineralisation Zone

Proliferative Zone [

Mineralisation Zone

Proliferative Zone

Hypertrophic Zone

Mineralisation Zone

Figure 4-5. Histological examination of growth plates from normal mice treated with
PX866 or AZD6244.

Vehicle-treated control mice demonstrated normal endochondral ossification. Mice treated with
PX866 demonstrated an inhibition of endochondral ossification, likely due to an impairment of
chondrocyte differentiation, visualized by a reduction in the proliferation zone and near
disappearance of the hypertrophic zone. Mice treated with both PX866 and AZD6244 showed a
similar appearance to PX866 treatment alone, and therefore was not shown. In contrast, mice
treated with AZD6244 alone appeared to harbor larger zones of chondrocyte proliferation and
hypertrophy, potentially enhancing endochondral ossification. Sectioning and tri-chrome stained
done by Leona Barclay.
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4.3 Discussion

Differential effects of pathway inhibition are likely to exist within diverse environmental
contexts, such as in the presence of bone metastases, or during normal bone growth and
maintenance. It is difficult to make direct comparisons in each situation; however, an evaluation
of PI3K and Ras-MAPK signal pathway inhibition in mice without tumors is an important and
useful determinant. The subsequent direct effects on resident bone cells may aid in predictive
effects of pathway inhibitor administration in the context of different bone diseases, such as
rheumatoid arthritis, or osteolytic metastases.

We demonstrated that PI3K inhibition resulted in a severe impairment of endochondral
ossification, an important process required for normal bone growth. Extrapolating from mice to
humans, it raises the possibility that PI3K inhibitors given to children and adolescents might
stunt long bone growth. This would depend on the dose and duration of treatment obviously.
However, in adult humans whose growth plates have fused, PI3K inhibition may have no such
negative effect and may be more effective as a therapeutic agent under certain pathological
conditions, such as those involving excess osteoclast activity. For example, joint destruction that
occurs in rheumatoid arthritis is thought to arise due to the direct effect of osteoclasts [157]. In
an arthritis mouse model, PI3K inhibition effectively resulted in reduced bone destruction, and
inhibition of osteoclast numbers and activity [61]. PI3K inhibition may be able to effectively
impair osteoclast function in this setting through disruption of RANKL and CSF-1 induced
osteoclastogenesis [71, 158]. Alternatively, loss of PI3K activity may directly inhibit osteoclast
function, via disruption of the ruffled border and attachment to the bone matrix, or inhibition of
osteoclast survival and differentiation [130]. In contrast, normal bone remodelling and growth is

heavily reliant on osteoblast function at the ossification front, and PI3K inhibition may result in
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the inhibition of both chondrocytes and osteoblasts. It is also possible that chondrocytes,
osteoblasts and osteoclasts all rely on PI3K signaling, for diverse purposes at different times,
such as differentiation, migration, survival and function. Interestingly, it has been shown that
increased PI3K activity, through PTEN deletion in chondrocytes and osteoblasts, resulted in an
enhancement of growth plate matrix production and accelerated hypertrophic differentiation
[159]. This demonstrates the consequences of disproportionately high PI3K activity, resulting in
abnormal skeletogenesis. Since we found that PX866 was able to inhibit proliferation, and/or
induce apoptosis of chondrocytes, it might prove useful in the treatment of chondrosarcoma.

