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Abstract

PRP4K is an essentikinase identified irschizosaccharomyces ponibeits
role in regulating prenRNA splidng. In addition to its role in splicing, mammalian
PRP4K has also been implicated in mitotic checkpoint signalingmMrasinteractiors
and the cellular response to several-aaticer therapie$Vork presented in this thesis
furthers our understandiraf the role of PRP4K in cancer treatment and identifies a
novel role for PRP4K with implications in cancer progression and relapsed disease.

A positive corréation between PRP4Kndexpression othe human epidermal
growth factor receptor HER®as identifed in breast and ovarian cancer patient tumours
andshown to be direct result of PRP4K regulation by HER2 signaling. Kndakn of
PRP4K expression redwtthe sensitivity of breast and ovarian cancer cell lingsdo
taxane family ofanti-cancer agds, while low PRP4K levels correlatievith in vitro-
derived and patierdcquired taxane resistanéarthermorehigh PRP4K expression
correlated with better overall survival amongatients withtHERZ2°" high-grade serous
ovarian cancetreated withplatinum/taxanebased therapyl herefore, PRP4K functions
as a HERzZregulated modifier of taxane sensitivaipdmay have prognostic value as a
marker of better overall survival in taxatreated ovarian cancer patients.

To aid in the study of tumotdrug inteactions, a zebrafish xenotransplant model
was developed which can be used to quamptibfiferation rates of human cancer cells
engrafted into zebrafish embryos. Unexpectedly, kramkn of PRP4Ked toan
increased proliferationf breast and ovarian caagrccell lineswithin zebrafish embryg
which was shown to baue to anncreased resistance to anoikisss of PRP4Korevents
degradation of caveolt in cells grown under conditions of low attachment which
prevents detachmemtduced apoptosiand pronotes cell growth within three
dimensional microenvironments, like that of the zebrafish embryo.

Collectively, these resulgemonstrate that downregulationRRRP4Kis a
potential mechanism through which tumours can acguissistance to taxanes.
Strikingly, our results also indicate that loss of PRP4K protects cells against detachment
induced cell death, which could contribute to metastatic disease post therapy.
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Chapter 1  Introduction

This chapér contains material (Section 132Figure 1.2 Figure 1.3 originally published
in:
ACor ker y DlRahsaedldelldirg G. R015Connecting the speckles: Splicing

kinases and their role in tumorigenesis and treatment respdnsleus (In Press)

1.1 Preface

Understanding the role ofggmRNA processing factor 4 kinase (PRP4iKjhe
treatment and pgression of cancés the central focus of this thesighis chapter
providesanintroduction to PRP4Keginning wih its role in premRNA splicingfor
which it was discovered.he limited liteature surrounding PRP4Kiigviewed to
highlight additional oles for PRP4Knith an emphasis placed ores with implications
in cancer and cancer treatmente chapters which follow will gsentexperimental
evidence which furthers our understanding of the role of PRP4K in cancer treatment and
identifies a novetole for PRP4K with implicationfr cancer progression and relagse

disease

1.2 PRP4K as a Regulator of Splicing

1.2.1 Identification oprp4in Schizosaccharomgs pombe

PRP4K(also known as PRPF4B) was first identifiadl991 when &ibrary of

temperature sensitigs) Schizosaccharomyces ponflesion yeastmutants was



screened for splicing defedts). In this studycells ofa drain of S. pmbewith aura4
gene deletiori2) weretreated with the chemical rtagen nitrosoguanidine and allowed
to form colonies on solid medium at 25°Thecolonies each derived from a single
mutagenized cellyere replicgplated and shifted to 37°@hichresulted in the
identification of150 tsmutants harbouring mutatiomaich preventedrowth atthe
increased temperaturi® the budding yeag8accharomyces cerevisjagefects in pre
MRNA splicinghave beeshown to accourfor greater than 5% of a6 mutans isolatel
due to the presence ioftrons within genes encoding ribosomal proté€B)8). At the
restrictive temperature, these mutatidsleck the synthesis of ribosomesedo loss of
ribosomal intron splicind5-7). To determine if any of th8.pombenutants displagd
similar defectsthe 150 ts mutants were transformed witita4 gene containing an
artificial intron.By performing S1 nuclease protection expenms with a prob& the
intron-containing gene, the group identified 3 mutants which accumulatsgligad pre
MRNA & the restrictive temperatur€omplementation studies with the three-prRNA
processing (prpnutants previously identified i8. pombdprpl, prp2, prp3) (8)
revealed that only one of the mutants defined a new complementation group, and was
namedprp4 (1). Subsequent characterization of grp4 gene revealed that the splicing
factor encoded by the gene contained the characteristic sequence that defines a
serine/threonine protein kinase, makprg4the first kinaseredictedo play a role in

splicing(9).

1.2.2 Cloning and Characterization BfammalianPRP4K



Cloning ofthefull length cDNA encoding human PRR4identified a 170kDa
polypeptide consisting of 1007 amino ac{d6) (Figure 1.1A). The protein haan
extended N terminus containing subdomains rich in lykiegdine (KH) or arginine
serine (RS) dipeptidgd 1), similar to those found in treerine/arginingich (SR) protein
family of splicing factorsMammalian PRP4K also contains a dapeécificity kinase
domain which is 53% identical to thatthie kinase domain of tl&. pombeene product
and two conserved sequence motifs, Ml (DDMFA) &Htd(DNWTDAEGYYRYV),
which are essential for prp4 functionfission yeas({11,12). Immunofluorescence
microopy using antibodies directed against the N terminus of mammalian PRP4K
revealed a nuclear speckle localizat{figure 1.1B) which cclocalized with the
splicing factor SC35, while western blot analydisntified a 152 kDa proteiwith
multiple bands cgelating with varying states of phosphorylatidd). In agreement with
a conserved role in splicing, mammalian PRP4K alasshown to interact with pre
MRNA splicing factors PRP6 and SuppressbWhite-Apricot (SFSWARB and cepurify
with the U5small nuclear ribonucleic proteis{RNB (11).

While significant evidence supported a role for PRP4K irr¢igelation of
splicing, it was nobuntil 2010 that the molecular mechanism of this regulation was
identified. Work ouf the lab of Reinhard Lihrman revealed that PRP4K played an

essential role in spliceosome assen{), discussedh the following section



A KKHK RS MI MIl  Kinase

Human | 1 | | 01 1007 aa
Y 23% 53%
S. pombe 1 477 aa

Figure 1.1 PRP4K domain structure andcellular localization. (A) Domain structure
of human and. pombé&RP4K.Adapted from(11). Percenhage identity to human
PRP4K is shown above each dom#&B) Immunofluorescence detection of PRP4K
(green) in the SKBR-3 human breast cancer cell line, counterstained for DNA with
DAPI (blue).



1.2.3PRP4K andyliceosomal Assembly

TranscribedoremRNA must be spliced to remowatrons prior to nucleagxport
and translation. This processcarried out by the spliceosoneelarge macromolecait
machine composed of five snRN&sd numerous protein cofactdfsl). Spliceosome

assembyl is a complex, multistep process as illustrateBligure 1.2 The first step

involves recognition of the 506 and 36 spli

SNRNP respectively; a proceshich is mediated by the-@rminal domain of
polymerasdl. Bi ndi ng of the Ul snRNP to the 50
serine/argeningch splicing factor YSRSF), but onlywhen the RSlomain of SRSF1

is hyperphosphorylated bthe kinase€DC-like kinase 1 CLK1) andserinearginine

protein kinase 1§RPK1) (15,16). Once U1l and U2 snRNP have bound their target splice
site, they interact with each other to form the-gpliceosome (complex A). The next step
in assembly involves the binding of presembled U4/U®5 tri-snRNP to complex Ao

form complex B; a reaction catalyzed sgveral proteins including SNU66, SAD1, and
PRR28(17,18). Complex B next undergoes a series of rearrangements resulting in the
release of U1 and U4 snRNPs, creating a catalytically active comp{@rdg.

catalytically active, the complex carries out tinst of two splicing reactiont form

complex Gcontainingthef r ee exon from t he ®®nlaiatl i ce
intermediatef r o m gpliceesite3ToOmMplex C, after a series of remrgements, carries

out the second splicing reaction resulting in a{spditeosomal complex containing the
two spliced exonand thdariat intron. Finally, the remaining U2, U5 and U6 snRNPs are

released from the transcript to beused in additionalaunds of splicing.

SPp

S

t



In 2010, a study from the lab Beinhard Liuhrman identified PRP4K as an
essential regulator of spliceosomal assenib8y. Immunoblotting fo splicing factors
PRP6 and PRP31 in purified-snRNPs and B complexesvealed that these two
proteins were phosphorylated during spliceosomal assembly, and that this modification
was found predominantly withiB complexes. With PRP4K having been shown
previously to interacwith and phosphorylateRP6 (11), the group wishetb determine
whether PRP4K was responsible for these specific phosphorylation events. Nuclear
extracts were immunodepleted for PRP4K and usetth fatro splicing assayshich
revealed that depletion of PRP4K did not prevent recruitmePRé&16 or PRP3tb the
tri-snRNR but did prevent thesubsequenphosphorylation. Furthermore, analysis of
spliceosomal complexe®und within thein vitro splicing reactionsndicated there was
no change in t\6NRNP levels with PRP4K depletion, but there was afsignt decrease
in complex B formation, accompanied by an increase in compl&kérefore, the
PRP4kmediated phosphorylation #RP6 and PRP31 is required foranRNP

integration during complex B formatiofigure 1.2).



® Q

Lariat
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Figure 1.2 The role of PRP4K in spliceosome assemblyAssembly of the spliceosome

occurs in a stepwise fashion beginnimigh ther e cogni ti on and binding
splice site byl and U2snRNP, respectivelyo form complex AThis is followed by
binding of the U4/U8U5 tri-snRNPto form complex B; an evemthich is mediated by

the phosphorylation ?RP6 and PRFL by PRP4KComplex B undergoes a-re
arrangement to form catalytically active complex B, which carries out the splicing event
in two sequential reactionghe first reaction involves the nucleophilic attack of the first
nucl eotide of the intron at 506 splice s
containing a free exon f-exombariatimtermetiate feom | i
t he 3 0 s Thesewerd remdtidn évolves the nucleophilic attack of the last

nucl eotide of the intron at the 30 splice
ligation of the exons.
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In addition to phosphorylating PRP6 and PRP31, PRP4K has also beantshow
interact with and phosphorylate the SR protein SRSF1 (also known as SFIASF)
SRSF1 phodporylationisessentialn medi ati ng 50 risgpl i ce site
constitutive splicingkigure 1.2), andin regulating splice site selection during alternative
splicing(19,20). Alternative splicing occurs innaestimated 95% of human gene
transcripts enhancing transcriptome complexity and protetwveesity in higher
eukaryote421). The most frequent alternative splicing event is the choice to include or
skip an exon, termed a cassette exon. Gilternative slicing events involve the
inclusion of one of two mutually exclusive
sites, intron retention and the use of altéugapromoters or poly(A) siteR2).
Alternative splicing also occurs in the 36
which can alter mRNA staliity and/or translation efficienc{23). These eents are
mediated in large part by the SR family of RNA binding proteins and their ability to bind
exonic splicing enhancers and influence splice site inclusion or exclizzipn
Phosphorylation of the SRairins affects both their nuclear localization withuclear
speckle domains artteir nucleecytoplasmic shuttlingKigure 1.3), thereby regulating
their ability to bind target transcripth is therefore likely that PRP4K plays an additional
role in regulating alternative splicing through the phosphorylation of SRSF1 and other SR

proteins yet to be identified as substrates.
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Figure 1.3 Phosphorylation dependent SR protein shuttlingunphosphorylated SR
proteins in the cytoplasm are phosphoryldigdERPK1 and targeted for nuclear import
via the SR protein import receptor, transpeiR (TRNSR)(25,26). Once in the

nucleus phosphorylated SR proteins become enriched in interchromatin granules called
splicing speckle domains. To be recruited from speckles to nascemRMé, where

they act to regulateoth constitutive and alternatigplicing, SR proteinsequire

additional phosphorylation ever(®7) which are mediated by the splicing kinase CLK1
(28) and potentially PRP4K. Once splicing is compléigperphosphorylated SR

proteins bound to mRNA are dephosphorylated by nuclear phosphatases (protein
phosphatase 1 (PP1) and 2A (PP2A)) arekither recycled to the cytoplasas a
chaperone for mRNA expof29,30) where they also play a role in regulating translation
of specific transapts (31) or arere-phosphorylated and returned to speckles to await the
next round of splicing.



1.3 PRP4K and the Spindle Assembly Checkpoint

Thespindle assmbly checkpoint (SACacts as an essential regulator of genomic
stability by delaying the metaphaaeaphase transition until proper chromosome
segregation is guaranteed. The checkpoint becomes activated during metaphase and
remains activated until evekynetochore is attached to a microtub(88) and tension is
generated across the kinetoch(88). Activation of the checkpoint begins with
recruitment of the checkpoint proteimonopolar spindle IMPSL), binding uninhibited
by benzimidazoles 1BUB1), BUB3 andcentromereassociated protein EEENPRE) to
the unattached kinetochore, which is mediatethiyAurora B/INCENP comple@4).

This, in turn, promotes #hrecruitment of mitotic arrest deficient 1 (MAD1) and M2D
(35) to create a complesapable of binding and sequestering Cdc20, the activator of the
anaphase promoting complex (ARP®©nce the checkpoint has been satisfied and all
kinetochorediave bound microtubes, the MADIMAD 2 complex, along with Cdc20, is
ejected from the kinetochore and Cdc20 becomes free to activat€38pP APC, an E3
ubiquitin ligase, polyubiquitinates two key substratggslin B1 andseaurin. Cyclin B1
degradation leads to the inactivation of cyaependat kinase 1 (cdkl), initiating exit
from mitosk, while degradation a&fecurinactivates separase which cleaves the cohesins
holding sister chromatids togeth@&igure 1.4A). The cell is then free to progress

through the remainder of mitosis leading to ge@eration of two genetically identical
daughter cells.

PRP4K was found to play a role in SAC activation in 2007 wientembaultet
al. observed®RP4K localized at kinetoch@& Hela cell§37). Knockdown of PRP4K

was shown to induceaitotic acceleratiomnd prevent mitotic arrest in cells treated with
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nocodazolea drug which inhibits microtubule dynamiesd activates the SA@7).

When the group performed immunofluorescence analysis to determine the localization of
SAC checkpoint proteins following PRP4K knockdown, they observed an absence of the
checkpoint poteins MPS1, MAD1 and MAD?2 at the kinetochores of prometaphase cells.
Other checkpoint proteins such as Aur@rand BubR1 were still present at kinetochores
suggesting PRP4K is specifically required for the ordered recruitment/maintenance of

MPS1,MAD1 and MAD2 at kinetochores in response to SAC activaffogure 1.4B)

(37).
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Figure 1.4PRP4K is required for activation of the SAC (A) The metaphase to
anaphase transition is mediated by®3eubiquitinligaseAPC. The binding of Cdc20 to
APC results in its activation artle subsequent ubiquitination sécurinand cyclin B1.
Proteasomal degradation of theseteinsresults in the separatiai sisterchromatids

and the eventual exit from mitosi®)(Activation of the SAC involves the recruitment of
checkpoint proteins PRP4K, MBSMAD1 and MAD?2 to the unattached kinetochore.
This complex sequesters Cdc20 away from APC, holding APC in an inactivestht
preventing the metaphase to anaphase transition.
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1.4 PRP4K and Viral Infection

Retorviruses are a family of singitranded RNA viruses characterized by their
ability to reverse transcribe genomic RNA into dsDNA upost cellinfection followed
by the subsequent integration into a host chromog@8)eFor the majority of
retroviruses, transcription of the viral DNA by RNA polymerase Il generates a single
polycistronic transcript which, through alternative splicing, serves as the precursor for all
viral mMRNAs.For example, transcription of the FHHY genome yields a single tranigt
whichis alternatively spliced to produce greater than 30 mR{88g10) encodingl5
distinct viral praeins(41). Spliced HI\V1 mRNA can be classified into two categories,
the fully spliced 1.&b size class which encaglie regulatory proteins of HIV
expressed early in the virdld-cycle and the partialhsplicedor unspliced 4and 9kb
size class which encoslthe structural, enzymatic and ancillary viral protearpressed
late in the viral lifecycle (42). The temporal expression of the two categorienBNA
is mediated by the splicing of the 9kb transcrifite 1.8kb size clasproteinsare
expressed earlgue tothe inability to exporpartially-splicedor unspliced mRNA into
the cytoplasnior translation Included amongst the kb regulatory prot@s isRev, a
viral adapor protein which containan RNA-binding domain specifitor the viral Rev
response element (RRE¥ well as auclear localization signal (NLS)nd a nuclear
export signa(NES) (43). The RRE and the NLS overlgp4) to createa shuttling
mechanism whereby Rev protesscumulate in the cytoplasm aackimported into the
nucleuswhere theybind RREs present in partialgplicedand unspliced viral mMRNA
Binding to the RRE masks the NLS which alloflws Rev/imRNAexpot to the cytoplasm

via the CrmIExportinlnuclear export pathwa¢b). The nuclear export of partially or
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unspliced mMRNA by Reullows for the transition from eartgtage regulatory protein
synthesis to latstage structural/enzymatsgnthess requiredfor new virion production.
In addition,Revhas been shown to inhibit spliceosome assemvhigh promotes the
accumulation of partialhgplicedand unsplicediral mMRNA in the nucleusfurther
promoting the switclirom early to latestage prote synthesig46).

PRP4K was shown to play a potential roleiral infectionwhen it was identified
as a binding partner for the Hi¥ Gag polyproteimn a yeastwo-hybrid assay47). HIV
Gag praeins are expressed during the late structural/syntpegteinsynthesis and play
important roles in virion assembly and mnation(48). When bound to PRP4K, HY
Gag inhibits the RP4K-mediated phosphorylatn of SRSF1Phosphorylation of
SRSF1, as described in section 1.2. 3,
splice site and initiate spliceosome assembiyvaugh not yet shown, it is also possible
that binding to HI\V2 Gag pevens PRP4kmediated phosphorylation of PRP6 and
PRR31which would preventri-snRNP association with complex Rigure 1.2). Thus,
PRP4K binding to HIV2 Gag inhibits splicing through the prevention of spliceosomal
assembly. This data suggestatthe synthesis of H\2 Gag during the latstages of the
viral life cycle results in the PRP4Kediated inhibition of splicing which further
promotes the accumulation of partialiplicedandunspliced viral mMRNA. This would
ensure that sufficient latgtage structural/enzymatic transcripts are produced to support

virion production and completion of the viral life cycle.

1.5 PRP4K and Cellular Responses to Anti - Cancer Therapies
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Two recent studies have provided evidence to suggest titatlPRlays a role in
regulatingreactive oxygen species (ROS) production in cells treated with etiiezing
radiation (IR)or the phytochemical curcumid9,50). ROS area family of highly-
reactive moleculeand free radicalderived from molecular oxyge@ellular ROS are
generated endogenously with the major saipeeng hydrogen peroxide and superoxide
anions generated as 4pyoducts of cellular metabolis(b1). Endogenous levels of ROS
are scavenged by the cellular antioxidant defense system to prevent cellular damage by
these highly reactive molecules. However, if R@&duction increases beyond that
capable of being scavenged bg thefense systerthe cell will undergo oxidative stress
as a result RO#&ediated damage ©ONA, lipids, andproteins(52). If the damage
becomes too extensive to repair, the cell will undergo apoptosis through initiation of
either the intrinsic or extrinsic apoptotic pathw&g). Many cancer therapies, incling
both chemotherapeutics and, e designed to increase cellular ROS lebeisnd the
point of repairable damage to induce apoptosisinter cellg54). In recent studies,
treatment othe human colorectal carcinoma cell IHET-15, witheitherthe
phytochemicaturcumin or IR led to an increaseROSproductionwhich corresponded
with a decrease in PRP4K expressiomef@xpression of PRP4K was shown to prevent
ROS production and provide cellular protection from apoptosissponse to both
treatments, possibly through thetivation of an antoxidant enzyme syste(@9,50).

This data suggests that tumours with high PRP4K expression may show increased
resistance to radiation therapyselect chemotherapeutidge to increased ROS

scavenging.
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Finally, two studies have been published which suggest that PRB¥d<a role
in the celular response tthe taxane family of anttancer agenislthough they provide
conflicting results as to whether PRP4K promotes taxaediated cell death, or protects
against it. Taxanes asefamily ofmicrotubules t abi | i zi ng agents whic
tubdin subunit of microtubuleprevening depolymeriation (discussedn detail in
Chapter 2) As a result, metaphase cal® unable tgenerate théension across their
kinetochors required to satisfy the SACQaxare-treated ells remain arrested in mitosis
and eventually die by apoptosis 2007 Swantomt al performeda largescale RNA
interferencescreerto identify genes which influenced cellular sensitivityaganes.
Knockdown of PRP4Kn HCT-116 colon canaecells significantly inoeased cellular
resistance tthe taxangaditaxel suggesting PRP4K promotes taxanediated cell
death(55). A second study performed lDuanet al.in 2008 used a similar RNA
interference screen to identify genes whiohild resensitize a multidrugesistant human
ovarian cancer cell line to taxanén this studyknockdown of PRP4K increased the
cellular sensitivity to taxanes suggagtPRP4K prevents taxaimeediated cell death
(56). Addressing the controversial role of PRP4K in the cellular response to taxanes is the

first aim of this thesis.

1.6 Overview of Thesis Chapters

PRP4K is an essential kinase which, as described above, hasnitlgdeen
identified in largescale screens as an important mediator in several cellular processes.

However due tochallenges associated with workingmthe kinase, the literature
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surrounding PRP4K is limited. The objective of tthissiswas tofurther our
understandingf PRP4Kand its rolan cancer progression and treatment.

Chapter 2 explores the controversial role of PRP4K in the cellular respon
taxanesand evaluatesstpotential as a predictive biomarker of taxane response in high
grade serous ovarian cancer patients. Chapter 3 describes the development of a novel
zebrafish xenotransplantatieechniqueto studyin vivodrug responseof luman cancer
cells transplanted in zebrafish embrydkis model was developed to be used as a tool in
our study of PRP4K and taxane response but inseédb the discovery of a novelle
for PPR4K intheregulation of anoikiswhich is the focus of Clpger 4 Finally, Chapter
5 provides general discussions, conclusions, and future directions based on the domplete

works presented in this thesis.

1.7 Author Contributions

For sections previously published, DC prepared the manuscripts, JNB and GD
provided editorial feedback. Experimental data not peréatby DC (Figures 2.3and

2.8) is indicated in the figure legends.
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Chapter 2 PRP4K is a HER2 - Regulated Modifier of

Taxane Sensitivity

This chapter contains material (secti@, 2.3, 2.4 Figures2.2-2.8) originally
published in:
ACorkery DP, Le Page C, -Mibsan AM, Bellaire G.2R5. ovenc

PRP4K is a HERRegulated Modifier of Taxane Sensitivity. Cell Cycle. 14:2050 6 9 0

2.1 Introduction

2.1.1 Taxanes: Mechanism of Action

Pacltaxel (Taxol), the prototype of the taxane family of cytotoxic agewtss
isolated from the bark of the pacific yew trdaxus brevifoliain 1971(57). It was
initially approved for use in the treatment of advanced ovarian cant882 and
subsequently endorsed for the treatment of metastatic breast cancer in 1994 and non
small cell lung carcinoma in 19998). Today, paclitaxel and its two sesynthetic
derivatives, docetaxel and cabazitaxel, are amongst the most commonly used
chemotherapeutic agents for the treattred a variety of malignancies, including breast
(59) and ovariar(60) carcer.

Thetaxanesexr t t heir cytotoxic activity thro
tubulin subunit of miastubules and prevent depolymettion. During prometaphase,
after the chromosomes have condensed and the centrosomes have migrated to opposite

pol es oftubti hen caeslslo,cioat es wit h s e-twmlinal ot her
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ring colmpR@)x.-TuR® ie recauited to the centrosome and acts as a scaffold
for nucleation of the microtubul@1). During nucleationh et er o d Fammed sb of U
tubulin polymerize heatb-tail to form linear protofilaments. Thirteen protofilaments
associate |l aterally to f otubalingubueitsexpobedatdr i ¢ a
ore end (the-}] e n d-tubudinrsdbuniis at the other (the (+) ef@). The ¢) end of

the microtubul e H{HTERC,deavingthei (49 énd filee w bind ladditionad o
tubulin heterodimers (polymerize) causing the microtubule to extend in length, or remove
heterodimers (depolymerize) leading to a decrease in mirlgt length. In a process
termed-afide@adt ah e 0 ,-nucleated micootluleseundergo a series o
polymerization and depolymeation reactions causing them to probe thifemensional

space until they are captured and stabilized by a sistetokimore on a condensed
chromosom€63). The searclandcapture process continues until every chromosome is
bound by two microtububsone from each centrosome. Once bound by a microtubule,

the sister chromatid begins to oscillate back and fehich, combined with

depolymeriation of the microtubule, generates tension on the kinetochore. Only once
appropriate tension is placed onlbof the paired kinetochores from opposite poles, is

the cell able to proceed from metaphase to anaphase. The checkpoint which regulates the
metaphase to anaphase transition is calledSAC and is discussed in detail in section

1.3. In the absence dfug, the cell will proceed to anaphase, where the cohesins which

hold sister chromatids together are cleaved by the cysteine protease separase
Microtubules will then depolymeriz@ulling sister chromatids to opposite poles of the

cell in preparation forunclear envelopformation and cytokinesis. Taxanes will

rever si bltybulib subudits of mierotuibules at a site which is only present in
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assembled tubulin, a n 4). Binding dauses palymevizatibh b
of lateral protofilaments and enhances microtubule stability winebents microtubule
depolymeriation. As a result, proper tension is never achieved across the paired
kinetochores rad the cell remains arrested in metaphase. The fate of a cell arrested in

metaphase is discussed in the following section.

2.1.2 Thespindle Assembly Checkpoint arid Role in Taxane Response

As discussed in section 2.1.1, taxane treatment stahiimestubules
preventing tension at the kinetochore and resulting in the prolonged activation of the
SAC. For a cell which has undergone prolonged SAC activation, there are four potential
outcomeg65): (1) Mitotic cell deat(MCD); the arrested cell immediately undergoes
apoptosig66). (2) Exit mitosis without divisiotiMitotic Slippage) followed by
apoptosis. (3) Mitotic slippage followed by indefinite interphase arrest (senescence). (4)
Mitotic slippage followed by continued cell division with abnormal genome content. The
pathways which regulate the outcome followprglonged SAC activation are unclear,
but recent evidence suggests the decision is influenced both by the pathways which
regulate cyclin B1 degradation and pathways which induce apoptosis. \iKdile S
activation inhibits the AP@nediated degradation of cyelB1, it has been shown that,
even during SAC activation, cyclin Bl is slowly degra@@g. Eventually, with
prolonged SAC activation, the levels of cyclin B1Ivalll below the threshold required
to maintain mitotic arrest, and the ceill undergomitotic slippagg67). Therefore, the
pathways which govern the rate dtieh cyclin B1 is degraded will influence how long a

cell can remain arrested in mitosis before slippage océure time is sufficiento
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allow apoptotic signals to accumulate, the cell will undergo mitotic cell death (outcome
#1), if the time isot sufficient for accumulation of apoptotic signals, or the apoptotic
pathways are deficient, the cell will undergo slippage. Determining which factors
regulate the rate of cyclin B1 degradation during prolonged SAC activation is important

as they could repreat a novel mechanism of taxane resistance.

2.1.3 Taxanes: Mechanisms of Resistance

The major limitation in the use of taxanes is the emergence of clinical drug
resistace. As a result, muatffort has been focused on determining both biological
markersfor predcting taxane response atiet mechanisms underlying intrinsic and

acquired resistance to taxane therapy.

2.1.3.1 Rgp Overexpression

The most common mechanism of taxane resistance encountertd is the up
regulation of the ATHinding casstte transporter, Rylycoprotein (Pgp) (68-70). P-gp is
a plasma membrane glycoprotein consisting of two nuclebiitding domains (NBDs)
and two transmembram®mains (TMDs), & ¢ h  w i -helical snémbrarigpanning
segments. The twelve transmembrane segments form an active pore with an affinity for
numerous amcancer agents including taxanes, anthracyclwviasaalkaloids and
epipodophyllotoxing71-73). Binding of a substrate to the transmembrane region
stimulates the ATPase activity ofgp leading to a conformational change which releases
the substrate to the extracellular spé@g75). While there is substantial evidence

supporting the role of-Bp in the development of taxaneistancen vitro, the value of
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P-gp as a marker of taxane respomseivoremains unknown due to conflicting clinical

reports(76,77).

2 . 1 .-Bubulin Mutations

Resistance to taxanes caso result from alterations in tubulin whictiest
taxane binding and/or microtubule stability. Several point mutations have been identified
wi t htubolin Which, based on molecular modeling, caeatly inhibit taxane binding
invitro(78. Mor e commonl y, poi nt -anudtudllinteans f oun
lead to increased taxane resistance t@sulecreased microtubule stabil{9,80).
These mtations are believed to couraet the stabilizing effet of taxanes. Clinically,
the prevalence of tubulin mutations, and the relevance of these mutations in predicting
responsetotaxadfeased t herapy, is a subjeubuin of deb:
mutations in serum DNA isolated from 33% of remal-cell lung cancer patients,
which correlated with poor response to taxbased therap{81). This result, however,
could not be reproduced in several subsegsteilies(82-85). Interestingly, cell lines
which have acquired microtubutee s t a b qtubulinzpoimt gutabions vitro often
show such an extreme instability of microtubules that they require a constant low dose of
taxane to carry out normal cellular functiqB€). This observation may help explain the

| a ¢ k-tubwlin métations observad vivo.

2. 1. 3. 3-Tubdlin Isotype &xpression

Altered expression di-tubulin isotypes has also been show to influence taxane

response. T&ar e ar e si x d-tulbuinesotyest(l, liclll, &s B/le and GIf b
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which differ in only 416% of their amino acid residué®6). In mammalian cells,

microtubules are comprised of all expressed isotypes, but the ratio of expression has been
shown toinfluencethe ensi ti vity to taxanes - tubdipeci fica
(TUBB3) expression appears to offer the greatest protection against taxane treatment

bothin vitro (87) andin vivo (88). The mechanism through which TUBB3 upregulation

confers resistance to taxanes is not clear, but may have to do with the altered dynamics of

microtubules enriched in TUBB®9).

2.1.3.4 Alered Expression of Microtubukessociated Proteins

Microtubule-associated proteins (MAPSs) are a family of proteins which interact
with microtubules and regulate their dynamics. Three family members withlisiséal
roles in taxane seitiwity are stathmin, MAP4 andat. Stathmin is a soluble cytoplasmic
protein which interacts with tubulin dimers and stimulates microtubule catas{@phe
the switch from microtubule growth to rapid shrinkgg®). Overexpression of stathmin
in cancer cells leads to a destabilization of microtubules which can oppose the
microtubule stabilizing effects of taxanes and increase the cellular resistance to the drug
(92). MAP4, on the other hand, acts as a microtubule stabilizer by promoting the
transition from microtubule shortening to elongation (res¢2®) Lossof MAP4 in
cancer cell®ias been shown ttecreasenicrotubule stability and enhees taxane
resistancg94). Tau presents a third scenario for MAP regulation of taxane sensitivity by
sharing the same binding site on microtubules as taX8Bgdn this scenario,
overexpession ofau would increase cellular resistance to taxanes by preventing taxane

binding through direct competition. While pcénical sudies suggest that tau
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overexpression correk with poor response to taxanased therapig96),

overexpression of tan vitro does not appear to alter taxane sensitid®).

2.1.3.5 Alterations in the Apoptotic Pathway

The induction of apoptosis is a tightly regulated event orchestrated by multiple
pathways which contain positive and negative regulatory proteins. Not surprisingly,
changes in the expression or acyiwf many of these proteins can impact taxane
sensitivity. One apoptotic protein which has recently emerged as a mediator of taxane
sensitivity is Bci2. Bcl2, an antiapoptotic member of the B&l family of proteins,
functions through the binding and agbnizing of the proapototic proteins Bak and Bax.
Bak and Bax, upon induction of apoptosis, relocate from the cytosol to the outer
mitochondrial membrane where they dimerand form a poreeleasing ciochrome c
into the cytoplasm. Cytochrome c activatiownstream caspases which are responsible
for cell destruction. BeR overexpression is common in several types of human cancer
(98) yet, paradoxically, its downregulation is associated witheased resistance to
taxaneg99). Interesingly, paclitaxel can bind Be2 directly and alter its function
resulting in the opening of a pore in the mitoctioal membrane called the permeability
transition pore channel (PTPQ00. Opening of this pore, much like the dimerization of
Bak and Bax, results in thelease of cytochrome c, and induction of apoptosis.
Therefore,paclitaxel not only functions through the induction of mitotic arrest, but also
by regulating the opening of the PTPC through the binding e2BThis additional

function of paclitaxel explasmhow loss of BeR can increase resistance to taxanes.
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2.1.3.6 Disruption of the Spindle Assembly Checkpoint

As discussed in 2.1.2, a functional spindle assemblgkgmnt is essential for
taxaneinduced cell death. As a result, alterations which gisBAC functionality will
also impact taxane sensitivity. For example, supess checkpoint components
MAD?2 or BUBR1 abolishes checkpoint function resulting in taxane resisténce.
contrast, overexpressing MADN cells with a checkpoint defectsteting from
chronically low MAD2 restores checkpoint function and increases sensitivity to taxanes
(102,102). Similarly, cell lines epressing a dominamtegativeform of BUB1 display
reduced checkpoint function and increased taxane resigtE0®eFinally, AuroraA
overexpresion has been shown to override the SAC resulting in anaphase progression
despite defective spindle formation. This is preceded by failed cytokinesis resuttieg in
generation of a single multinucleated cell. As expected, these cells also display an

increased resistance towards taxafi€gl).

2.1.4 HER2 Amplification in Breast and Ovarian Cancer

HERZ2/ErbB2 is a member of the human epidermal growth factor mede{ER)
family of proteinsand is overexpressed in a subset of ovarian and breast cancers
(105106). HER2 B a transmembrane receptor protein which consists ott@irgsch
extracellular liganebinding domain, a hydrophobic transmembrane domain and an
intracellular tyrosine kinase domain. To date, no ligand of the HER2 receptor has been
identified. InsteadHHER?2 signaling is mediated througkterodimerization with ligand
activatednembers of the HER family (epidermal growth factor recef@@HR or

HERJ), orin the case oHER2amplification, through HER2 homodimerization as well
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(107,108. The ability of HERZ2 to dimerize in the absence of ligand has to do with the
unique structure of its extracellular domairystallographic data has revealed that the
extracellular domain of HER proteins can exist in either a closed/inhibited conformation
or an open/active conformation. Ligand binding induces a conformational switch from
the closed to open conformation whialomotes dimerization, and subsequent
autophosphorylation of the intracellular domdtER?2 is unique in that it is
constitutively in the open conformation, allowing dimerization in the absence of ligand
(109110).

Amplification of HER2can result in 2%0 copies of thélER2gene being
expressed leading to a-400 fold increase in protein express{@il112). Because
HER2 doesndét require |igand binding for di
activation of ggnaling pathways downstream of HERZon dimerization, tyrosine
residues on the intracellular domain become autophosphorylated by the tyrosine kinase
domain and act as docking sites for numerous intracellular signalling molecules. Docking
of these signéihg molecules results in the activation of a plethora of downstream second
messenger pathways which promote cell growth, proliferation, survival, angiogenesis and
invasion(113). Of the downstream pathways, the twhich seem to be most
significantly implicatedn tumorigenesis and have been the most extensively studied are
the PI3K/Akt pathway and the mitogactivated protein kinase (MAPK) pathway
(Figure 2.1).

Hetendimerizationof a HER2 witha HERS3 receptor results in the
phosphorylation of the tyrase residue within six YXXM PI3kbinding motifs found

within the intracellular domain of HER314). Recruitment of PI3K to HER3 serves to
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bring PI3K within proximity of its membrandound substrate phosphatidyl inositol
bisphosphate (PHp. PI3K phosphorylates Pigenerating PlPwhich recruits the
Pleckstrin Homology (PH) domaitontainng enzyme phosphoinositidiependent
kinase 1 (PDK1) to the plasma membrane. Once at the membrane, PDK1 will
phosphorylate its substrates including protein kinase C (PKC), p70S6 kinase (S6K) and
Akt. Phosphorylation of Akat Thr308by PDK1, combined witlan independent
phosphorylation everat Ser473nediated by mTORC2, activates Akt. Active Akt can
then phosphorylate a variety of kinases and transcription factors which promote
tumorigenesis through multiple mechanigfidigure 2.1). For example, Akt can
phosphorylate the prapoptotic protein BAD, which prevents it from heterodimerizing
with Bcl-XL/Bcl-2 to induce apoptos{d15). Akt can also phosphorylate M, he E3
ubiquitin ligase whichargets the p53 tumour suppressor for degradétiv®. Mdm?2
phosphorylation by Akt targets Mdm2 to the nucleus resulting inbiguitination,
nuclear export, and degradation of nuclear p53, preventing its transcriptional activity
(117,118). As a final example Akt can phosphorylate and activate mammalian target of
rapamycin (mTOR) while simultaneously inhibiting mTOR inhibitor proteins PRAS40
(119 and Tuberous Sclerosis Complex 2 (TS@20). Activation of mMTOR promotes
cell growth and G1 cell cycle progression through S6K signaling and 4EBP1 inhibition
(121).