In contrast, we found that MEK inhibition demonstrated no significant quantitative effect
on growth over a 2-week treatment period with AZD6244. However, histological analysis
displayed an appreciable increase in bone deposition at the ossification front beneath the growth
plates. Representative uCT cross-sections of tibial bones, including heat map trabecular
thickness, show that MEK inhibition may be enhancing the endochondral ossification process,
although the precise mechanism remains nebulous. It is possible that MEK inhibition resulted in
an increased proliferative and/or transit of chondrocytes into the hypertrophic state thus
enhancing osteoblast recruitment and bone matrix deposition at the growth plate. The reverse
effect was demonstrated by others using constitutively-active MEK in chondrocytes that resulted
in dwarfism that was associated with an inhibition of hypertrophic chondrocyte differentiation
[160]. In addition, it is possible that MEK inhibition either increased the differentiation and
numbers of osteoblasts, or reduced the number of osteoclast cells. Indeed, it has been
demonstrated that inactivation of MEK reduced osteoblast expression of RANKL [151], one of
the critical factors supporting osteoclastogenesis. Qualitative examination of histological sections
suggested that AZD6244 was able to enhance the proliferative and hypertrophic zones of
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chondrocytes, perhaps accounting for the increased endochondral ossification observed.
Regardless of the exact mechanism, we found qualitative evidence that MEK inhibition was able
to increase the level of bone mineralisation during normal bone development. This suggests that
MEK inhibition may be useful as a therapeutic intervention in bone diseases characterized by
pathological osteoclast activity, such as osteolytic metastases, inflammatory arthritis, and Paget’s
disease.

It should also be noted that inherent genetic differences between the strains of mice used
in the tumor and normal mouse studies may generate distinct results. Therefore, direct
comparison between these studies may not be entirely appropriate. For example, nude NIH-I1II
mice possess a vestigial thymus incapable of producing mature T-cells [161], and theoretically
could demonstrate differential effects upon PI3K and MEK inhibition. However, the C57/BI6
mouse strain is immunocompotent, and is likely to represent a more accurate mechanism of

normal human bone development.

4.4 Future directions

Although not a central consideration for this study, a brief investigation on PI3K and Ras
pathway inhibitor administration in normal healthy mice was an important preliminary step in
understanding the pleiotropic effects that agents employed for the treatment of pathological
conditions might show. Without sufficient understanding of systemically administered signaling
pathway inhibitors, the potential exists for either exacerbating disease phenotypes, or for side
effects on normal tissues. Indeed, much more investigation is necessary to fully comprehend

both the early and late effects of pathway inhibitors.
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This brief examination into PI3K and MEK inhibition in young normal C57BI/6 mice
revealed that P13K inhibition was harmful to the endochondral ossification process, and hence, to
the growth of long bones. The dramatic results obtained in this study merit further investigation
into the molecular and cellular mechanisms by which PX866 and AZD6244 alter endochondral
ossification. For example, using the Cre-Lox recombination method, it is possible to generate
mice that have a deletion of PI3K, MEK or ERK in specific cell types including osteoblasts,
osteoclasts, or chondrocytes. This would allow for a more specific delineation and understanding
of the effects seen when systemically administering small-molecule signaling pathway inhibitors.
If PI3K were toxic to human growth plates, it could still be a useful therapeutic option in bone
diseases that are prevalent in adults, such as rheumatoid arthritis, or osteolytic metastases.
Furthermore, for the latter, MEK inhibition may prove to be a more beneficial treatment, as this
can reduce tumor burden, attenuate tumor-induced bone resorption, while at the same time
enhancing bone deposition.

It would also be valuable to examine the potential efficacy of PI3K pathway inhibition in
the treatment of chondrosarcoma or osteosarcoma. Chondrosarcoma is a type of cancer that is
generated from transformed chondrocyte precursors [162], whereas osteosarcoma arises from
mesenchymal cells with preferential osteoblastic differentiation. Indeed, both cell types arise
from common osteo-chondro progenitor cells [151], and therefore harbour similar characteristics
that may prove to be both susceptible to similar PI3K pathway inhibition treatment. Based on the
dramatic effects of PI3K inhibition that we observed, PX866 (possibly in conjunction with
AZD6244) might be a worthwhile therapeutic strategy to pursue for these debilitating bone

tumors.
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Chapter Five: Discussion

5.1 Implications, translational relevance and future directions

There are a variety of significant implications that this study reveals, and generates
innovative questions for the development of appropriate and effective treatment modalities for
osteolytic metastasis arising from breast cancer progression. Throughout the history of cancer
research, it is consistently revealed that cancer cells evolve and develop sophisticated
mechanisms to perpetuate growth, and survival, despite significant advances in the generation of
potent and creative therapeutic agents. For example, the rapid expansion of approaches for
identifying commonly mutated and ectopically activated signaling pathways has led to the rapid
production of signaling pathway inhibitors for the treatment of particular cancers. Indeed, genetic
screening and further understanding of cancer cell molecular mechanisms will be the necessary
approach in order to determine the most effective and appropriate therapeutic agents to use.