Homodimerization of two HER2 receptors results in the phosphorylation of
tyrosine residues within the intracellular domain of HERgre 2.1). Phosphoriation
of tyrosine 1139 recruits the adaptor protein Grb2 to the recg#dy. Grb2 acts as a

docking protein to recruit, and activate, the Ras guanine ridgdesxchange factor, son
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of sevenless (SOS). SOS, in turn, catalyzes the conversion of inactiv®@iDB Ras to
the active GTFbound Rag123). The activatio of Ras by SOS promotes cell
proliferation and prevents apoptosis through activation of the Raf/MEK/ERK pathway
(124). Briefly, activated Ras functions as astaptor protein to bind and recruit Raf to the
cellular membrane where it is activated throutglphosphorylation by membrabeund
kinases such as PAK or other activated Raf kinas@d5). Once active, Raf triggers
sequential phosphorylation and activation of MEK and ERK. Phosphorylated ERK will
translocate to the nucleus where it phosphorylates a variety of transcription factors such
as cMyc, Ets, CREB, €Junand FOXO3a culminating in the inhibited transcription of
pro-apoptotic genes (Bim, FasL, TRAIL) and genes involved in cell cycle arrest (p27,
p21)(124). ThePI3K/Akt and Ras/ERK pathways provide an example of Ri&R2

amplification can contribute to tumorigenesis through multiple downstream pathways.
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APOPTOSIS PROLIFERATION

Figure 2.1 HER2 sgnaling pathways HER2 homodimerization or HER2/HERS3
heterodimetization initiates thaetivation of various downstream pathways. Included
amongst these pathways are the Akt and Ras pathway which inhibit apoptosis and
promote cell proliferatiorBlack arrows indicate intrpathway signaling events and red
arrows indicate the end result ottipaay activation.
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In addition to the role in tumourigenesis, the amplification/overexpression of the
HERZ2genehas also been widely explored for its potential application in predicting
taxane response in breast cantreritro, HER2amplification has een shown to
increase cellular resistance to taxanes in breast cancefl@8swhile a number of
clinical studies have showt#iER2amplification to correlate with increased response to
taxanes, either as a single agd7,128), or as part of a combination thergipy9132).
As a resultthe use of HER2 as a biomarker for taxane sensitigityains controversial
while the mechanism(s) through which HER2 signaling siteetane sensitivity remasn
to be elucidated. A greater understanding of the genes acting downstream of HER2 with a
moredirect role in the modulation of taxane sensitivity is essential to improve our ability

to predict taxane response.

In this chapter, wedentify PRPK as a novel HER2egulated proteiim breast
and ovarian canceWe demonstrate thatecrease®RP4K potein level results in
reduced sensitivityo paclitaxel in both breast and ovarian cancer cell liaedthatin
vitro-derived and patierdcquired taxane resistance correlates with retie¢eP4K
expressionln addition,high PRP4Kprotein expressiom the biopsies of ovarian cancer
patientswith tumoursexpressing low levels of HER®Drrelates witlbetter overall
survival totreatment with platinum/taxadgased therapyraken together these results
implicate PRP4K, through its role in the SAC, as a HE€fulated modulator of taxane

sensitivity.
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2.2 Materials and Methods

2.2.1Patientsand Tissue [gecimens

Ethics approval was obtained by the local institutional etiwesd (@mité
do®t hi que de | a rechénddme vadu sél Rimdre Monpi t
samples were collected ahdnked following appropriate written consent from patients
undergoing surgery attieent r e Hospi talier de |1 6Universi
2010.An independent pathologistored tumor grade and stage and yngcologic
oncologist scoretbmaur residual disease according to criteria from the International
Federation of Gyrmlogists and Obstetricianksess thari0% of specimesnwere
excluded on quality, and this was not correlated to age of sample. Clinizairdat
progressioffree survivalwere definedased onmaging andCA125 blood levels
Overall survival was defined as the time from surdergieath from ovarian caar.
Patients known to balive atthetime of analysis were censortmthetime of their hst
follow-up. Patient diseastree survival was calculated from the timesafgery until the
first progression. Eligibility criteria for inclusion the study were as follows: no pre
operative chemotherapeutieatment for ovarian cangegiatinumbasel postoperative
chemotherapy treatment, higjnade tumars, serous histopathagy subtype and
completed informed consent. All patients receivedbtinumbased chemotherapy as an
initial therapy after surgenyith the exeption of patients who died shigr{<3 months)

aftersurgery. Patients who died framther causewere censored éime of last follow

up.

2.2.2 Tissue Microarray and Immunohistochemistry
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The breast and ovarian cantissue array havepreviously been described
(133134). Briefly, areas of tumar were selected based on review of a hematoxyloh
eosinstained slideFormalinfixed, parafin-embeddedumor blocks were then biopsied
using a0.6 mmneedleand resultant cores were arrayetb a grid in a recipient paraffin
blockusing a Pathology Device Tissue Microarrayer (Pathology Devices Tihe)
breast cancer tissue array containedgas from 141 consented patients who had
undergone surgical resectioning with auxiliary lymph node dissection for breast cancer, at
the Centre hospital i éHotetlDieu (CBHUMHD)ybetween t e de
2003 and 2007Theovarian cancetissuearraycontained samples fro@60 ovarian
cancer patients, with each patiegpresented by two coresfter review ofclinical data
61 patients were excluded from the final analysithayg did not reet the inclusion
criteria. The tissue arraywerethensectionedstained with hematoxylkeosin and
reviewedby an expert pathologish confirm tumor contentlissue arraysiere sectioned
at 4n¢m and the slides were stained using the BenchMark XT automated stainer (Ventana
Medical System Inc.). Antigen redwial was carried out with Cell Conditioning 1 (VMSI;
#950-123) for 60 min. Predilutedheep antPRP4K(1:100)(H143)11), orantiHer2
(DAKO #A0485)antibodiesvereautomatically dispensed, and the slides were incubated
at 3PC for 120 minor 30 min respectively, and antibody binding was detected ubiag
UltraView DAB detetion kit (VMSI#763091). Slides were emterstained with
hematoxylin (VMSI#76€2021). All sections were observed by light microscopy at 400x

magnification.

2.2.3 Staining Quantification
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Tumor sections were scanned and digitally visualized. Epitheligszoere
scored according to trentibodystainirg intensity (value O for abserit for weak, 2 for
moderate and 3 for high intgity). Each array was independently analyzed in a blind
study by two independent observers. Correlation was >80%. The avel@beooés

with cancer from the same patient was usedheffinalanalysis.

2.2.4Cell Culture

SK-BR-3, IGROV-1, MCFK7, MDA-MB-231,SKOV-3 and HeLeacell lines
(AppendixC)wer e cul tured in Dul bedcDv&EN)sSigmadi fi ed
supplementeavith 10% fetal calf serum, 1% penicillin/streptomycin at 37°C with 5%
CO,. All cell lines were obtained originally frothe American Type Culture Collection
(ATCC) and validated by STR profiling (DDC Medical) within 6 months of
experimentation. MCF7, MDA-MB-231,SKOV-3 and HeLacell lines stably expressing
shRNAs were cultureds abovéut using Tetracyclin€ree FBS (Invitrogen, 16000
036) andwith the addition of Jug/mL puromycin. TOV1369 and OV1369(R2) cell lines
were cultured in OSE medium (Wisen1,63030-CL) supplemented with 10% fetal calf
serum, 0.5ug/mL amphotericin B (Life Technologies, 152%98), and 50ug/mL
gentamicin (Life Technologies, 157808) at 37°C with 5%&and 5%CQ, as

previously describe(ll35).

2.2.5 Western Blot Analysis

Cells wereharvested anlysed in icecold lysis buffer (20nM Tris-HCI pH8, 300

mM KCI, 10% Glycerol, 0.25% Nonidet#0, 0.5mM EDTA, 0.5mM EGTA, 1X
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proteasenhibitors(AEBSF, Aprotinin, Bestatin, 4, Leupeptin, Pepstatin Ajor 30
minutes on iceCell debris was pelleted by centrifugation at 14 800 rpm for 25 minutes at
4°C. Protein concentrations were determined usingfaal Protein Reagent (BRRad,
500-0006). Lysates, with exception tfose analyzeth Figure 2.7A, were
dephosphorylated with calf intestinal phosphatase (Sigma, A2356) as previously
described136). Briefly, 400 pg of protein in 5 mM Tris pH 7.9, 10 mM NaCl, 1 mM
MgCl,, and 0.1 mM DTT werancubated with 100 units of alkaline phosphatase for 30
minutes at 30°CThis allowed for more accurate quantification as PRP4K is present in
lysates in sevat phosphoylatedforms Figure 2.2). Lysates were then mixed1 with

2x sample buffe(4% SDS, 20% glycerol, 10%1Rercaptoethanol, 0.004% bromphenol
blue, 0.125 M Tris HCI ph 6.8nd boiledfor 10 minutegrior to separation by SBDS

PAGE and vestern blbanalysis with sheep arffRP4K antibody (H143)11), rabbit
antrHER?2 antibody (Cell Signaling, #2165), or mouse aauttin antibody (Sigma,
A3853).Protein detection was carried out using chemiluminescence (Thermo Scientific,
34080) and radiographic film (Thermo Scientific, 340@)antification of band

intensities was pesfmed by densitometry analysis usingageJ NIH).
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PRP4K

Figure 2.2 PRP4K is present in lysates in different phosphglated-states MCF-7
whole cell lysates were treated with calf intestinal phosphatasepek treated, and
analyzed bywestern bloeinaysis using antibodies specific for PRP4K and actin
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2.2.6 shRNA Lentiviral Transduction

To knockdowrHER? in the IGROV1 and SKBR-3 cell lines, HERzargeting
GIPZ Lentiviral sShRNAs (shHER2 = clone: V3LHS_ 315855, shHER2= clone:
V3LHS_315852 werepurchased from Thermo Scientifid.o create the MCF7, MDA
MB-231,SKOV3, and HeLaGFPR-H2B PRP4K knockown cell lines, PRP4#argeting
TRIPZ Inducible Lentiviral HumashRNAs (Thermos Scientifi¢gshPRP4K1 =
clone:V2THS_ 47787, shPRP4K= clone:V3THS_38360) were purchased. Léntus
was obtained by etrangection of aTRIPZ or GIPZ shRNAwith vectors expressing
proteins required for lentiviral propagatiq@MD2.G, pCM\-8.92, and pCMV8.93
vectors (described previougl¥37)) into human HEK293T cells withcalciumphosphate
transfection (Promega, E1200), according t
from the transfected cells was filter sterilizedhgsa 0.45 filter, and the viral media
added to the target cell line for 48To select for viral integration, cells were cultured in
the presence of 1ug/ml puromycin for at least 48diinduce expression of the inducible
TRIPZ PRP4K shRNA, 2ug/mL doxycline was added to culture media for 96 h with

the drug being replaced every 24 h.

2.2.7 GFRH2B Cell Line Generation

Cell linesthat stably express green fluorescent protein fused to histone H2B
(GFRH2B) were created by transfecting HelLa cells vat8FP-H2B plasmid(Addgene
#11680)(138) using the Neon Transfection System (Life Technologies), according to the
manuf act ur eAftérg dagsiirrceltare, stably tsansfected cellsensplated

by screening for GHpositive colonies obtained by limiting dilution.
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2.2.8Immunofluorescence

Cells were plated onto sterile coverslips inadl dish and allowed to adhere
overnight. The cells were then transfecteth plasmidsthat would expresthe protein of
interestusing Lipofectamine2000 (Life Technologies, 11668027), according to the
manuf act ur ePladmids dor expeessing constgutively actitER2CA
(V659E) (Addyene plasmid # 16259)39), andkinase deagHERZKD (K753M)

(Addgene plasmid #16258)39) HER2were obtained from ddgeneForty-eight hous
posttransfection, cells were washed with PBS and fixed in 3% paraformaldehyde for 20
min. Immunolabeling was carried out as previously descr{td@). Briefly, cells were
permeabilized by treating coverslips with 0.5% Triteh00 (SIGMAALDRICH,

T8787) fa 5 minutes followed by threeinute washes with PBS. Cells were blocked

in 5% donkey serum (SIGMALDRICH, D9663) in PBS for 20 minutes followed by a

1 haur incubation withantibodies specific foPRP4K (diluted 1:400) and HER2 (diluted
1:200) antibodies 5% donkey serum in PBS. Following the incubation with the primary
antibody, cells were washed 3 times with PBS (5 minutes each wash) and inculdated wit
Alexa Fluor 488donkey antisheep (Life Technologies,-A1015) and Alexa Fluor 555

goat antirabbit(Life Technologies, A21428 secondary antibodiefiluted 1:200 in 5%
donkey serum in PBS. Cells were washed 3 times with PBS for 5 minutes per wash.
DAPI (4',6-diamidinc2-phenylindoleXSIGMA-ALDRICH, D9564)was added to the
second of the three washes at a final concentration of 1 pg/ml to visualize nuclei.
Coverslips were mounted on frosted glass microscope slides (Fisher Scientitg) 12

15) using VECRASHIELD antifade mounting medium (Vector Laboratories]®00).
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Fluorescent images were captunedh a Zeiss Cell Observer Microscope under a 63x
immersion oil objective lens. Images were processed using only linear adjustments
(e.gbrightness/contrast)itth Slidebook (Intelligent Imaging Innovations, Boulder, CO)

and Adobe Photoshop CS5.

2.2.9HERZ2 Inhibition

To inhibit HER2 signalingSK-BR-3 and IGROV1 cells were maintained in the
presence of 0.1uM, and 7.5uM Lapatinib Ditosylate (Selleck, S10Z§)ectively, for

48 h.

2.2.10In Vitro Cell Viability Assay

Paclitaxel (Sigma, T7402) was reconstituted in dimethyl sulfoxide (DMSO) and
diluted in growth media so that the DMSO concentration was 0.05% or less. To evaluate
paclitaxel responsia vitro, 7000 cells were plated in individual wells of a 96 well plate,
and allowed to adhere for 24 h prior to incubation with the indicated concentration of
paclitaxel for 90 min. Following acu@) minutepaclitaxel treatment, the drug was
removed and cells weadlowed to recover in fresh medium for 72 h, at which point cell
viability was measured using the alamarBueell viability assay (Life Technologies,
DAL1100) according to the manufact@erotocol. Fluorescence was measured using an
Infinite M200 Pro phte reader (Tecan Group Ltd) 4 h after the addition of alamakBlue
reagent. To determine the effect of PRP4K knockdown on paclitaxel response, cell lines

stably expressing an shRNA were incubated with 2ug/ml doxycycline fot®@hkuce
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hairpin expressioprior to plating in the 96 well plate, and maintained in doxycycline for

the remainder of the experiment.

2.2.11Statistical Analysis

Survival curves were plotted using the KapMaier curve analysis and the log
rank test was used to tdet significance Univariate Cox proportional hazard models
were used to estimate thazard ratio foPRP4KexpressionFor thein vitro viability
assays a-te§tasdsedtd corapare viability between cell lines. A Spearman
correlation test was applied to aonpare biomarkestaining.All statistical analyses were
done usinghe Statistical Package for the Social Sciences software versiorfSRS5,

Inc.), and statistical significance was sep@d.05

2.3 Results

2.3.1 High PRP4K Protein Level CorrelateRkWHER2 Amplification in Human Breast

and Ovarian Timours

Despite PRP4K being an essentialprBNA splicing kinase, a number of studies
have variously claimed that PRP4K may be oncogenic and a possible molecular target in
cancern(56,141) or may be a predictive biomarker ofdtment response to chemotherapy.

In particular PRP4K has been shown to play a role in thiellee responsé¢o taxans,

although published studies are contradictory as to whether PRP4K increases or decreases
sensitivity to taxanef5,56). Thereforethe role of PRP4K as a biomarker or arancer

drug target remains controversial. To better evaluate the possible role of PRP4K in

canceywe performed immunohistthemistry analysis of PRP4K expressiofiaat and
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ovariantumours usingissue microarrag/(TMAS) composed opre-chemotherapy
surgical sampledVe scored the intensity of immuimstological staining for PRP4K
using arelativescale from 0 to 3, anldoked for correlation with a number of commonly
used prognostic and therapeutic markers of breast and ovarian ¢agaez 2.3A). A
positive correlation was observed between PRP4K and the proliferation mai&ey Ki
the recently identified prognostic markmrtyrophilin, subfamily 3, member A2
(BTF4/BTN3A2) (142), andthe immunological cell markers CD3 and CD68 within the
high-grade serous ovariarMA, while a positive correlatiobetween PRP4K and HER2

was dserved within both the ovarian and breast TNEA(re 2.3B).
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A

Breast Cancer Correlations

Stage Grade Lymph Tumour Triple ER PR HER2
Node + Size Negative
Corr. Coeff.t 0.104 0.027 -0.095 0.163 -0.061 -0.042 | -0.062 | *0.204
p 0.207 0.771 0.33 0.081 0.502 0.637 | 0.513 | 0.021
N 114 115 106 115 123 115 112 128
Ovarian Cancer Correlations
Stage | P53 BTF4 | Kig7 | CA-125 | HER2 | cD3 CD8 | CDe68 RD
Total | Pre-Dx
Corr. Coeff.t | -0.010 | 0.108 | *0.293 | *0.298 | -0.087 | *0.225 | *0.171 | 0.065 | *0.170 | -0.080
p| 0893 | 0184 |>0.001 | >0.001 | 0254 |0.007 | 0.026 | 0402 | 0.024 | 0.356
N| 180 152 179 177 169 | 0.143 169 167 176 134
Breast Ovarian
Tumour A Tumour B Tumour D
HER2
(9.t T o
PRP4K 1 .

[+

Figure 2.3 PRP4K correlates positively with HER2 expression in breast and ovarian
tumours. (A) Breast and ovarian cancer tissue microarrays were used to correlate PRP4K

protein levels with eammonly used diagnostic and prognostic markers. Results are
summarized in table formah Spear mano s
Significant;N= number of patient&R = Estrogen Receptor, PR = Progesterone

Cor r dranetiich n=

coef f

ReceptorRD = Residual Disead®) Representative immunostaining of low (tumour A

and C) and high (tumour B and D) PRPHIER2 (indicated by brown stainh the breast
and highgrade serous ovariafMA. Dashed black boxes outline a regwmfrthe tumour
in each TMAstained for PRP4K shawat higher magnification balv each panel. Scale
bars = 100nicrons.Data presented in this figure was collected by the Méasson lab.
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2.3.2 HER? Signalling PositivelyeBulates PRP4K

Since PRP4K levels measured by immunohistochemistry correlatedH&R2
expression in breast and ovarian tumours, we next sought to determine if the positive
correlationbetween PRP4K and HERas a result of direct regulation of PRP4K protein
levels by HER2. To this end, HER2 expression was knocked down in two respect
ovarian and breast cancer cell lines, IGRO¥YNd SKBR-3. As shown irFigure 2.4A,
when cdls were transduced with a HER&rgeting shRNA lentiviral vector, there is a
significant reduction in both HER2 and PRP4K protein level. To determine if this
regulation of PRP4K expression was mediated by active signaling through the HER2
receptor, IGROVL and SKBR-3 cells were treated with the kinase inhibitor lapatinib for
48 h. In both cell lines, inhibition of HER2 signaling led to a decrease in PRP4Knprotei
level (Figure 2.4B). Conversely, when the HER2 negative breast cancer cell line MCF
was transfected with constitutively active HER39), PRP4K expression increed
(Figure 2.4C), while the transfection of kinase dead HER29) hadno effect. Taken
together, thesdata indicate that PRP4K protein expression is regulatejbslisg

through the HER2 receptor.
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Figure 2.4 HER?2 signaling regulates PRP4K expressiofA) IGROV-1 and SKBR-3
cell lines were tnsduced with control or a HER&rgeting shRNA lentiviral vector and
cultured for 48 h. Total cell lysategere prepeed and subjected toestern blot analysis
for HER2 and PRP4K expressioB)((GROV-1 and SKBR-3 cell lines were treated
with 0.1uM lapatinib for 48 h to inhibit HER2 signaling. Total cell lysatere subjected
to western blot analysis for PRP4K expressi(C) MCF-7 cells were transfected with
constitutively active (CA) or kinase dead (KD) HER2 and analysed by
immunofluorescence confocal microscopy using antdBiR2 (Red) and arf?’RP4K
(Green) antibody. Nuclei were stained with DAPI. Scale barsmitfbns.
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2.3.3 Knockdown of PRP4K Decreases the Sensitivity of Cancer Cedislitaiel

HER2 amplification has received a lot of attention for its potential application in
predicting taxane response, although its use as predictive biomarker for taxamemnt
remains controversial and the mechanism(s) that might govern the impact of HER2 over
expression on the efficacy of taxane response, which might be used to guide therapy,
remain to be elucidated. Since PRP4K is regulated by HERZ2 signalling, wsonegkit to
explore the relationship between PRP4K and taxane response to determine if it could be
playing a mechanistic role in the clinical link between HER2 amplification and a positive
response to taxane treatment. Since PRP4K is an essential kimagkstedoss of kinase
expression is lethdlL1). Therefore, teexplore tte role of PRP4K in the cellulaesponse
to paclitaxelwe employed an inducible knoclown system that could be used to titrate
PRP4K levels without killing the cell or impairing cell division; events that would
confound interpretation of taxane sensignassays, and may be a factor in previously
conflicting studies of taxane drug response in relation to this k{pagb). To this end,
we generated several bredgidF-7, MDA-MB-231)and ovarian SK-OV-3) cell lines
stably expresag either a control hairpin (ShCTRL), or one of two hairpins targeting
PRP4K (shPRP4K and shPRP4#) underthe control of a doxycyche-inducible
promoter We found that thaddition of 2pg/midoxycycline to the culture mediufar 96
h led to significant knockdown of PRP4HK all three cell lines without impacting cell
viability (Figure 2.5A). Acute dosing (90 min) was chosen for theatze response
experimentsas described by Nguyest al. (143), as opposgto the commonly used
chronic dosing (48 h), to moreoglely mimic the type of exposuaecell would

experience in a clinical setting where patients are treated intravenously. Intravenous
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administration of paclitaxel results in a brief spike in serum taxane levels, followed by
rapid drug clearancd44), meaning cells would only be exposed to drug for a short
period of timeg(65). Knockdown of PRP4kexpresion over 96 h in each cell line resulted
in significantly decreasesknsitivityto pacitaxel, as measured by an alamiaeBcell
viability assay followinga 90 minuteacite, low dose drug treatmeand 72 hour
recoveryperiod in drugfree mediun(Figure 2.5B). Similarly, when PRP4K expression
was decreased in SBR-3 cells by prereating for 48 h with 0.1uM lapatinili-(gure

2.9B), cells showed decreased sensitivity to paclitaxel, as compared to the untreated

control Figure 2.5C).
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Figure 2.5 Deceased PRP4K expression is associated with an increased cellular
resistance to paclitaxel(A) Cell lines sably expressing a tetracyclimeducible shRNA
targeting PRP4K were established using a lenthoesed system. Hairpin expression
was induced for ® hwith 2ug/mL doxycycline and PRP4K levels analyigdvestern
blot analysisBand intensity was quantified by densitometrgrmalized to the actin
loading controland represented as ratios with shCTRL normalized (B)IPRP4K
knockdownwas inducedvith doxycyclinefor 96 hfollowed bypaclitaxeltreatmentat
the indicated concentrations for 90 min. Cell vidypivas measured via an alam&ué
assay after a 72 recovery in drugree mediumData is presented #s meanof
triplicates + SEM#¥p<0.05. (C) SK-BR-3 cells were treated with 0.1uM lapatinib for 48
h to decrease PRP4K expression. The cells were then exposed to paclitaxel at the
indicated concentration for 90 mi@ell viability was measured via an alam&8 assay
after a 72h recovery irdrugfree mediaData is presented #s meanof triplicates +
SEM, *p<0.05.
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To try to determine the mechanism by which PRP4K |e¢gs taxane sensitivity,
PRP4kknockdown cells stably expressing a GigBged histone H2B were treated with
paclitaxel for90 min and then monitored via lheell microscopy. Under normal
conditions, cells treated with taxane arrest in mitosis via activation of the("SAQ\fter
prolonged activation (approximately 6 h), the cell typically undergoes ageptw
mitotic cell deathas shown by the apoptotic nuclear condensation in HeLaHzHEP
ShCTRL cells treated with paclitax@igure 2.6). Followingthe knockdown of PRP4K,
taxare-treated cells arrested in mitosis, but instead of undergoing apoptosis, underwent
mitotic slippage, and rentered the cell cyclas indicated by the decondensation of
chromatin(Figure 2.6). This is consistent with the previously published role of PRP4K
in mitotic checkpoint control, where it was shown to rediiS1 kinaseMAD1 and
MAD?2 to the kinetochore in order to establish a functional $3%. Thus,the decreased
sensitivity of PRP4K knocklown cells to paclitaxehayarise from impaired SAC

activity andenhanceanitotic slippage.
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Figure 2.6 Knockdown of PRP4K promotes mitotic slippage over mitotic cell death

in paclitaxel treated cells HeLa GFRH2B cells were stably transduced with a control
hairpin (ShCTRL) or a hairpin targeting PRP4K (shPRP4) under control of a doxycycline
inducible promoter. Doxycycline (2ug/inlvas added to the culture medigonnduce

hairpin expression for 9. Cells were then treated with 20nM paclitaxel, or vehicle
control for 90 min. After the treatment, the drug was washed off and cells were imaged
using confocal live cell microscopy to monitor cellular respoSsale bars = 10 um.

48



2.3.4 Reduced PRP4K Exgssion $ Associated with Both In VitDerived and Patient

Acquired Resistance to Taxanes

Breast and ovarian cancers can acquire resistance to taxanes, resulting in
treatment failure in relapsed patients who have previously received {eciataning
chanotherapy regimeng.o explore the role of PRP4K excquired cellular resistance to
paclitaxe] MCF7 cells weremaintained in several independent pools of cells cultured in
increasing concentrations of paclitaxel for 15 weekschresulted in separate
populations of cells with increased resistance to chronic exposure to 10 nM paclitaxel
(Figure 2.7A). Six independentlones were isolated from theresistanpoolsand
analyzed via wstern bldaing for PRP4K protein level. As shown iRigure 2.7A, all of
the paclitaxetresistant clones (PAXRRAXRG) expresseducedevels of PRP4K, as
compared to the starting, noesistant population. In addition, we analyzed PRP4K
levels inmatchedcell linesisolated from a patient diagnosed with higade serous
ovarian cancer whbad received paclitaxel as parttbéir treatment regimen, and
subsequently relapseghd no longer responded to taxdrased therapfd35). Thecell
line which wasisolated prior to paclitaxel treatment (TOV13@&Xpressea higher level
of PRP4K(Figure 2.7B), as compared to the cell linleat wassolated posrelapse
(OV1369(R2)) Taken together, these resuitdicatethatreducedPRP4Klevels are

associated with the acquisitionrelistance to paclitaxel boim vitro andin vivo.
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Figure 2.7 PRP4K expression is decreased in cells that have an acquired resistance
to taxanes (A) MCF-7 human breast cancer cells were exposed to-tetud
concentration of paclitaxel for 3 weeks. The concentratigraclitaxel in the growth
mediumwas trided every 3 weeks for 15 weelkscreate a resistant population.
Individual clones were isolated from the resis{aopulation, and analyzed viaesten
blotting for PRP4K protein leve(B) TOV1369 and OV1369(R2) cell lines were isolated
from an ovarian cancer patient gexane treatment, and paslapse, respectively.

Whole cell lysates were prepared from each cell lineRRE4K protein levelwere
determined via wstern bltting. Band intensity was quantified by densitometry
normalized to the actin loading contrahd represented as ratios.
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2.3.5 PRP4K Expressiono@elates withBetterOverall Survival in Ovarian Cancer

PatientsTreated wih Taxanes with Low HERExpressing Tumours

Giventhat decreased PRP4K expression is associated with reduced sensitivity to
paclitaxelin vitro, that PRP4K is regulated by HER2 (a controversial predictive
biomarker of taxane response), and that acquisethtaresistance is associated with
reduced PRP4K levels, we next wanted to determine if PRP4K could serve as a more
direct biomarker for taxane response amongst-grglde serous epithelial ovarian cancer
patients receiving taxanesfast-line therapy. Tie taxandreated cohort of patients from
the ovarian tumour TMA frorfrigure 2.3were divided into two categories according to
PRP4K status; PRP4K OFF (TMA score of 0) or PRP4K ON (TMA score of 0.5 to 3).
The PRP4K ON subclass of patieafgpear to have laetter progressiefree and overall
survival Figure 2.8A), although this was not statistically significant. In breast and
ovarian cancetlER2ZERBB2gene amplification is generally associated with poor
survival. While HER2 protein expression by immunabisiemistry has less prognostic
power than direct detection BIER2gene amplificatior{145), previous studies have
demonstrated that typically only the highesirsoy tumours for HER2 expression by
immunohistology are found to harbddER2 gene amplificatior{146). Therefore, we
rationalized that perhaps the patiewtth the highest expression of HER2 in our TMA
analysis (i.e. score of 2 or 3 out of 3) were likely to progress early irrespective of PRP4K
status because of grealfER2 gene amplificationindeed, when we compared HER?2
high (23) versus HER2ow (0-1) patients within our cohort of higgrade serous
epithelial oarian cancer patients, the HERRBh patients display a significantly worse

overall survival, as compared to the HER2 low coheigyre 2.88). Therefore, we
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repeated our analysis removing patsewith the high HER2 staining from the cohort.
Under these criteria, a significant increase in both time to progreg$ivs 0.53 [95%

C1 0.27%1.01]; p = 0.05) and overall survival (HR = 0.37 [95% CI €0188]; p = 0.03)

was observed amongst PRRAW patients, as compared to PRPLOXEF (Figure 2.80).

Thus, in the context of low HER2 expression, PRP4K is a positive prognostic biomarker
for high-grade serous ovarian cancer patients treated with platinum/tbased

therapies. The same analysis could naddxee for the breast cancer TMA as those

patients did not receive taxanes as part of their treatment regimen.
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Figure 2.8 Evaluation of PRP4K as a biomarker of platinum/taxane response in
high-grade serous ovarian cancer(A) Kaplan Meier cwves ofprogressiorfree
survival (left) and overéburvival (right) in a cohort of XBovarian cancer patients
treated with platinum/taxane chemothergB). Kaplan Meier curves girogressiorfree
survival (left) andoverall survivalright) in 103 planhum/taxanereated ovarian cancer
patients with either low (Q), or high (23), expression oHERZ2 Significance (p) is
indicated by Log RanKC) Kaplan Meier curves ddisease free survival (left) and
overall survival (right) in 64atients (i.e. a suget of the 1@ in A) with no to moderate
(0-1) expression oHER2 Significance (p) is indicated by Log Rarkata presented in
this figure was collected by the Médasson lab.
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2.4 Discussion

Despite the challenges associated with the developmentsibres, taxanes
remain one of the most widely used therapies for a range of human malignancies,
including breast, lung and ovarian cancer. Biomarkers which can accurately predict
taxane response are needed to identify those patients that will beorafibhé inclusion
of taxanes irtheir treatment regimen, and those who will not. Numerous biomarkers have
been identified that correlate wii vitro taxane resistance, however their use clinically
to stratify patients according to predicted taxane respuas®een limited.

In this study we have identified PRP4K as a novel HE&RRilated gene, and
investigated its role in the cellular response to taxdmaaunostaining for PRP4K in
human breast and ovarian cancer TMAs revealed a significant correlaticgebetw
PRP4K and HER2Hjgure 2.3), which we confirmed was a result of PRP4K expression
being regulated by HER2 signalinigure 2.4). While the role of HER2 in the cellular
response to taxan@svitro remains controversial, the clinical data seems to stippo
link between HER2 expression and positive response to taxanes in breas{Xanicer
132. However, due to the discrepancies betweeritro andin vivodat, the
mechanism(s) linking HERZ2 signaling to taxane sensitivity remain unknown. To
determine if PRP4K was otributing to the observed HERfediated taxane sensitivity,
we generated breast and ovarian cancer cell lines stably expressing a doxycycline
inducible hairpin targeting PRP4K. Across all three cell lines generated, knockdown of
PRP4K led to a decrease in cellular sensitivity to paclitaxel. Furthermore, when PRP4K
expression was decreased through inhibition of HER2 signaling, cellular sensitivity to

paclitaxel also decreased. Together, these data support the hypothesis that HER2
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signalling may contribute to taxane response in part by modulating PRP4K gene
expression.

In breast cancer, HERR2ased therapies target this receptor tyrosine kinase either
by antibody (i.e. trastuzumab) or small molecule (i.e. lapatinib) inhibition, and the
combination of HER2 pathway inhibition with taxabased chemotherapy has shown
improved outcomes in patients with HER@sitive tumourg147,148). In our
experiments, it is important to note that chemical inhibition of HER2 was used as a tool
to manipulate PRP4K expression, aaduced taxane effectiveness when given
sequentially. This is in contrast to how these drugs are administered in recent clinical
trials showing efficacy of combined trastuzumab or lapatinib treatment with taxanes;
where treatment consists tohstuzumab olapatinib being given concurrently with
taxane treatmen{449150). It should also be noted that patientamme is statistically
better and patients exhibit fewer sieifects when treated periodically with trastuzumab
(given concurrently with taxane) rather than with chronic dosing of lapatinib, which is
taken daily with periodic taxane treatmébd9). Given our results, it is tempting to
speculate that when lapatinib is given daily the chronic exposure to drug may reduce
PRP4K expression and as a consequence readx@ee sensitivity over time; which,
could provide a potential explanation for the increased efficacy of trastuzumab periodic
treatment over chronic lapatinib treatment regimes.

How PRP4K contributes to taxane sensitivity may be multifactorial considering
its critical role in premRNA splicing(11,13), and as a consequence we are actively
pursuing how changes PRP4K expression affect alternative-pn®NA splicing.

However, to date there has been little evidence for splicing factors playing a role in
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taxaneresistance; whereas paclitaxetiuced apoptosis has been clearly demonstrated to
be dependent on thegbonged activation of the SAQ04,151), and disruption of
checkpoint function has been shown to increasetagsis to taxands vitro (55,101).

With PRP4K playing an important role in SAC function in response to miasteub
poisons like nocodazol@7), it is most likely that loss of PRP4K leads to taxane
resistance through mitotic checkpoint failure.

Given ourin vitro dataindicating that low PRP4K expression, induced either by
inhibition of HER2 signalling or by knoetown of PRP4K, reduces the sensitivity of
breast and ovarian cancers to taxanes, we also evaluated PRP4K as a potential prognostic
biomarker for outcome invarian cancer patients treated with taxanataining
therapies. Although we had PRP4K immunohistochemistry data on both breast and
ovarian tumours, none of the patients in the breast cohort were treatéiddirsith
taxanebased chemotherapy. Thus, f@eused on 130 tumours in the ovarian cohort from
patients that received taxanes as part of their treatment regime and found that again
PRP4K (i.e. PRP4K ON) correlated with positive prognosis markers such as
BTF4/BTN3A2(142 (r = 0.24, p = 0.005, Spearman correlation) and that although not
significant, a trend of better survival and increased time to progression was seen in
patients with tumours expressing PRPdgure 2.8A). In interpreting these results, we
noted that although breast cancer patients with tumours harboring a HER2 amplification
have better overall survival when their treatment regimen includes tafd&81#soverall,
HER2 amplification is associated with poor prognosis in bi@&® and ovarian cancer
(145153. Given the strong correlation between HER2 expression and PRP4K within this

cohort, we would expect fareferentially select for HER2mplified tumourswithin the
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PRP4K ON group. We would thsglect for patients withn overallpoorer prognosis
(Fig. 2.88), irrespective of treatment, as compared to the majority of patients that do not
have amplified HERZ2. Usg this rationale, we decided to remove the highest HER2
expressing tumours from the cohort and to evaluate the prognostic power of PRP4K in
patients with tumours exhibiting low HER2 levels. In this cohort, PRP4K ON tumours
exhibited significant increas&s both time togprogression (HR = 0.53 [95% CI 027
1.01]; p = 0.05) and overall survival (HR = 0.37 [95% CI 60138]; p = 0.03)as
compared to patients with tumours that exhibited no detectable PRP4K expression by
immunohistochemistry (PRP4K OFF).

In summary, this chaptedentifies PRP4K as a HER2gulated modifier of
taxane sensitivity, and as a potential prognostic marker for better survival in ovarian
cancer patients treated tvitaxanes that harbour low HERR2pressing tumours. Our data
also indiates that reduced PRP4K expression correlates with acquired taxane resistance
posttreatment Figure 2.7). Thus, in addition to being a positive prognostic marker for
survival in ovarian cancer patients with low or HER&yative tumours at diagnosis,
PRP4Kexpression could be of value in determining which patients might receive
additional benefit (or not) from continued taxane treatment following relapse from

previous taxandased therapy.
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Chapter 3  Development of a Zebrafish Xenotransplant

Model to Study InV ivo Drug Response

This chapter contains material (secti@, 3.3.1, 3.4Figures3.1-3.6) originally
published in:

ACor ker y DPBerma@anelN. RGA1eukemiaXenotransplantation in
Zebrafist® Chemotherapy Response Assayivo. British Jounal of Haematology.

153:78678%0

3.1 Introduction

3.1.1 Zebrafish as a Model to Study Human Cancers

The zebrafishanio rerio), a small tropical freshwater fish native to the
southeastern Himalayan region, emerged as a model to study vertebrate dertbpm
bi ol ogy i (A54155.8hetke aré umerousi@antages to using zelfish as a
model orgnism includinghe rapid external development and optical clarity during
embryogenesis which allows for the visualization of developmental ggsesZebrafish
producearge clutch size(200-300 embrgs per mating pair per week) wishort
generation tims which facilitates genetic analyses whilstidking genetic conservatio
between zebrafish anmdammals (approximately %) leadso conserved biochemical
pathwaygq156). The potential for zebrafish to be used as a cancer model was first
realized in 1982 when zebrafish exposed to carcinogens were shown to develop tumours
(157), later shown to share many histologi¢E#8) and molecula¢159) similarities to

human tumoursSince then, numerous strategies have been developed which take
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advantage of the strengths of the zebrafish model to study human cancers. These
strategiesnclude mutant zebrafish lines with a premtisition to various types of cancer,
transgenic zebrafish which express human oncogandshe xenotransplantation of

human cancer cells into zebrafish embryos.