The PI3K and Ras signal transduction pathways are considered to be among the most
commonly mutated and aberrantly activated in all cancer types, particularly in aggressive forms
of breast cancer [60, 67]. Therefore, a variety of small-molecule inhibitors have been developed,
in hopes of targeting cancer cell exploitation of these pathways, as an effective therapeutic
intervention. Furthermore, the mutual dependency of these pathways through complicated
signaling crosstalk networks has revealed resistance patterns when either pathway is targeted
alone. This has led to the notion that simultaneous inhibition of these pathways will be necessary
for effective treatment [69, 79, 103]. However, this study suggests that cancer cell dependency

on both pathways may not be as critical as previously thought [163], at least as a universal
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certainty, and is likely predictive with specific mutations or cancer cell types; again, meriting the
necessity for personalized genetic screening, prior to treatment.

Both in vitro and in vivo components of this study demonstrated that simultaneous
inhibition of both PI3K and MEK did not lead to any significant additive effects on MDA-MB-
231 cells (perhaps with exception to the induction of in vitro cell cycle arrest). However, these
observations may be a cell type specific event, and therefore further examination is necessary
using a broad range of different human breast cancer cell lines, as well as with samples taken
directly from breast cancer patients. This will allow for a more comprehensive examination of
effects, following treatment with PI3K and MEK inhibitors, categorized based on the
transcriptional profile of breast cancer subtypes. For example, as previously mentioned in section
3.8.2, a study demonstrated that basal-like breast cancer cell lines that harbor the wild-type p53
tumor suppressor, exposed to simultaneous PI3K and MEK inhibition, resulted in additive
apoptosis, whereas those that harbored mutant p53 demonstrated additive cell cycle arrest [79].
The latter finding is similar to results observed in this study. This is suggestive that genetic
screening for p53 status in breast cancer patients can be a potential determinant of therapeutic
effectiveness when treated with PI3K and MEK inhibitors.

The additional finding in this study that MDA-MB-231 cells in low serum conditions can
result in dramatic sensitivity to MEK inhibition leads to further important implications. It is well
known that the Ras-MAPK pathway is highly deregulated in many cancers and can be exploited
to perpetuate cancer cell survival when confronted with toxic stimuli, such as nutrient
deprivation [137]. For example, Ras-MAPK signaling was shown to be critical for the
stabilization of mutant p53 during times of nutrient-deprived stress, which led to enhanced
cancer cell survival [137]. Therefore, if it is possible to mimic a state of nutrient deprivation,
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such as inhibiting cancer cell mechanisms for energy production, it may be conceivable to make
the cells susceptible to MEK inhibition. For example, agents that target the highly exploited
glycolytic process [164], may demonstrate a heightened sensitivity to MEK inhibitors. Again,
this may be cell type specific, and therefore examination in multiple cell lines and samples is
important.