3.1.1.1 Mutant Models of Cancer

The ability to perform largscale genetic screens in zeshfis facilitated by the
large clutch size and speed at which embryos develop. Traditionally, random point
mutations are induced in male spermatogonia by treating adult zebrafish with a chemical
mutagen like ethylnitrosourea (ENU). The male {iB§) carrying mutations are crossed
with wild type (WT) females to produce a clutch of embr{f@g3, in which the males are
expected to be heterozygous for the mutant allele. Tgregenymales are again crossed
to WT females to generate thefemily of fish, haf of which are expected to be
homozygous for the WT allele, and the other half heterozygous for the mutant allele.
Crossing of the Fsiblings will generate the Ffamily of fishin which onefourth of the
F, crossesre expected tproduce an fprogeny vhich are50% heerozygousand 25%
homozygous for the mutant allgE60). The goal of the screen would be to identify F
families of fish whichhave increased rates of spontaneous neoplasia and work backwards
to identify the causative mutation. While largeale chemical mutagenesis screens have
proven useful for identifying mutations within zebrafish which lead to both
developmental defec{d61,162) and heritable predispositions to can(&3164), the
genetic mapping required to identify the causative mutation is laborious and time

consuming.
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An alternative approach to chemical mutagenesis whictvslifor the rapid
identification of the causative mutation is insertional mutagenesis. Injection of a
retrovirus into blastulstage embryos (1062000 cells) results in the integration of viral
sequences randomly into the genome. Passing these mutatoughtthe germline, as
described above for the chemical aggnesistesults in an Fpopulation of fish which
can be screened for increased rates of spontaneous neoplasia. In this case, the viral
sequence which was inserted into the genome serves as@faotag which can be
used to clone the disrupted loci and identify the causative(débg These two
approaches have led to the establishment of severaint zebrafish lines with increased
predisposition for a defined set of cancer ty{i&8164,166167). As an example, the
crash&burn (crb)zebrafish mutant, identified from a largeale chemical mutagen
based genetic screen, was shown to havedigposition to vascular and testicular
cancers. Genetic mapping of the mutant genome identified-afidgaction mutation
within bmyh a transcriptional regulator of cyclin(&64). The mutant was then employed
in a secondary screen in which, B20 compounds were screened for their ability to
suppress the bmytlependent mitotic defects anb embryos. One compound,
persynthamide, was identified for its alyiltb prevent mitotic defec{d68) and may
represent a novel compound for the treatment cancers witbfldgactionbmyb
mutations. This example illustrates htawge genetic screens in zebrafish can be used to
identify novel cancer initiating genes. Furthermore, the mutant embryo in which the
mutation was identified can subsequently be used to screen large libraries of compounds

for drugs that target the definetutation.
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3.1.1.2 Transgenic Models of Cancer

A major stepping stone faebrafish as a cancer model was the emergence of
rapid transgenic technology. The first transgenic cancer model in zebrafish was created
by Langenatet al. who demonsrated that expression of the mouse oncodéye under
control of the zebrafisrag2 (recombination activation gene 2) promotetutesl in the
rapid onset of Icdl acute lymphoblastic leukemia {ALL) in adult zebrafishH169).
Wild-type zebrafiskiembryoswere injected with th®ag2mMyctransgene at the oroell
stage of development to create arp&pulation of fish which were mosaic for expression
of the tansgene. fier approximately 44 day$, zebrafish developed leukemia which
arose from the thymus and quickly spread into skeletal muscle and abdominal organs
(169). A limitation to this model was that transgenic fish were severely diseased by the
time they reach sexual maturity (1@ weeks), making the line difficult to breed and
maintain.To address this issue Myc was conditionally expressedy both Cre/l®
(170 and heat shocKl71) promoter systemereating a system amnable to forward
genetic and small molecule suppressor sctelms molecular pathways that were
activated in response to Myc overexpression in these fish closely resembled those found
in human FALL, proving the zebrafish to be a valid model to study hordisease.

A numberof transgenic zebrafish cancer modese subsequently beereated
though the overexpression of various oncogenes including a pre@ussite
lymphoblastic leukemia (pfB ALL) model created by expressing the oncogenic TEL
AML1 fusion protein(172), a pancreatic neuroendocrine tumour model created by
expressindY CNunder control of thenyoDpromoter(173), a melanoma model created

by expressing activated humBRAF®*°Eunder control of the melanocyspecificmitfa
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promoter in gp53deficient backgroun@l74), and an embryonic rhabdomyosarcoma
model created by expressing activated Rt&under control of theag2 promoter(175).
These oncogenédriven models are useful for investigating downstream biochemical
pathways contributing to cancer progressiomivo. In addition, much like the mutant
zebrafish lines with an increased predisposition to cancetrahggenic models can also
be used in higlthroughput drug screens for the identification of novel compounds which

target the expressed oncogene.

3.1.1.3 Xenotransplantation Models

Mouse xenograft models have been used for decades to studyive
behaviour of human canceell lines. More recently, zebrafish havegun to emerge as
an alternative xenograft animal model due to their superior imaging quality, amenability
to highthroughput drug screening and cost effectiveness, as comparaditional
rodent models.

Xenotransplantation of human cancer cells into zebrafishryosvas initiated in
2005 using a melanoma xenognabdel(176). In this stuly, Leeet al.found that human
melanoma cells transplanted into zebrafish embryos were highly invasive and migrated
randomly throughout the embryonic tissue. In contrast, primary melanocytes integrated
normally within the developing skin. The authors doded that aggressive melanoma
cells remain in a dedifferentiated state expressing both mesenchymal and epithelial
markers, preventing proper integration id&veloping organs. In a followp study, the
same group found that the transplanted melanoma sstirete Nodal, a potent

embryonic morphogen which alters normal eyalmic development. Further studies
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show that Nodal expression correlates with human melanoma progression and that
inhibition of Nodal signaling impairs tumour formation in nude n{ic&y).

Subsequent studies by Haétial. determined an incubation temperature of 35°C
enabled normal growth of injected human cell liesually cultured at 3 C) without
compromising zebrafish embryogengsisually maintained at 27°@nd established the
yolk sac and 48 hours pefgrtilization (hpf) as the ideal anatomic location and
developmental stage for injecti¢h78). At this stage, adaptive immune responses are not
yet established in the embryo, peiting injection of human cells without need for
immunosuppressiofl78180. Melaroma cells labeled with fuorescentell tracking
dyewere shown to prolifeta within embryos asvaluated by manual enumeratiain
fluorescent cells within a dissociated embryo suspensomg a hemocytomet€t 78).
Importantly, it was also shown that zebrafish endothelial cells associate with tumour cell
masses and form vesdide structures, demonstrating for the first tithat human
tumour cells can communicate with the host microenvironment to induce an angiogenic
response. This concept was explored furtheNizpli and Prestawho demonstrated that
knockdown of zebrafish ViEEadherin using antisense morpholino oligonotitees
inhibited neovascularization of xenografted tumda&0). This result is consistent with
mouse studies which have identified \&dherin as a componerittbe adherens
junction shown to play an essential role in angioger{é8i§j. These studies highlight
how the ease of genetic manipulation in zebrafish can Heigegto study tumour
microenvironment interactions.

While these reports created a critical foundation and demonstrated the suitability

of the zebrafish embryo as a host organism, they lack in their ability to reliably quantify

64



proliferation of the engfted human cancer cells major advantage in using the

zebrafish over traditional rodent models is the limited number of cells required for
transplant. However, as a result of the small numbers of cells, tumour volume
measurements are not possible asld@ommonly be done in rodent models. Therefore,
there is a need for a sensitive cell proliferation assay that can be applied to the zebrafish
xenograft model in order to quantify human cancer cell growth within the embryo, and

allow for use of the modéh studying cellular response to drugs.

3.1.2 Limitations to Using Zebrafish to StudymanCancer

While the use of zebrafisds a cancer modeffers many advantages over
traditionaltissue culturend rodentmodels, it is not without its limitation€omparison
of human and zebrafish genomes has identified an obvious zebrafish orthologue for
approximately 70% of human gengkb6). While this number is strikinglhighfor a
lower vertebrateseveral human cancassociated genes are amongst the 30% which lack
a zebrafish orthologue. For example, zebradhask orthologues for leukemia inhibitory
factor LIF), oncostatin MQSM), interleukin 6 [L6) and breast caer 1, early onset
(BRCAJ) (156), all of which play known roles in cancer development or progression
(182-185). This will present a challenge when studying cancers or pathways in which
thesemissinggenes play role.To complicate matters further, the zebrafish underwent a
whole genome duplication eveshiiring evolution(186) resulting n often multiple
paralogues for a given orthologous gefieis genetic redundancy has been shown to
influence the role of oncogenes and tumoupsegsors ircarcinogenesis. For example,

the second most mutated tumour suppressor in human caPTEN,is expresseds two
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paralogsptenaandptenh within zebrafisn(187). These paralogs have been shown to
play redundant roles in embryonic development, but not in tumour formatpminrass
unable to compensate for the lackpténbwithin tumours developing iptenb/- fish
(187). A subtle difference in the functions of paralogs rac®scerns over the
translatability of research surrounding this prominent tumour suppressor.

Limitations associatedith the zebrafish genome can be overcome through the
xenotransplantation of human cancer cells m@brafish embrygsalthough this model is
not without limitations of its ownThe lack of an adaptive immune system in zebrafish
embryos allows for the ergftment of human cellwithout fear of host rejection but may
also become a limitation to the translation of findinggaptive immune cells play
essential roles in regulating both cancer progression and the response to treatment
(188189). As a result, there is much debate regarding the translatability of results
obtained using immunocompromised ggraft modelsThe xenotransplantnodel is also
limited by a lack of researdb dateinvestigatinghe zebrafish microenvironment, as it
compares to the human tumour microenvironmBayond immune cells, the tumour
microenvironment is composed of resitiBbroblasts, endothelial cells and numerous
molecules such as those of the extracellular matrix, proteases, chemokines, cytokines,
growth factors, and various metabolites. Interactions between the tumour and various
components of the microenvironmentlig@nce tumour progression and metasté<if)
supporting the use a@f vivomodel systems for thealidationof in vitro results The
ability of engrafted cancer cells to induce an angiogenic respatiga zebrafish
embryos(178180) suggests that there is crasdk between the cancer xenograft and the

host, but the extent of this communication remains unkn&wmally, as described in
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section 3.1.1.3he xenotransplantation model has been limited byalnility to

accurately quantify tumour growth. Rodent xenograft models rely predominantly on
tumour volume measurements to determine the effect of drug treatments on tumour cell
growth, while tissue culture models can directly assess changes in ceitywatiell
number.The small size of zebrafish prohibé@scuratéumour volume measurements and
no methodto accurately quantify changes in cancer cell numbignin the embryo

currently exist

In this chaptet present a robust cell proliferati assay developed for use with
the zebrafish xenotransplant (XT) moddransplant K562 and NB human leukemia
cell linescharacterizedby distinctcytogenetic abnormalitigato transparentasper
embryosa combinatorial zebrafish pigment mutéb®1), and applythe developed
proliferation assay to quantify cell growth within the embiyihen conduct proebf-
principle studies in which transplanted embryos are treated with targeted therapeutics and
the effect on proliferation quantified. Finallyapply the modl to our study oPRP4K

and taxane sensitivity.

3.2 Materials and Methods

3.2.1 Zebrafish Mintenance

Adult casperzebrafishwere maintained in the Aquatics Laboratory at the IWK
Health Centre (Halifax, NS) as describedVvidgsterfield(192). The use of zebrafish in

these widies was approved by the Dalhousie University Animal Care Committee.
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3.2.2 Tissue Culture and Celabelling

Human K562 (qgift of Drs. Donal8mall and Robert Arceci (Johns Hopkins
School of Medicine)and NB4 (gift of Dr. David Waisman (Dalhousie Umsity)) cells
were cultured irRosewell Park Memorial Institu(@®&PMI) 1640 mediuntontaining 10%
fetal bovine serum (FBS) with the addition1df penicillin/streptomycinMDA-MB-231
shCTRL/shPRP4 cells (described in 2.2.6) were cultured in DMEM congali®i¢o
TetracyclineFree FBS (Invitrogen) with the addition of penicillin/streptomyé&ior
labelling, 5 million cells were pelleted by centghation for 5 minutes at 400 x @he cell
pellet was resuspended in PBS containitige lipophilic cell trackinglye CM-Dil
(Invitrogen, 5pg/mL final concentration) and incubated for 5 min at 37°C followed by an
additional 20 min at 4°C. The suspension was centrifuged for 5 Mb0at gand the
pellet washed twice with PBS to remove excess dye. After the finalthvagellet was

re-suspended in 500p! of media to produce a final cell concentratiorP@é#lEdmL.

3.2.3 Zebrafish Handling, Xenotransplantation and Drugaiment

Prior toinjecting cancer cells at 48 hgebrafish embryos were dechorionated
usinga 10 mg/ml stock solution of pronase (Roche Applied Sciekoelryos were
anaesthetized with tricair{&thyl 3-aminobenzoate methanesulfonate salt;223,
SigmaAldrich) at a final concentration of 200 pg/maihd placed in a Petri dish on their
sides ora ramp comprised of 1% agaro€&/-Dil -labeled cells werkaded into glass
micropipette pulled by a-B7 Flaming/Brown micropipette puller (Sutter Instrument Co.,

Novato, CA). The needle was placed in a-RQ0 Pressure Injector (Harvard Apparatus,
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Holliston, MA) and 2550 cells were delivered, as a single injection, into the yolk sac of
each embryo (Injection conditions: 40ms pulse time, 4.6 psi positive pressure) using a
Leica MZ6 modular stereomicroscope (Leica, Germaviigual inspection of a test
injection onto a glass coverslyas used to estimate the presence e5@%ellsprior to
injection into the animaFollowing injection embryos were allowed to recover at 28°C
for 1 hour and then transferred to 35°C where they remained for the rest of th
experimen{178). At 24 h post injection (hpigmbryoswere screened for the presence of
afluorescent cell mass at the site of injectiand only embryos with a mass of uniform
sizewere used for proliferation studies. Emlsy@notransplanted with human cancer
cells were then maintained in grougsls-20 within individual Petri dishes prior to drug
treatment. Iminib mesylate (IM)all-trans retinoic acifATRA), paclitaxel (PAX), or
vehicle control (0.05% DMSO) wesalded directly to the fish water, at indicated

concentrations, for 48 h.

3.2.4Embryo Dissociation

Populations of embryos were dissociated at 24 hpi and 72 hpi with or without
drug treatment. For dissociations;2® embryos were euthanized by tricaine overdose,
placed in a 1.5 mL Eppendorf tube and incubated in protease solugéfo(@ypsin,
1mM EDTA, 2.25 mg/mL Collagenase (Sigma) in 1.2mL sterile PBS) for approximately
45 min at 35°C. During the dissociation, the suspension was homogenized every 10 min
by passage through a Pasteur pipette and monitored visually for completeadiiss.
Once the dissociation was complete, the reaction was stopped by the addition of 200l of

stop solution (30% FBS, 6 mM Cah sterile PBS). Cells were then pelleted by
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centrifugation for 5 min at 2000rpm at 4°C. The cell pellet was then wagtred mL of
chilled 0.9x PBS with 5% FBS, and pelleted again prior to resuspension in 0.9x PBS with

5% FBS at a volume of 10ul per embryo.

3.2.5 Imaging of the Dissociated Material

To enable thex vivoquantification of xenografted leukenfi@east carer cells,
engrafted embryos dissociated as above at a concentration of 1 embryo/10ul were
pipetted as a 10ul bolus on a glass slide as a hanging droplet and imaged by fluorescence
microscopy using an inverted Axio Observer Z1 microscope equipped withkai Col
LED light source (Carl Zeiss, Westlar, Germany). Each droplet was imaged as a 5x4
mosaic under a 5x objective using an Axiocam Rev 3.0 CCD camera and Axiovision Rel
4.0 software (Carl Zeiss Microimaging Inc.). The use of a 5x4 image grid creates an
internal 3x2 array of 6 fields of view that are uniform in cell distribution and are
approximately one tenth of the total droplet area, which equates to 1pul of the 10ul bolus
(Figure 3.1). To ensure droplets were of a uniform sinely dropletsn which the
internal 3x2 grid fit within the entire dropletere usedor calculating cell numberg.or
analysis, at least 4 of the 6 internal fields of view were selected that were free of cellular

debris that could affect the accuracy of the cell counts.
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24 hpi 72 hpi

Figure 3.1 Image analysis of dissociated embryoRepresentative brightfield and
fluorescent images of a hanging bolus from dissociated K562 xenotransplanted embryos
at 24 and 72 hpi. Individual 10ul bales mounted on a glass slide wienaged as a 5x4
mosaic under a 5x objective. Higher magnification fields are shown below. Scale bar =

200mm.
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3.2.6 Ex Vivo Proliferation Assay

Cells fluorescently labelled with CmDil were counted within the micrographs of
each of the 4 fields of view using a semitomated cell quantification macro executed in
ImageJ (NIH, Bethesda, MAppendix B). This macro convertshe images to a single
stack andadjusts theltiorescence intensity threshdidfore counting fluorescent cells in
each image using the fAParticle Pickero too
empirically determined for each cell linBriefly, the distribution of cell size was
determined from micrographs taken of Cmfaibelled leukemia cells in suspension prior
to xenotransplantation, and the minimum size for particle selection was set as the mean
cell area minus one standard deviatitm addition, dissociated cells were stained with
10nM DRAQS viable nuclear stain (Biostatus Ltd.) for 5 min prior to imaging to confirm
that all cells counted contained a nucleus by scoring only cells that are fluorescent when
illuminated at both 560 nNi.e. CmDil) and 630 nM (i.e. DRAQ5). These measures
ensured that whole cells, and not cell particles, were counted. The average number of
cells per field of view was then determined from 4 micrographs from a minimum of 5
individual boluses from each salagi.e. n=20 images encompassirggl of the total
100ul suspension). Each experiment was then repeated in triplicate. Since each 10ul
bolus represents 1 embryo, and each field of view is equivalent to 1pl of the embryo cell
suspension using the 5x oljee, | determined the average cell count per embryo by
multiplying the cell count per field of view by 10 (e.g. 4 counts per field of view = 40
cells per embryo). In this way, proliferation of leukefbraast cancesells can be

represented in absolutenes as theumber of cells/embryar in relative terms as a fold
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increase in cell number based solely loa ¢ell count per field of viewat 24 and 72hpi

with or without drug treatment.

3.2.7 MDAMB-231 PRP4K Knockdown

For experiments involving the kokdown of PRP4K, MDAMB-231
shPRP4/shCTRL cells (described in 2.2.6) were treated with 2 pg/ml doxycycline for 48
hours prior to transplant. Following transplant, 10pug/ml doxycycline was added to the
fish water of engrafted embryos to ensure hairpin espeshroughout the duration of

the experiment.

3.3 Results

3.3.1 Human Leukemia Prgeof-Principle Studies

To validate the use of the zebrafish XT method as a tool to Btudyo drug
responsel conducted proebf-principle studies using th€562 andNB-4 human
leukemiacell lines whicharecharacterizetby cytogenetic abnormalities known to be
effectively targeted by small molecule inhibitok&62 cells harbor thBCRABL fusion
gene that results from the 22)(q34;911) translocation generating fPleiladelphia
chromosome found i80% of patients with chronic myeloid leukemia (CM({1)93).
Imatinib mesylatespecifically targets the Abelson (ABLgceptor tyrosine kinaghat is
constitutively activeed by thebreakpoint cluster regioBCR-ABL fusion gene, and has
revolutionized the management of chromploase CML(194). By contrastall-trans
retinoic acd selectively targets the retinoic acid receptor alptanyleocytic leukemia

(PML-RARA fusion gengoroduct arising from the t(15;17)(922;g12) translocation found
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in the majority of patients with acute promyelocytic leukemia (APL) and present in the
NB-4 leukemia cell line (reviewed i(195). ATRA therapy promotes leukemic cell
differentiation by alleviating the aberrant transcriptional repression induced by the PML
RARa fusion protein, and its efficacy hasnverted a previously devastating disease into
the most treatable subtype of AM196,197).

To stud/ the abilityof K562 or NB-4 human leukemiaellsto engraft within
zebrafishembryos | injected25-50 fluorescentlylabeled cellsnto the yolk sac of 48
hourold casperzebrafishembryos Injected enbryos were screeddor the presence of a
fluorescent mass at theesivf injection and the behavioaf leukemia cells was
monitored by livecell microscopy Cell proliferationwas quantified by counting the
number of fluorescent cells present in cell suspensions genératethe enzymatic
dissociation embryos at 24 and 72 hpi, as outlinddgaore 3.2 Injected embryos
tolerated the presence of human leukemia éetlap to7 days, during which time the
engrafted leukemia cells proliferated and circulated within thengmnic vasculature
(Figure 3.3A). Fifteen to twentyembryos were dissociated at each time point andetlhe
suspension wasounted on a glass slide as a hanging drop for imagiggre 3.1).The
number of leukemia cells was determined from fluoreseecrtographs of the
dissociated cells using semiautomated cell quantification macro executed in ImageJ
(NIH, Bethesda, MDJAppendix B). Using this proliferation assalypbserved a
reproducible increase in K562 cell number fréthto 230cells per embrydi.e. 2.6fold)
and NB4 cell number from 50 to 17lls per embrydi.e. 3.4fold) over the 48 hour
time period(Figure 3.3B). | confirmed that wasenumerating only intact leukemia cells

after dissociation by staining withe cell permeable viable DNBinding dye, DRAQ5,
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which stained the nuclei of all CmDil lalbed cells counted in our experime(Esgure
3.4). Thisproliferation assay is both robust and reproducgdlewing for the rapidn
silico quantification of cell proliferation, without obser bias, andepresents a

substantial improvement over prior crude approaches associated with large confidence

intervals(179).
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Microinject cells into yolk
sac of embryo (48hpf)

Screen for embryos with fluorescent
mass at site of injection

72h

24h (+/- drug)

Dissociate embryos to single
cell suspension and count
fluorescent cellls

B/A = Fold Increase in Cell Number

Figure 3.2 Schematic of in vivo cell proliferation assayHuman cancer cells are
fluorescently labeled with a cell tracking dye. Approximatey6PSluorescently labete
cells are microinjected into the yolk sac of 48 ba$perembryos. Embryos are screened
using fluorescent microscopy for the presence of a fluorescent mass at the site of
injection. Positive embryos are divided into two groups; one of which is maidtaine
35°C for 24 h, and the other group is maintaiae@5°Cfor 72 h with or without drug.

At the end of each time point embryos are enzymatically dissociated to a single cell
suspension and the number of fluorescent cells in the suspension are cbuated.
number of fluorescent cells present at 72 h divided by the number of fluorescent cells
present at 24 h represents the fold increase in cell nuimbert in image B shows a
single cell stained with CADil (red) and DRAQ5 (blue).
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Figure 3.3Human K562 and NB-4 cells proliferate within zebrafish embryos (A)
Representative brightfield and fluorescent images are shown of zebrafish embryos
transplanted with either human K562 or MRells at 24 and 72 hpi. Scale bars, 500um.
(B) Embryos at 24 ah72 hpi were dissociated and the number of fluorescent cells
counted. The average number of cells per embryo was determined at each time point in
both NB-4 and K562 transplanted animals and is depicted as a bar graph. N = the total
number of embryos analgd in 3 independent experiments. ErrosbaSEM
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Figure 3.4 Fluorescent microscopy analysis of dissociated embrydéB-4
xenotransplanted embryos were dissociated at 48 hpi and the resulting cell suspension
analyzed by fluorescent microscopf.) Representative imagéaken under a 5x

objective are shown. The three cells in the field of view that stain positive for CmDil
colocalize with individual nuclei (white arrows) stained with DRA(Scale Bar, 200pum
(B) A higher magnification field of vie taken with a 40X objective is shown below.

This image clearly indicates that the MBells being enumerated contain intact nuclei

(*). Scale bar = 20 pm.
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To determinavhether this xenotransplantation assay could be used to evaluate
specific tumordrug interactionsn vivo, | exploited the known responses to targeted
therapies of the molecular alterations in each leukemia cell line. SpeciflaagigdiM to
target the BCRABL fusion protein in K562 celland ATRA to targethePML-R A R U
fusion protén in NB-4 cells To establish a dose of each drug which could be used to
treat embryos without inhibiting survival, toxicity curves were genetayezkposiig 48
hour oldzebrafish embryo& embryos per well in a 9&ell plate)to increasing
concentratias of IM (0-400 uM) or ATRA (0-0.8uM) and scoring embryo viability after
48 hours of exposure. As our starting ddselectedb0% of the maximum tolerated
dose (MTD) to ensure embryo survival would not be impacted.ddssequated to 20
MM of IM and 02 uM of ATRA (Figure 3.5). To evaluate drug response, K562 and-NB
4 engrafted embryos were divided into groups e20%&nd tread either with vehicle
controlor the respective targeted therapy for 48 hdeoiowing 48 hous of exposure to
20 uM IM, K562 xenotransplanted embryos displayed a significant decire#se
number of engrafted leukemia catismpared to vehiclaeated control embryos, as
quantified using then silico proliferation assay outlined above<Q.001).Similarly, NB-

4 xenotransplaed embryos exposed to 0.2 uM ATRA demonstrated a significant
reduction in the number of engrafted leukemia @lsompared to vehiclgeated
embryos (p<0.001)Hgure 3.6). To confirm that these results watee tospecific
tumordrug interaction, theeciprocal &periments were performed whereby K562
xenotransplanted embryos were treated with ATRA anédN@notransplanted embryos
were treated with IMIn contrast tdhetargeted drug treatment, gosure of K562 cells

to 0.2 UMATRA or NB-4 cells to 20uM IM failed to significantly affect leukemia cell
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proliferation(Figure 3.6). These studies confirm that the reduction in cell proliferation
rates observed is due to targeted turdrug interactions rather than nepecific

cellular toxicity.
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Figure 3.5 IM, ATRA and PAX toxicity curves. 48 hour zebrafish embryos were

treated with increasing conueations of IM(0-400uM), ATRA (0-0.8uM) and paclitaxel
(PAX) (0-50uM) for 48 h. Following 48 h treatment, embryos were examined for

viability and thepercentage viability was plotted versus drug dose. N=12 embryos at each
dose.
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Figure 3.6 Human K562 and NB4 cell proliferation in zebrafish embryoscan be
inhibited by treatment with targeted therapy. NB-4 and K562 xenotransplanted
embryos werereated with ARA (0.2uM), IM (20uM) or vehicle (0.05% DMSO) for 48
h. Embryos were dissociated, fluorescent cells counted andpmesented as a bar
graph. ATRAtreated NB4 xenotransplanted embryos had significantly fewerNiells
as comparetb vehide-treated and IMreated embryos. IM treated K562
xenotransplanted embryos had significantly fewer K562 aslisompared to vehicle
treated and ATRAreated embryos. * p<0.001
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3.3.2 Using the Zebrafish XT Model to Study Taxane Response in Breast Cance

With prootof-principal studies validating the use of the zebrafish XT model to
study drug response in human leukemia cell lihegxt wished to determine if the model
could be applied to study taxane response in breast cancer-NVB3231 human breast
cancer cells were labeled with GBIl and transplanted into 48 hour old zebrafish
embryos. Using the proliferation assay outlined abbwbserved a 1:5and 2fold
increase in MDAMB-231 cell number at 72 and 96 hygspectively Eigure 3.7B).
Importanty, the addition of 5uM paclitaxeFjgure 3.5) to the fish water completely
inhibited MDA-MB-231 cell proliferation in the embry&igure 3.7C). These results
suggest that the zebrafish XT model can be effectively applied to the study of taxane

response sing human breast cancer cell lines.
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Figure 3.7 Human MDA-MB-231 cell proliferation in zebrafish embryos can be

inhibited with paclitaxel. (A) Brightfield and fluorescent images of a zebrafish embryo
transplanted with MDAVIB-231 cells imagedwery 24 hours for 5 daysBf MDA-MB-

231 engrafted embryos at 24, 72 and 96 hpi were dissociated and the number of
fluorescent cells counted. The fold change in cell number was determined and
represented as a bar graph. Error bars = SEMMDA-MB-231 xemtransplanted

embryos were treated with vehi¢@05% DMSO) or 5uM PAXor 48 hours. Groups of
embryos were dissociated, fluorescent cells counted and the fold change in cell number
represented as a bar graph= the total number of embryos analyzed frdimdependent
experimentserror bars = SEM.
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3.3.3 Knockdown of PRP4K Enhances MBIRB-231 Cell Proliferation in Zebrafish

As discussed in Chapter 2, loss of PRP4K expression is associated with increased
cellular resistance to taxanes. As a supplentetitadse studie$,wished to employ the
zebrafish XT model to study how knockdown of PRP4K in human breast cancer cells
would impact their response to taxanes withinitheévo environment of the zebrafish
embryo. To accomplish thistransplanted the MB-MB-231 doxycyclineinducible
shCTRL/shPRP4 cell lindsgenerated for studyinig vitro taxane response in section
2.3.3 into zebrafish embryos. Hairpin expression was induced by culturing cells in the
presence of 2 pg/ml doxycycline for 48 hours prmtransplantKigure 3.8A), and
maintained through the addition of 10 pug/ml doxycycline to the fish water post
transplant. Unexpectedly, the knockdown of PRP4K led to increased proliferation of
MDA-MB-231 cells within the zebrafish embryos as compareélts expressing a
control hairpin Figure 3.8B). While this observation raises the interesting question of
why PRP4K loss increases proliferation rategivo and notin vitro (see Chapter)4it
prohibits the use of the zebrafish XT model to study taxesigonse as proliferation rate

influences response to drugs which target mitosis.
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Figure 3.8 Knockdown of PRP4K increases MDAMVIB-231 proliferation in

zebrafish. (A) Western blot showing PRP4K protein levels in VHMB-231
ShCTRL/shPRP4K cells tresd with 2 pg/ml doxycycline foup to8 days. B) MDA -

MB-231 shCTRL and shPRP4K cells were transplanted into zebrafish embryos. Groups
of embryos were dissociated at 24 and 72 hpi and the number of fluorescent cells counted
to determine the fold changedell number over thé8 hour periodN = total number of
embryos analyzed from 2 independent experimé&ntsr bars = SEM
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3.4 Discussion

The zebrafish XT modelescribed in this chaptaflows for rapidn silico
guantification of cell proliferatiorrepresenting a substantive improvement over previous
xenotransplantion models which depend on manual enume(a@nor the non
guantitative visual evaluation of relative cell num{98) to assess prolifation of
engrafted cells. In comparison, our assay provides greater sensitidiigcapable of
detecting more subti@end accuratehangsin cell numbeiin ashortertime frame.
Moreover, since statistically an individual droplet represents a singleyentbis
approach provides the opportunity to analyze small numbers of animals that would be
technically challenging using flow cytometry. By incorporating this technique together
with the unique imaging capabilities of the zebrafish, and its inhereatitgagfor high
throughput chemical screeninge have positioned this model as an innovative system
for identifying effective antproliferative agents. In fact, following its development, we
employed the zebrafish XT system to successfully study a sémesdified
prodigiosene compounds for their ability to target human leukemia cells transplanted in
zebrafish embryog199).

The small number of cells and emibs requiredor engraftment and proliferation
provides the opportunity for the study of drwgnour interactions in primary patient
samples, which may not be easily expanded in tissue culture or available in sufficient
guantity for flow cytometry. We hawecently demonstrated thatALL cells isolated
from the bone marrow of pediatricALL patients could be transplanted into zebrafish
embryos, and proliferation quantified using the methods described @@f)eln this

study, the failure of one patiéatengrafted cells to respond to the garseeretase
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inhibitor compound E led to the discovery of a gafffunctionNOTCH1mutaton,

which was confirmed by Saagsequencing of tidOTCH1gene. The short timame

required to complete these experiments (less than 2 weeks from bone marrow isolation to
drug response data) suggests that the zebrafish XT model could be applied in the clinical
setting to help diredteatment decisions in an effort torpenalize cancer therapy. Large
scale studies using primary patient samples which compare zebrafish XT drug response
data to matched clinical outcomes will be essential in determining whether the zebrafish
XT model cold be used to inform clinical decisionaking.

To date, the majority of zebrafish xenotransplant studies have been carried out
using 48 hour old embryos due in large part to the lack of an adaptive immune system at
this stage in development. However, r@osork out of the Langenau lab describes the
development of an immunocompromised homozygag&****mutant zebrafisii201)
which will enable xenotransplant slies to be carried out in adult zebrafish as well.

While xenotransplantation into adult zebrafish would not provide the same benefits as
embryos (amenability to drug screening, small number of cells required for engraftment
and the ability to rapidly traplant large numbers of embryos), the adult
microenvironment with which engrafted cells interact would be more complex and
shouldbetter recapitulate the human tumour microenvironment. Furthermore, a larger
host will permit the growth of larger tumour massvhich would have a greater
dependence on neovascularization bedubject ® an oxygen gradient from the tumour
periphery movingowards the hypoxic core of the mass. Given that hypoxia has been
shown to be associated with tumour progression andaesesto therapg202), an adult

zebrafish xenotransplant model may prove to be beneficial in evaluating drug response.
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Therefore, as we move towards employing zebrafish XT model in drug screening, the
most informative and cosiffective method may be to use zebrafish embryos to conduct
the primary largescale drug screen followed by the testing of prioritized compoinnd

an adult XT model.

Therationalebehind developing the zebrafish XTodel was to create am vivo
drug response assay thatould use to study the role of PRP4K in the cellular response to
taxanes in breast and ovarian canteave demonstrated that the human breast cancer
cell lineMDA-MB-231 was able to engraft and proliferate in zebrafish embryos, and that
this proliferation could be inhibited by treating embryos with paclitaxel. However, iwhen
knocked down PRP4Kobserved an unexpected increase in cell proliferation within the
zebrafish embryos. While this observation prohibited us from using the zebrafish XT
model in our study of taxane resistance, it prompted us to study the mechanism behind

the observed increase in proliferatiorhieh is the focus of Chapterot this thesis.
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Chapter4 PRP4K is a Novel Regulator of Anoikis

Resistance

4.1 Introduction

4.1.1 Anoikis

To properly develop and maintain homeostasis, multicellular organisms depend
on the ability of cells to grow and differentiate only when in the correct contéhxnvai
tissue. Interactions between specific integrin receptors on the cell surface and their
extracellular matx (ECM) counterparts indicatitbat the cell is in theorrect location
and transducsignals promoting proliferation and survi{@D3-205). When these
interactions are lostells undergo a form of programmed cell death termed anoikis,
which prevents dysplastic cell growth.

Anoikis was first describeih the early 1990s when two studies revealed that
epithelial cells deprived of attachment to the ECM underwent classical apoptosis
(203206). Importantly, it was shown that apoptosis could be blocked by culturing cells
onnonadherent plates with immobilized integr
recognizing other celurface proteins. This suggesthdt integrin binding and the
resuting downstream signaling could suppress anoikis. It was also shown that epithelial
cells could be swthed from anoikisensitive to anoikisesistant through oncogenic
transformation or by treating cells with scatter factor (also known as hepatocytéa grow
factor (HGF)), a fibroblassecreted protein which promotes the motility of epithelial cells
(207). These results were the first to show that anoikis is atedlby integrin signaling,

transformation, and epithelial to mesenchymal transition (EMT).
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Induction of apoptosis following detachment from the ECM can folloheeit
the intrinsic mitochondriamediated pathwagr the extrinsic death receptorediated
pathway Figure 4.1). In the intrinsic pathwayproteins of the BeR pro-apoptotic
family (Bak and Bax) relocate from the cytosol to the outer mitochondrial membrane
(OMM) upon induction of apoptosis. In the OMM Bak and/or Bax assemble into large
homooligomers forming a pore in the membrane resulting in the release of cytochrome ¢
(208). Cytochrome c interds with the apoptosis proteaaetivating factofAPAF) and
procaspas® in the cytopl agm 6t o whorch tthiemcdapost
dimerization and subsequent activation of caspgd269%. Once ativated, the initiator
caspase 9 activates the effector caspases, ca3paskcaspaseg, to induce cell
destruction210). Anoikis has been shown to initiate thé&insic pathway through the
activation of Bim(211). Bim is a preapoptotic member of the B& homology domain 3
(BH3)-only family of proteins and is fourskquestered to the microtub@ssociated
dynein motor complex212). Following the loss of integrin engagement to the ECM,
Bim is upregulated and transktes from the dynein motor complex to the mitochondria
(211 where it promotes Bak and Bax homligomerization either directly through the
activation of Bax213-215), or indirectly through suppression of the qsurvival Bcl2
members BekL and Mclt1 (216217).

The extrinsic poptotic pathway is initiated followintdpe binding of

extracellular death ligands such as tumour necrosis facto( TUNF or Fas Li ganc
(Fasl) to their respective transmembrane receptors. Binding stimulates receptor
oligomerization which recruits Fassociated death domain (FADD) and th&ator

caspase, to form the deatinducing signaling complex (DISC). Formation of the DISC

91



results in oligomerization of caspa8gfacilitating its autoactivation through self
cleavagg218219). Active caspas&, much like in the intrinsic pathway, activates the
effector caspases, caspssand caspase, to induce cell destruction. Anoikis has been
shown to mitiate the extrinsic pathway by upregulating the Fas receptor while
simultaneously downregulatingkdip, an endogenous antagonist of casfg&?0,221).
Furthermore, unliganded integrins have been shown to recruit cé&pasiee membrane

where it can becomactivated in a death receptodependent manné222).
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Figure 4.1 Mechanisms of apoptosis induction following cell detachment from the
ECM. Anoikis has been shown to induce both the intrinsic and extrinsic apoptotic
pathway following cell detachmerithe intrinsic pathway is activated through the up
regulationof Bim which promotes Bak and Bax dimerization in the OMM. The extrinsic
pathway is activated through the-tggulation of Fas death receptor and the concurrent
inhibition of cFlip.
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In addifon to activating intrinsic and extrinsic apoptotic pathways, integrin
detachmentrom the ECM shuts off integrimediated survival signaling pathways.
Integrins bind the ECM in clusters resulting in the formation of focal adhesions; large
multi-protein stuctures which form the mechanical link to the ECM and act as a
signaling hub to initiate cellular signaling events promoting cell survival, proliferation
and migration(223). A key mediator of this signaling ie& nonreceptor tyrosine kinase
focal adhesion kinase (FAK). FAIS recruited to focahdhesions and activated through
disruption ofanintramolecular autanhibitory interaction between the amut@rminal
FERM (protein 4.1, ezrin, radixin and moesin homology) doraauhits kinase domain
(224,225). Displacement of the FERM domain is preceded by autophosphorylation of
tyrosine 397, exposing a docking site piwosphatidylinositol inase(PI3K) (226) and
Src family kinase$227). Recruitment of PI3K to FAK (muclke its recruitment to
HERS, as described in section 2.1.4) serves to bring Pi8Knwroximity of its
membranebound substrate PIPPhosphorylation of Plby PI3K leads to the activation
of Akt and inhibition of apoptosis, as decribed previously &s&el). Recruitment of Src
to FAK allows Src to phosphorylate FAK at tyrosine 925 which mediates its interaction
with growth factor receptelbbound protein 2Grb2) (228). Grb2 acts as a docking protein
to recruit, and activate, the Ras guanine nucleotidhange factor, SO&29). The
activation of Ras by SOS prones cell proliferation and prevents apoptosis through
activation of the Raf/MEK/ERK pathwdt24), as described in section 2.1.4, and
illustrated inFigure 2.1 Detachment of integrins from the EQMdsults in thealisruption

of focal adhesionand inhibition of the associated Akt and Ras signaling.
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The multiple mechanisms through which detachment from the ECM leads to
proliferation arrest and induction of apop#os a testament to how important anoikis is
in thedevelopment and maintenance of cellular homeostasis. Accordihgly,
deregulation ofinoikis is associated with several human disedsediabetes and
cardiovascular disea$230) while the acquisition of resistance to anoi@presents a

critical stepin tumour progression and metastasis.