Strong evidence now suggests that mutant p53 can exert an oncogenic gain of function, in
contrast to the tumor suppressive activity of wild-type p53 [165]. Further investigation should be
directed towards mutant p53 in breast cancer, as there is a high incidence among triple-negative
breast cancer patients [139]. There are a variety of processes that can be examined to determine
if mutant p53 elimination in MDA-MB-231 cells may induce a variety of anti-cancer effects,
such as reduced migration, invasion, survival, colonization, growth, and in the context of specific
breast cancer metastasis, impede tumor-induced osteolysis. RNA interference (RNAI) [166], or
the more recently developed zinc finger nuclease (ZFN) method [167] are capable of providing
potent and effective down-regulation of specific genes, such as mutant p53 in MDA-MB-231
cells in vitro. Interestingly, a group recently used zinc-finger nucleases to induce the repair of
mutant p53 and restore wild-type tumor-suppressive functioning [168]. Therefore, similar
techniques in MDA-MB-231 cells, that only harbor mutant p53, could be used to assess whether
reconstitution of wild-type p53 tumor-suppressive capacity is able to produce anti-cancer effects.
Upon confirmation of mutant p53 knockdown or re-introduction of wild-type p53, MDA-MB-
231 breast cancer cells could be examined in vitro for enhanced sensitivity to chemotherapeutic
or PI3K and MEK inhibitors (alone and in combination). This could determine if the presence of
mutant p53 is responsible for the inherent resistance observed following exposure to such agents
[79]. Additionally, MDA-MB-231-EGFP/Luc2 cells, devoid or repaired of mutant p53 could
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similarly be intracardiac injected into NIH-11I mice. This could determine if mutant p53 is a
critical factor in cancer cell survival in the blood stream, and responsible for the invasive
behavior of the MDA-MB-231 cells into the bone microenvironment. Furthermore, if the cancer
cells successfully colonized the bone, the growth rate and expansion of the MDA-MB-231-
EGFP/Luc? cells could be monitored with bioluminescence imaging, permitting an investigation
into in vivo growth kinetics and survival. PI3K and/or MEK inhibitors could also be employed in
this setting to determine if bone-colonized MDA-MB-231-EGFP/Luc?2 cells are susceptible to
this type of treatment, in the absence of mutant p53.

It would also be of interest to introduce other p53 family members, such as p73, which
have been documented to produce similar tumor-suppressive functions as wild-type p53 [169].
Gene introduction, under the control of constitutively active promoters, could allow
determination if the implementation of p73 tumor-suppressive functions are capable of
sensitizing aggressive triple-negative breast cancer cells that have developed mutations in p53.
Exposure to chemotherapeutic agents, or PI3K and MEK inhibitors in vitro and in vivo would be
useful to investigate if enhanced sensitivity can be acquired in the presence of normally
functioning tumor-suppressive capacity. In a translational sense, knockdown of mutant p53 is
currently unrealistic as a treatment modality, however, there have been reports of compounds
that are able to increase levels of p53 family members, such as p73 [169, 170]. This could prove
to be a potential therapeutic avenue, possibly in combination with chemotherapeutic agents or
PIBK/MEK inhibitors. The p53 transcription factor modulates many cellular processes, and the
fact that it is considered to be one of the most frequently mutated in all cancer types provides a
strong rationale for further investigation of its role in metastatic breast cancer, as well as
generating creative ways to target or reverse its pro-tumorigenic effects.
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As was mentioned in section 3.9.1, it is possible that the presence of mutant p53 in MDA-
MB-231 cells may be a potential explanation for the high levels of the anti-apoptotic protein Bcl-
2 [142, 146], which has been implicated in the resistance to various compounds, including PI3K
and MEK inhibitors [141]. Therefore, gene knockdown of mutant p53, or re-introduction of
wild-type p53 or family members, such as p73, could decipher the regulatory connections with
Bcl-2 or other anti-apoptotic machinery. This could potentially provide a possible mechanism of
action for the dramatic sensitivity of MDA-MB-231 cells exposed to MEK inhibition in low
serum conditions. More specifically, it has been observed that MEK inhibition, under nutrient
deprived conditions, destabilizes mutant p53 [137], and mutant p53 can positively regulate Bcl-2
levels [146]. Therefore, this would suggest that low (0.1%) serum conditions may generate an
inherent sensitivity to AZD6244, based on the de-regulation of anti-apoptotic Bcl-2. This type of
investigation would also provide an explanation for the dramatic sensitivity of cultured MDA-
MB-231 cells in full (10%) serum, exposed to simultaneous Bcl-2 (ABT-263) and MEK
inhibition, observed in this study. As p53 is inherently difficult to target, Bcl-2 and MEK
inhibition could prove to be a more effect mode of treatment, and should be more closely
examined in vivo. Further delineation of signaling transduction pathway connections and their
regulation will surely generate avenues for potential therapeutic intervention in many cancers
that harbor diverse transcriptional profiles.

Employing techniques for in vitro knockdown of PI3K or MEK in MDA-MB-231 cells,
such as with RNAI or ZFN approaches, would permit a closer examination of these pathways in
the context of metastatic progression. Following successful pathway termination, an intracardiac
injection could reveal the significance of PI3K and Ras-MAPK signaling in MDA-MB-231, or
other breast cancer cells, in invasion, extravasation, and colonization in the bone
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microenvironment. Furthermore, if cancer cells successfully colonized the bone, tumor-induced
effects on resident bone cells could more specifically be monitored. For example, the
systemically administered PX866 and AZD6244 agents generate pleiotropic effects that are
difficult to specifically monitor. In contrast, removal of specific signaling pathway components
in MDA-MB-231 cells, prior to the generation of established bone metastasis, could be an
effective means to identify explicit molecular mechanisms in vivo.

This study also revealed the potential for certain treatment regimens to be more
detrimental rather than beneficial, resulting in exacerbation of disease phenotypes. The
simultaneous inhibition of PI3K and MEK in mice with established bone metastasis resulted in
no additive tumor reduction, relative to MEK inhibition alone, but exacerbated the tumor-
induced bone destruction. In fact, mice treated with both PX866 and AZD6244, demonstrated
similar, and at times more severe bone loss, when compared to vehicle-treated control mice
harboring much greater tumor presence. This exacerbated phenotype was not observed in healthy
mice (Chapter Four) administered both compounds concomitantly, suggesting that the presence
of MDA-MB-231 cells in the bone-microenvironment, along with simultaneous signaling
pathway inhibition, accelerated the pathological condition. As in vitro cytokine secretion data
suggests, this could possibly be due to enhanced MDA-MB-231 cytokine secretion of osteoclast-
promoting factors, such as IP-10, which is a potent recruiter of osteoclast monocyte precursor
cells into the bone microenvironment [53]. TRAP quantification of osteoclasts also suggests that
combinatorial treatment resulted in increased osteoclast numbers in the tumor-bone
microenvironment and could be a potential explanation for the enhancement of bone destruction.
Numerous studies have demonstrated additive beneficial effects of PI3K and MEK inhibition in
targeting MDA-MB-231 cells, as well as others cell lines, in vitro and in vivo [79, 80]. However,
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these investigations used subcutaneous models of breast cancer, and therefore did not consider
the primary or metastatic microenvironment. Therefore, the data here suggests that caution
should be taken when employing PI3K and MEK inhibitors for the treatment of osteolytic
metastases, as no apparent benefit was observed, and may potentially result in an exacerbation of
tumor-induced bone destruction.

Because this study attempted to utilize a model of breast cancer metastasis that
incorporates the tumor-bone microenvironment, a brief examination of PX866 and AZD6244
effects on normal bone development, in the absence of an established tumor, was a logical next
step. Although initially unexpected, PX866 induced a potent impairment of endochondral
ossification. This was initially unanticipated, because in the presence of established bone
metastasis, PX866 demonstrated an attenuation of tumor-induced osteolysis. This is suggestive
that PI3K inhibition is able to directly or indirectly reduce osteoclast numbers or resorptive
function, in the context of osteolytic metastases. However, in normally developing mice, PX866
is likely targeting chondrocyte differentiation in the growth plate that is critical for endochondral
ossification, as assessed by pCT and histological examination. PI3K signaling is important in
many different cell types for various functions, such as migration, invasion, growth and survival.
In this sense, it is likely that employing PX866 under diverse physiological conditions, such as in
developing mice, as opposed to more mature mice with established bone metastasis, will result in
diverse outcomes. Therefore, in the context of certain pathological conditions, such as those that
favor osteoclast activity, PI3K inhibition could be useful as a potential treatment. However, this
study also reveals that caution should be taken when administering PI3K inhibitors, particularly
to children and adolescents that are undergoing times of intense growth and development.
Furthermore, this data also suggests that PX866 administration may be a valuable treatment for
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other forms of cancer, such as osteosarcoma or chondrosarcoma, cancers that are confined to
osteo-chondro progenitor lineage [151]. Further examination of PI3K inhibition should be
investigated in vitro, as well as in accurate models of these cancers.