4.1.2 Anoikis Resistance in Cancer

Tumour metastasis is a multistep process which includes the invasion of
surrounding tissue, intravaga, transport through the circulatory system, extravasation
and growth at the secondary qi281). Anoikis acts as barrier to prevent metastasis by
inducing cell death following tumour cell detachment at the primaryasitehile
traveling throug the circulatory or lymphatic systems. Therefore, acquisition of anoikis
resistance is an essential prerequisite for tumour metastasis. In addition, anoikis
resistance is required for the peritoneal dissemination of ovarian and gastric cancer cells.
Thesecancers have a more direct route for metastasis due to their location and to the
frequent accumulation of ascites fluid in the peritoneal cavity. In this case, anoikis
resistantumour cells can detachom the primary tumour directly into the ascitesdlu
disseminate throughout the peritoneal cavity and attach at a secondary location. The
acquisition of anoikis resistance can be accomplished through multiple mechanisms,

discussed below.

4.1.3 Mechanisms of Anoikis Resistance
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4.1.3.1 Epithelibto Mesenchymal Transition

EMT is the biological process through which polarized, immotile epithelial cells
undergo a phenotypic switch to become migratory mesenchyma(2#Hs This process
is routinely activated during wound healing, inflammation and embryogenesis and is
characterized by the loss of several epithelial proteins includ@@E her i n and b
catenin, accompanied by the increased expression of mesenchymal proteins like N
cadherin, vimentin and fibronectiRurtherto its activation during regular biological
processes, EMalsoprovides tumour cells with the invasive properties required for
metasasis while serving as a mechanism to suppress anoikis. Anoikis suppression is a
result of key players involved in EMT also modulating genes involved in apoptosis and
cell survival. For example, transcription factors Twist and Snail are both upregulated
during EMT as a means of repressingBdherin transcriptio(233234). Upregulation
of Twist is also associatedt increased expression of the apioptotic Bcl2 protein
(235), while Snail has been shown to transcriptionally repress thagaptotic protein
BH3 interacthg-domain death agonisB[D) and effector caspag®(236). Furthermore,
Snail has been shown to transcriptionally repress PTEN leading to Akt pathway
activation and suppression of apoptosis through the phosphoryhagdated
inactivation of the prapoptotic protein Ba37).

Another important transcription factor in the induction and maintenance of EMT
is NFa B238). NFa B, khosvs for its role in the inflammatory response, has
recently been implicated in EMT through multiple mechanisms including the
transcriptional upregulation of Twi§239) and the stabilization of SngR40). In its

inactive foorm,NFe B i s bound to | aB and sequestered
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of | 8B r-eB ewansgosald$to nucleus and induces target gene expression.
Constitutive activatonof N B i s s uf f i ciiewtrb, artd ¢s obiserveédiic e E MT
many malignant cance(@841-243. NF-e B si gnal i ng di r2ertibitory up r
of apoptosis protein IAP-1) and osteoprotegrin, all of which inhibit apoptosis and

prevent anoikis following cell detachmg@i4). These examples illustrate how induction

of EMT can protect cells from anoikis by inhibiting the apoptotic pathway at multiple

locations.

4.1.3.2 Integrin Expression

Integrins are a class of adhesoadl surface receptors composed of nhon
covalently associated U and b Bububutbstslh
can assemble into 24 unique receptors possessing different binding properties and
different tissue distribution@45246). Oncogenic transformation has long been known
to lead to alterations i opportcaneemnitiatonaddd b ¢ om
progressior{247). In many caseshis is due to #oss of integrinsgecific for adhesion to
the ECMand an increase in the abundance of integrins which stimulate cell survival,
migration, proliferation and invasion. An example of integrin switching shown to
specifically increase anoikis resistance issth@i t ch from Uvb5 to Uvb®6
in squamous cell carcinomé4g.Cel | s expressing Uvb5 induce
pat hway when grown under conditions of | ow
activate the presurvival PI3kKAkt pat hway under the same con
integrin expression in carcinomallsavas shown to enhance anchoraggependent cell

growthin vitro and increase metastasisvivo(249. The b3 integrin tail
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recruit and ativate esrc which, in turn, phosphorylates exksociated substrate (CAS), a
large adaptor protein which promotes cell invasion and sur{@s8251). Importantly,
this recruitment was shown to be independent of integrin attact{@®¥tand provides a

potentialmechanism behihthe agg e s s i v e n atpressieg tumbur@52/2648

4.1.3.3 Increased Collagen Expression

The interactions between integrins on the cell surface and aoliagee ECM
inform the cell that it is in the proper location and stimulates fddiated presurvival
signaling. Detachment of the integrins from collagen during the metastatic process arrests
cell growth, and induces apoptosis, as described abovet&mrsting mechanism of
anoikis resistance beginning to emeiméhe literaturanvolves the overexpression and
secretion of collagen by tumour cells as a means of maintaining the intetieigen
interaction in the absence of attachment. This form afcaune collagen signaling was
first described by Burniest al, who observed an enhanced liveetastasizing potential
in murine lung carcinoma cells overexpressing type IV collg85. These cells
demonstrated a sust ai nRAK-PlIBKpathwayin thealmsenoef  t
of ECM attachment, which protected the cells from anoikis and promoted metastasis. In
an independent study, overexpression of NOTCH3 in epithelial owzaizser cells was
shown to promote anoikis resistance through the upregulato@bfiA2 the gene
encoding the U c h(25p.hig dgairt, lgdpcesushed FAKo | | agen
signaling under detached conditions and protection from anoikis. These studies identify a

unique mechanism of anoikis resistance whereby cancer cells overexpress components of
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the ECM to coat the surface of the cell and maintairspreival intgyrin signaling in the

absence of attachment.

4.1.3.4 Modulation of Membrane Microdomains

Integrin binding to the ECM triggers the relocation of effector proteins, such as
FAK and Racl, to cholesterehriched membrane microdomains (CEMMSs), \ahact as
platforms to regulate the localization and activation of these effector mol¢2G@s
Following integrin detachment from the ECM, CEMMs are endusad as a means of
shutting down the associated signaling pathwa$s). The process of internalizing
integrins following detachment from the ECM is regulated by cavdo(i@av1), the key
structural protein of a specific typé CEMM called caveolae. Loss of Gavhas been
shown to impair detachmemduced CEMM endocytosis, which correlates with
increased signaling through the PI3K pathway and an acquired resistance to anoikis
(259. Interestingly, transformation of NIH 3T3 cells by various oncogenes leads to a
reduction in CaM levels(260), while targeted dowsnegulation of Cayvl was shown to
be sufficient to drive NIH 3T3 transformatig®61). These results suggest that targeting
of Cawv1 could be a commonly used mechanism in tumorigenesis to evade anoikis.

An alternative role for Cat in the acquisition of anoikis resistance involves its
interactionwith the antiapoptotic protein myeloid cell leukemigMcl-1). Mcl-1 is a
member of thécl-2 family of proteins which prevents apoptosis by binding to and
sequestering prapoptotic proteins Bak and Bax, preventing their assembly into-homo
oligomers in the OMM and the subsequent release of cytochr¢2ig,262). Cell

detachment from the ECM has been shown to induce aubpjditination and
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proteasomalependent degradation of Mtlfollowed byBax activation and apoptosis
(263. Interestingly, Casl has been shown to interact with Mchnd prevent its
degradation by blocking Md ubiquitination(264). As mentioned previously, Célis

major structural component of CEMMs/caveolae which are endocytosed in response to
cell detachment. Following endocytosaw1 within the endosome is ubiquitinated

which targets endosomal Gavfor degradation via lysosomal fusi@65). As a resul|

Caw1 protein levels decrease following cellular detachment from the ECM
(264,266,267). Taken together, this data suggests a model in whickLMcbound to

Caw1 within caveolae preventing its degradation. Following detachment from the ECM,
Cawv1 and Mctl are internalized leading to Gawbiquitination and degradation. Loss

of Cawv1 exposes the ubiquitination site within Mcleading to its degradation and
activation of Bak and Bax resulting in the induction of apoptosis. In agreeviibrthis
mode] treating human lung cancer cells witydrogen peroxide or nitric oxide has been
shown to prevent Ca¥ degradation following cell detachment resulting in sustained pro

survival signaling and anoikis resistar{i2é6,267).

4.1.3.5 Autophagy

Autophagy is an intracellular degradation system through which unnecessary or
dysfunctional cellular components are catabolically degré2@f). This process begins
with the engulfment of intracellular cargo by an isolation membrane (also known as a
phagophorewhich sequesters the cargoa doublemembraned autophagome. The
autophagasome fuses with a lysosome promoting the degradation of its contents by

lysosomal acidic proteases. Amino acids and othgarbglucts of the degradation are
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exported into the dgplasm by lysosomal permeases and transporters where they can be
re-used in protein synthesis and metabol(&88). While autophagy plays a welefined
role in several physiological processes including adaptive responses to stg2&fjpn
antigen presentatiof269), elimination of intracellular microbg270) and quality control
of intracellular proteins and organell@y 1), its role in cancer progression is complicate
by the fact that it performs both tumesuwppressing anidbromoting functions. Under
conditions of starvation and hypoxfeequently observed in poorly vascularized tumours,
autophagy can provide an alternate energy source and provide protection tadolime
stresq272273. As a result, inhibition of autophagy has been shown to decrdase ce
survivd in response to metabolic deyation (272). In contrast, losef-function
mutations in the autophagy pathway are associated with tummgnegsion in multiple
types of canceiincluding both breast and ovarieancer(274276). Tumour suppression
has been shown to be mediated, at least in pathebsole of autophagy in maintaining
genomic integrity. Autopdigy clears cells of damaged R@f&dwcing mitochondria. In
autophagydeficient cells, ROS accumulates leading to DNA dan{ag@. Furthermore,
autophagy can influence the dynamics of DNA repairdglating the levels of ANTPs
(278 and supplying ATR279) required for DNA synthesis during repair. ROS
accumulation has also been shown to promote the degraddtanaphase blockers
securinand cyclin B1 leading to a compromised SE&80). Accordingly, deficiencies in
autophagy have been shown to be associated with increased DNA damage, gene
amplification andaneuploidy(281) which promotes tumorigenesis.

Autophagy has also been shown to play a role in the cellular response to ECM

detachmentas reduced integrin siginag induces autophagy in epithelial cells and
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fibroblasts. Importantly, knockdown of autophagy regulators inhibits autophagy

induction following ECM detachment and enhances apoptosis, suggesting autophagy
plays a protective role against anoii@82). Accordingly, upregulation of Bcl2
nineteenrkilodalton interacting protein 3 (BNIP3), a potent inducer of autophagy, has
been recently shown to induce anoikis resise in hepatocellular carcinoma c¢283).
Furthermore, ID8 mouse ovarian cancer cells serially transplanted in mice develop
anoikis resistance and display iresed rates of autophagy, asnpared to the starting
anoikissensitive cell populatio(284). While the exact mechanism through which

autophgy promotes survival in the absence of ECM attachment is not clear, these results

show that anoikis resistance can be acquired through increased rates of autophagy.

In this chapter| identify increased anoikis resistance as the mechanism behind
the ircreased proliferation rates observed in MD¥8-231 shPRP4K cells transpted
in zebrafish embryothat was describeid Chapter 3. Using an ID8 shPRP4K cell model
| confirm increased proliferation in zebrafish embryos following PRP4K knockdown. By
recapitilating the thre@limensional microenvironment of the zebrafish yolk sac through
in vitro spheroid culturel, demonstrate that loss of PRP4K enhances cell viability when
cells are grown under neadherent conditions. The mechanism through which loss of
PRRIK induces anidis resistance may be a consequence of, or relasm toability to

internalize and degrade Gaviollowing detachment.

4.2 Materials and Methods
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4.2.1 Cell Lines and Culture

ID8 cells @ kind gift from Dr. Brent Johnston (Dalhoudimiversity)), a cell line
derived from spontaneours vitro transformation of C57BL/6 mouse ovarian surface
epithelial cellswer e cul tured i n Dul bedSigm&s modi fi ed
supplemented with 10% fetal calf serum, 1% penicillin/streptomy@d & with 5%

CO, To create the ID8 RP4K knockdown cell lines PRP4targeting GIPZ lentiviral
ShRNAs (shPRP4#A = clone: V3LMM_463188, shPRP4R = clone:

V3LMM_463189, shPRP4{C = clone: V3LMM_463192, shPRP4R = clone:
V3LMM_463191, Nonsilencing shCTRI= RHS4346 werepurchased from Thermo
Scientific. Lentivirus was produced by-t@nsfection of the GIPZ shRNA, pMD2.G,
pCMV-8.92, and pCMW8.93 vectors into human HERIO3T cells as described in section
2.2.6. Viral media was harvested from H2B3T cellsdiluted 1:1 with fresh media, and
used to infect ID8 cells. For infection, target cells were in@duaith viral media for 24
h followed by the addition of fresh virus and an additionah2dcubation. After a 48 h
recovery in virusree media, ShRNAxpressing cells were selected for by adding 2
pg/ml puromycin to the media. MGFshPRP4K cell line generation was performed as

described in section 2.2.6.

4.2.2 Western Blot Analysis

Whole cell lysates were prepared as described in section 2.2theRgestern
blots performed in this chapter, lysates were not treated with calf intestinal phosphatase
in orderto preserve Akt phosphorylation. Lysates were mixed with 2x sample buffer and

boiled priorto separation by SDBAGE and western blot analysigntibodiesused were
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sheep antPRP4K antibody (H143)11), rabbit antiCaveolinl1 antibody (Cell Signaling,
#4060), rabbit antAkt (pan) antibody (Cell Signaling, #4691), rabbit adtiospheAkt
antibody (Ser473) (Cell Signaling, #9271), rabbit-@atCadherin (Cell Signaling,
#3195), rabbit antb-Catenin (Cell Signaling, #80),andmouse antactin antibody

(Sigma, A3853).

4.2.3 Quantification of In Vitro Proliferation Rates

To determine then vitro proliferation rates of ID&hCTRL, ID8shPRP4KA
and ID8shPRP4KB cells 50 000 cells were plated individual wells of &-well plate.
Cells were trypsinize and countedsing a haemocytometat 24 and 48 Rafter plating

to determine the total number of cells present.

4.2.4 Zebrafish Xenotransplantation

Xenotransplantation of IBBhCTRL and ID&8hPRP4K cells into zebrafish
embryos was carried out as described in section 3.2.3. Briefly, cells were labeled with the
lipophilic cell tracking dye, CMDIl, and 2550 cells were delivered, as a single injection,
into the yolk sac of 48 hour otthsperzebrafish embryos. At 24 h@mbryos were
screened for the presence of a fluorescent mass at the site of injection. Positively
screened embryos were imaged at 24 and 72 hpi to observe cell behaviour and
proliferation quantified by enzymatically dissociating groups of embryos (atll&auer
group) to a single cell suspension and counting the number of fluorescent cells present, as

described in sections 3.2.4, 3.2.5 and 3.2.6.
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4.2.5 Spheroid Cell Growth Assay

Spheoids were formed by dropping380 cells in 5Qul regular DMEMontothe
lid of a 10 cm tissue culture dish. The lid was inverted and placed onto the base of the
dish containing 10 mL PBS. After 7 days in culfiggheroidsvere imaged using an
Axio Zoom V16 fluorescent microscope (ZEISS) and individual sphenvile
harvested by touching a PCRbe (Axygen) filled with mediunto the hanging droplet
containing the spheroid. Spheroids were allowed to settle to the bottom of the PCR tube
and three quarters of the mediwasremoved. The tube was then filled with PBS to
wash he spheroids and dikeli the remaining mediunThis process was repeateddsv
more to remove as much medias possible. Spheroids were thersuspended in
trypsin and incubated at 37°C for 15 minutes to generate a single cell suspension. The
cell suspensn was plated in an individual well of avéell plate and grown for-20 days
to allow colony formation. Once visible colonies had fornptdtes were rinsed with
PBS and fixed/stained with a solution of 6% glutaraldehyde (Electron Microscopy
Sciences, 1220) and 0.5% crystal violet (SIGMALDRICH (C6158), for 30 minutes at
room temperature, as described previo(@8p). Images of each well were captured with

a digital camera and the number of colonies quantified using ImageJ (NIH).

4.2.6 Soft Agar Colony Formation Assay

Six-well plates were coated with a 1 ml base layer of 1% agarose in DMEM (2%
NuSieve low melting point agarose in®i(Lonza, 50081) mixed 1:1 with 2X DMEM)
and allowed to solidify. MCH shCTRL and shPRP4K cells werestespended in 0.35%

agarose at eoncentration 0500 cellsinl and 1 ml of the suspension was layered on top
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of the 1% agarose base layer. Plates were incubated at 37°C for 12 days to allow for
colony formation. To feed the cells, 1 ml of fresh medssadded to the top of the

0.35% agarose layer ancptaced every 4 days. At the eofithe 12 day incubatm

colonies were imaged undeR&X magnification using an Axio Zoom V16 fluorescent
microscope (ZEISS) equipped with a Plan NeoFluar Z 1 X/0.25 objective. Colonies were

enumerated using ImageJ (NIH).

4.2.7 Immunofluorescence

MCF-7 shCTRL and shPRP4K cells were plated onto sterile coverslips ina 6
well dishand treated with 2 pg/ml doxycycline for 72 hours to induce hairpin expression
Cells were washedncewith PBS and fixed in 3% paraformaldeleyfor 20 min.
Immunolabeling was carried out as descrilmeslection 2.2.&isinga Caveolinl primary
antibody (Cell Signaling) diluted 1:4Ghdan Alexa Fluor 48&lonkey antirabbit
secondary antibody (Life Technologies,2A206) diluted 1:200Fluorescent images
were captureavith aZeiss Cell Observer Microscope under a 63x immersion oil
objective lens. Images were processed using only linear adjustments
(e.gbrightness/contrast) with Slidebook (Intelligent Imaging Innovations, Boulder, CO)

and Adobe Rotoshop CS5.

4.2.8Anoikis Assay Using PolyHEMA Coated Plates

Poly 2hydroxyethyl methacrylatéPolyHEMA) (SIGMA-ALDRICH, P3932)

was dissolved in 95% ethanol at a cartcation of 20 mg/ml by stirrinépr several hours
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at 65°C. Tissue culture plates weroated with PolyHEMA (4 ml per 10 cm plate) and

left to dry overnight at 37°C. To determine the changes in protein expression under non
adherent conditions, IDShCTRL, ID8shPRP4KA and ID8&shPRP4KB cells were

plated on PolyHEMA coated and nopated itssue culture dishes for 24ten harvested

for western blot analysis.