In contrast to the detrimental effects of PI3K inhibition in developing mice, MEK
inhibition didn’t have a significant effect on endochondral ossification. However, uCT generated
images demonstrated an increase in bone growth at the growth plate. Furthermore, histological
examination of mice treated with AZD6244 showed enlarged zones of chondrocyte proliferation
and hypertrophy, as well as mineralisation. Although the mechanism is unknown, this is
suggestive that MEK inhibition can accelerate and enhance endochondral ossification.

Simultaneous PX866 and AZD6244 administration demonstrated an impairment of
chondrocyte differentiation and endochondral ossification, similar to PX866 alone, suggesting
this process is highly reliant on the PI3K signaling pathway.

Although quite laborious, a mechanism of action of systemically administered PI3K or
MEK inhibitors in developing mice, could be investigated by generating mice with an inducible
Crelox recombinase method [171]. This would produce cell-specific knockdown of PI3K or
MEK in chondrocytes, osteoblasts or osteoclasts, at any point of time, upon administration of an
inducible factor. This aspect could be studied in the context of normally developing mice or mice
with established bone metastases. The latter situation could be useful in determining signaling
pathways involved in the osteolytic process, within specific resident bone cells. For example, the
presence of MDA-MB-231-EGFP/Luc2 cells in the bone microenvironment would attempt to
stimulate resident bone cells through cytokine and growth factor secretion; however, disabling
PI3K and/or MEK specifically in chondrocytes, osteoblasts or osteoclasts could potentially
determine critical signaling pathway involvement in tumor-induced osteolysis.
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Although it is difficult to decipher the mechanism of action of systemically administered
agents, such as small molecule pathway inhibitors, relevant information can be acquired that is
useful for determining effective therapeutic avenues. In our study, AZD6244 achieved the
highest effectiveness as a therapeutic agent, resulting in reduced tumor bioluminescence (with
enhanced sensitivity to nutrient deprived cells), an attenuation of tumor-induced osteolysis, and
an enhancement of endochondral ossification in normally developing mice. This is suggestive
that AZD6244, perhaps in conjunction with an additional therapeutic agent, should be considered
a potentially valuable option for the treatment of pathological bone diseases that favor

osteoclasts, such as osteolytic bone metastasis.

5.2 Concluding remarks

As pre-clinical examination of potential therapeutic agents are investigated, more
accurate models portraying human disease need to be utilized in order to appropriately assess
efficacy. Although the intracardiac route for generating distant metastasis is not a perfect model,
it is an improvement that exemplifies important processes during cancer progression in humans.
This model was valuable to examine PI3K and MEK inhibition with PX866 and AZD6244,
respectively. Furthermore, the use of uCT technology allowed a closer inspection of direct or
indirect effects within the tumor-bone microenvironment.

Collectively, the results in this study suggest diverse effects can occur following systemic
administration of small-molecule signaling pathway inhibitors. For example, combinatorial
treatment regimens, such as with PX866 and AZD6244, may exacerbate pathological conditions.
Furthermore, inhibition of important signaling pathways may have detrimental effects under non-

pathological conditions, such as that seen with PX866 on proper bone development. Therefore, a
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key element of our study indicates that consideration of the microenvironment is essential in
determining safety and efficacy of therapeutic agents. Although closer examination of specific
molecular interactions is necessary using gene manipulation techniques, realistic pre-clinical
therapeutic effectiveness is ultimately achieved through the systemic administration of such
agents, similar to the treatment of human diseases.

Further delineation of signaling pathway regulation and crosstalk, along with
personalized genetic screening will be crucial in determining the most appropriate treatment
modality for cancer patients. The data here is suggestive that MEK inhibition may prove to be a
valuable addition to the frontline of treatment for osteolytic breast cancer metastasis, likely
achieving maximal benefit in conjunction with other agents. However, it is evident that much
more scientific exploration is necessary in order to determine the most tolerable, safe and

effective approach for therapeutic intervention.
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