4.3 Results

4.3.1 Knockdown of PRP4K Accelerates the Growth of ID8 Cells in Zebrafish Embryos

To follow up on the observation that knockdown of PRP4K enhanced-MBA
231 cell prolifeation in zebrafish embryos (section 3.313)enerated ID8 cell lines
stably expressing either a control hairpin (ShCTRL), or one of four unique hairpins
targeting PRP4K (shPRP4K through D). The ID8 cell line was derived from mouse
ovarian surface epittial cells which were allowed to spontaneously transfworwitro
(286), and is routinely transplanted in mice as an orthotopic, syngeneic model of
epithelid ovarian cancer (EOC) which replicates the phenotype of the human disease
(287). I chose this cell line in anticipation of future mouse studies. As shotigime
4.2A, expression of each of the four PRP#{geted hairpins resulted in a substantial
decrease in PRIK protein levels. To determine the impact of PRP4K knockdown on
vitro cell proliferation rates, a defined number of {BI8CTRL and two of the ID8
shPRP4K cell lines (ID8hPRP4KA, ID8-shPRP4KB) were plated and the number of
cells counted every 24 bos to determine the rate of growth. As showFigure 4.2B,

knockdown of PRP4K had no significant impact on the rate witro cell proliferation.
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To determine if knockdown of PRP4K in ID8 Isealtered their ability to
proliferatein the zebrafish Xnodel, as was observed with MEMB-231 shPRP4K
cells, ID8&sShCTRL and ID&hPRP4KA cells were transplanted into 4&®ur old
zebrafish embryos as described in section 3.2.3. At 24 hours post injection embryos were
screened for the presence of a fluoresomas at the site of injection and cell
proliferation visualized by imaging individual embryos at 24 and 72 hours post injection
(Figure 4.2C). Cell growth was quantified using the cell proliferation assay described in
Chapter 3Figure 4.2D). Over the 4&our time periodiD8-shCTRL cells showed very
little growth within enbbryos while there waapproximatelya 2-fold increase in ID8
shPRP4KA cell number over the same time period. Thesellts are in agreement with
those presentad Chapter 3; knockdowaf PRP4K enhances cell growth in zebrafish

embryos.
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Figure 4.2 Knockdown of PRP4K increases ID8ell proliferation in zebrafish. (A)

ID8 cells werertansduced with control or PRP4Krgeting ShRNA lentiviral vectors to
generate cell lines stagbéxpressing the indicated hairpin. Knockdown of PRP4K was
confirmed by western blot analysi8)(In vitro proliferation rates werdetermined by
plating 50 000 cells foeach cell line and performing cell counts every 24 hours. Data is
presented as mearf four independent experimer(ts SD). (C) Representative

brightfield and fluorescent images are shown of zebrafish embryos transplanted with
either ID8&shCTRL or ID8shPRP4KA cells at 24 and 72 hours post injection (hd) (
Groups of at least 15 emlmy at 24 and 72 hpi were dissociated and the number of
fluorescent cells counted. The fold change in cell number was calculated from three
independent experiments and the mean represented as a bar graph. Error bars = SEM.
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4.3.2 Knockdown of PRP4K Enhasdgell Growth in 3D Cell Culture Models

Perhaps the most significant difference betweernthéro environment of a
tissue culture plate and tirevivoenvironment of a zebrafish embryo is the attached
versus suspended conditions under which the calfaced to grow. In a tissue culture
plate cells will adhere to the hydrophilic polystyrene surface and grow as a two
dimensional monolayer. In the zebrafish XT model, cells injected into the yolk sac grow
within a threedimensional environment lackingn @adherent hydrophilic surface. To
determine if the increasl proliferation rates of PRP4khockdown cells engrafted in
zebrafish embryos was due to an enhanced ability to proliferate undadherent
conditions, ID8hCTRL and shPRP4K cells were grovanspheroids using a hanging
drop culture. Spheroids were cultured for 7 d&yguyre 4.3A), after which individual
spheroids were harvested, trypsinized amrdegl in individual wells of a-@ell plate. The
cells were allowed to adhere and proliferatelwngible colonies had formedrigure
4.3B). Quantifying the number of colonies per wéligure 4.3C) revealedhat
knockdown of PRP4Kncreasd cell viability in ID8 cells grown as spheroids. Similarly,
knockdown of PRP4K in the MCF7 human breast cacektine (described in 2.2.6)
increased colony formation for cesspended in soft agdfigure 4.4A & B). Together,
this data supports the hypothesis that knockdown of PRP4K enhances the ability of
cancer cells to survive and proliferate under-adheent conditions.

The ability of transformed cells to grow under anchotiagependent conditions
provides an indication of tumorigenic potential and is often associate wahsition
from an epitheliato-mesenchymalEMT) phenotypg288). To determine if PRP4K was

enhancing anchoragedependent grovatby promoting EMTMCF7 shCTRL and
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shPRP4K cells were harvested and subjpditt western blot analysis to det@ne the
protein kvels of 2 canonical EMT marker proteifisgure 4.4C). E-Cadherin is a
calciumdependent celtell adhesion molecule which is dowegulated during EMT,

w h i tcaenib is a transcription factor in the Wnt signaling pathway involved in
regulating cell adhesion and is also demggulated during EMT. Knockdown of PRP4K
had noeffect oneither EC a d h e r-¢ateninproteinflievelsuggesting the cells have not
undergone EMT, anthat an alternative mechanismsyaromoting anchorage

independent growth.
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Figure 4.3 Knockdown of PRP4K increasesiability of ID8 cells cultured as

spheroids. (A) Representative images of ID8 spheroids after 7 days in culture. Scale bars
=250 um. B) Individual spheroids were harvested, trypsinized and plated in individual
wells of a 6well plate. After 5 days in culture colonies were fixed and stained with

crystal violet. Representative images show colony growth for each of the three cell lines.
(C) Stained colonies from three independent experiments were counted using ImageJ and
represented as the mean colony number. Error bars = SEM.
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Figure 4.4 Knockdown of PRP4K increases MCF/ growth in soft agar. (A)
Representative images of indicated cell lines growing as colonies in soft agar 12 days
after plating. Scale bars = 500 uB) (Colonies were counted from 4 random fields of
view and represented as theandrom 3 independent experiments. Error bars = SD.
*p<0.005. C) MCF-7 shCTRL, shPRP4H and shPRP4R cell lines were cultured
under adherent conditions ancalysed by western blot analysis for PRP4KC&dherin,
b-Catenin and actin protein steadyatelevels.
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4.3.3 Loss of PRP4K Affects Cavedlihocalization and Prevents its Degradation

Following Cell Detachment

The ability of adherertells to be growmas anchoragadependent spheroids, or
as colonies in soft agar, requires a resistance to anoikis; an apoptotic program induced by
loss of cell adhesio(289. Ore mechanism through which cells trigger apoptosis
following detachment is through the internatina and degradation of Celv Cawvl is
an essentialrpteinconstituent of the plasma membrane caveolae, and has been shown to
interact with the artapoptotc proteinMcl-1, preventing its ubiquittmediated
proteasomal degradati¢@64). It has been proposed that cell detachment leads to the
internalizaion and @gradation of Cad resulting in the release, and subsequent
degradation, of MelL. Loss of PRP4K induces an aggregated-Chcalization at the
cellular membrane of MGF cells suggesting a potential defect in Qatvafficking or
function Figure 4.5. To determine if loss of PRP4K was impacting daglegradation
following detachment, ID8hCTRL, ID8ShPRP4KA and ID&shPRP4KB cells were
cultured for 24 hours either as an attached monoloayer or asaherent suspension
using PolyHEMA coated platesifter 24 hours in suspension IBBICTRL cells had
significartly decreased levels of Cdavwhich corresponded with a reduction in Akt
serine 473 phosphorylatioffrigure 4.6) indicating a reduction in Akt signaling
Interestingly, this is also accompaniggdddecrease in PRP4K expressioncontrast,
PRP4kknockdowncells failed to degrade Cdlvand had increased Akt phosphorylation
(Figure 4.6). This data suggests tHass of PRP4K prevents Gdvdegradation resulting

in activation of Akt and increasedgistance to anoikis.

114



shCTRL

Figure 4.5 Knockdown of PRP4K affects Cayl localization. MCF7 shCTRL and
shPRP4K cells were cultured in the presence of doxycycline for 72 hours to induce
hairpin expression. Cells were fixeddaanalysed by immunofluoresceraonfocal
microscopy using an anBaw1 antibody (Green). Nuclei were stained with DAPI (blue).
Images on the left are a 3D rendering of 20acks captured at 0.5um intervals. Images
on the right are a single plane from the centre of tbiaek showig membrane
localization. Scale bars = 10 pum.
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Figure 4.6 Knockdown of PRP4K prevents Caveolifl degradation following cell
detachment ID8 shCTRL, shPRP44 and shPRP4IKB cells were cultured for 24 hours
as an attached monolayer (A) orsimspension (S). Total cell lysates were prepared and
subjected to westn blot analysis for presenoéthe indicated proteins.
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4.4 Discussion

Anoikis actsasa critical barrier to metastasis by inducing apoptosis in tumour
cells which have detached fnothe primary tumour and entered the circulatory or
lymphatic system. As such, the acquisition of anoikis resistance is an essential
prerequisite for metastasis. Understanding the molecular mechanisms through which
cancer cells evade anoikis under +aathe@ent conditions is important in understanding
the process by which cancer cells disseminate from the primary tumour site to ectopic
locations.

In this studyl identify loss of PRP4K as a novel mechanism of anoikis resistance.
Knockdown of PRP4K expressiamhuman breast (MDA/IB-231) and mouse ovarian
(ID8) cancer cell lines resulted in increased proliferation rates whisnee engrafted
into 48 houmld zebrafish embryog-{gure 3.8 and 4.2, but had no effect om vitro
proliferation ratesKigure 4.2B). The greatest difference betwaatrvitro culture
conditions and the conditions withinzebrafish embryo is the thrdamensional
environment and lack of ECM contacts within the yolk sac oéthbryo, as compared to
the twadimensional adherent coitidns of a tissue culture plate. Therefdre,
hypothesized that loss of PRP4K was increasing cell proliferation within the embryo by
promoting anchoragéndependent growth. This hypothesis wasfirmed by showing
that loss of PR4K increased viability wéncellsweregrown as spheroid$igure 4.3
or as colonies in soft agdfigure 4.4). These results suggest that the zebrafish XT model
could have a novel application in the study of anoikis as cell proliferation within the cell
free threedimensional néroenvironment of the yolk sac nd@ces evasion of the

detachmeninduced apoptotic pathway. This consideration aré&ginally overlooked
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during the development of the zebrafish XT model due to our choice of anoikis
insensitive leukemia cell lines usedproof-of-principal studies. Interestingly, by 72
hours post injection most of the yolk has been consumed by the erfigyoe(4.2C)

and the transplanted celiadre-establisled contact with the developing zebrafish tissue.
This process would be similay & cell traveling through the circulatory system and
establishing contact at a secondary location, whereby only cells which can survive
detachment from the ECM for a period of time will form a secondary tumour. Therefore,
the zebrafish XT model, when apgd to solid tumours, may more accurately predict
drug responsenimetastases due to selectiondapikis resistance. To confirm this,
additional studies are required to determine if the developing zebrafish tissue offers
enough similarities to human tigsto support ECM contacts with engrafted cancer cells
and activate integrimediated signaling pathways. In addition, the characterization of
cell lines serially transplanted in zebrafish embryos will determine what impact the
selection process has on ttelular respase to anoikis, whichan therbecompared to
similar studies carried out in mi¢284).

How PRP4Klosscontributes to anoikiresistance appears to be linked to-Cav
stability following detachment. Degradation of Ghin response to integrin detachment
from the ECM has been shown to reduce Akt signd@3§) and induce apoptosis
through the ubiquitirmediated degradation of M&l(264). | have shown that
knockdown of PRP4K preventsgladation of Cail in cells cultured under conditisn
of low-attachment for 24 hou(&igure 4.6). | have also demonstratétht the inability to
degrade Ca\l is accompanied by increased Akt signaling which is known to activate the

pro-apoptotic protein Bd(237) and activate mTOR signalir{(@21) to protect cells from
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anoikis. The inhibition of Caxl degradation following ECM detachment has been
demonstrated previously in lung cancer cells which have been treated with nitric oxide
(267) or hydrogen peroxidé66). It would therefore be interesting to determine if either
of these treatments has any impact on PRP4K expredsis also important to

determine the mechanism through which PRP4K is regulatingl@egradatio.
Preliminary immunofluorescenstaining for Cavl in adherent MCF7 shPRP4K cells
reveals a more aggregated €lalocalization at the cell membrane, gagting a potential
defect in Cavl trafficking Figure 4.5. Immunofluorecencestaining for Cavl in

MCF7 shPRP4K cells grown under conditions of low attachment will determine whether
loss of PRP4K is preventing Gavinternalization. In addition, Cal/

immunoprecipitation followed by western blot analysis using arumguitin antibody

will show whether loss of PRP4K prevents €aubiquitination following detachment
(266,267).

In summary, this chapter identifies an increased resistance to anoikis as the
mechanism behind the increased proliferation rates observed in cells transplanted into
zebrdish embryos following the knockdown of PRP4H{ly data indicates that loss of
PRP4K expression prevents the degradation ofCimlowing cell detachment which

may be the mechanism behind the evasion of anoikis.
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Chapter 5 Conclusion

5.1 Preface

PRP4K s emerging as an important regulator of both cancer progression and the
response to treatment. The work presented in this thesis expands our understanding of
PRP4K as a regulator of taxane respamsie identifyinga novel role for PRP4K in the
regulationof anoikisaided by the development of a zebrafish xenotransplantation model
This chapter will discussthe future of zebrafish xenotransplantaton suggest a
potential common mechanism though which PRP4K could be regulating multiple cellular
processesFinally, the corlusions drawn from this thesis will be combined to offer

potential mechanism which links relapse frtaranes with metastatic spread.

5.2 Comments on the Future of Zebrafish Xenotransplantation

A significant achievement of this thesvork has been the development of a
zebrafish xenotransplantation model which can be used to accurately quantify drug
response in human cancer cells engrafted in zebrafish embryos. Vithtlectinique has
been applied iseveral studies exploring drugsponses in leukem{@99200290),
severalquestiongemainthat need to be addressed before the goal of drug screening or
clinical application cambe realized. Most importantlyokwv similar is the zebrafish
microenvironment to that of humans? As discussed in Chapter 4, cellular interactions
with the microenvionment regulate numerous signaling pathways impacting cell
survival. To date, no studies have been done to determine whether or not there is enough

conservation between zebrafish and human tissue to support these interactions with
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engrafted human canceglls. This becomes particularly important when engrafting
adherent cell lines due to the dependence on these interactions for preventing the
induction of anoikis.

Adherent cell lines adapted itovitro growth will experience a degree of cell
death whemrown under lowattachment conditions due to the induction of anoikis. With
the yolk sac as the preferred site of injection antigf&he preferred stage of embryo in
which to inject, transplanted cells could remain suspended in yolk for up to 48dtours,
which point the majority of the yolk will have been consumed and the cells will make
contact with zebrafish tissue. In moving forward, it will be important to determine if
zebrafish collagen can actively engage integrin receptors on engrafted humencetiac
and stimulate integrimediated signaling pathways. If yes, then the engraftment of
anoikissensitive adherent cell lines may resulthe selection of an anoikresistant
population followed by ractivation of integrin signaling and more acuaty model
metastatic disease. A detailed analysis of the zebrafish microenvironment including
differences and similarities to a human tumour microenvironment will be essential in
validating the use of the zebrafish as a xenograft model.

A major advantage using a living vertebrate model perform drug screening is
the ability to pair drug discovery with toxicology studies. In addition to an amenability to
high-throughput screening, zebrafish offer several advantages over traditional rodent
models of taicology. First, zebrafish develop from a singll to larvae with fully
functioning organ systems within 5 days, which greatly reduces the time for various
toxicity assays. Furthermore, zebrafish embryos are transparent and deveatepmo

allowing forvisualization of organ development and toxicity phenotypes. As a result, the
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zebrafish is rapidly gaining acceptance as an alternative animal model for toxicology
(297). A prime example of how the zebrafish XT model can be combined with toxicity
studies is the recent publication which identified the compound visnagin as a
cardioprotectant against doxorubigemduced cardiomyagthy (290). Doxorubicin is a

DNA bindinganttcancer agent used in the treatment of a wide variety of human cancers
including both leukemia and solid tumours. Tise of doxorubicin is limited by
cardiotoxicity and an increased risk of heart failure associatadise of the drug. In a
recent study fronthe lab of Randall Peterson, zebrafish treated with doxorubicin were
shown to develop extensive pericardial edema cardiac defects which recapitulated
several aspects of doxorubiaimduced cardiomyopathy in humafZ90). Taking

advantage of the amdméty of the zebrafisio highthroughput screening, the group
screened 3000 compounds for their ability to prevent cardiac toxicity in embryos treated
with doxorubicin. One compound, visnagin, was identified for its ability to prevent the
overt morphological effects of doxorulm on the zebrafish heart. To ensure that visnagin
would not interfere with the artumour activity of doxorubicinour lab transplanted

human FALL cells (Jurkat) into 4&our old zebrafish embryos. Engrafted embryos were
treated with doxorubicin or ambination of doxorubicin and visnagin and cell
proliferation was quantified using tlevivo cell proliferation assay described in Chapter
3. The combination of doxorubicin and visnagin was shown to prevent cardiac edema in
the embryos but did not interfe with the doxorubickimduced inhibition of TALL cell
proliferation. These results suggest that visnagin could be used clinically to prevent
cardiac toxicity in doxorubichtreated patients wibut interfering with thent-tumour

activity of the drug(290). This study highlights the ability to simultaneously evaluate
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antirtumour activity and toxicity using the zebrafish XT model. This will be invaluable in
helping prioritize compounds as we move toward esageening using the zebrafish XT

model.

5.3 Molecular Mechanisms of PRP4K Functions

PRP4K has been linked to several cellular processes including regulation of the
spindle assembly checkpoint, hastal interaction, response to aittancer therapies, and
anoikis. However, the mechanism through which PRP4K functions in these processes
remains largely unknown. With alternative splicing occurring in an estimated 95% of
human gene transcripf®l) it is possible that PRP4K is functioning, in partiaintain
proper splicing of the genes directly involved icke@rocess. In this thesBRP4Kwas
identifiedasanovel HER2 regulated mediator of taxane sensitivityrgast and ovarian
cancer(Chapter 2) While increased cellular resistance to taxdobswing PRP4K
knockdown is consistent with defects in the spindle assembly checkpdinseveral
alternative splice events have been linked to taxam&aase which could be impacted
by the loss of a splicing kinase like PRP4K. For example, survivin, a member of the
inhibitor of apoptosis AP) protein family, is expressed as five different isoforms (WT,
2B, 3B, ®@Ex3 and 2U) arising BIRC&menal t er nat
(292-294). Increasing evidence suggests that the survivin splice variants each have
different, and sometimes opposite, biological functi@®&+296). In particular, inceased
expression of the surviviB splice variant is associated with increased resistance to
taxanes in human ovarian cancell lines and poor progressidree survival in epithelial

ovarian cancer patients treated with taxg@83). Other proteins with splice variants
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linked to taxane resistance include Shugo$kim1 (SGOL-1) (298), caspase @0), and
Tau(299. Understading how the loss of PRP4K affects the splicing of these genes
could provide an additional mechanism through which PRP4K regulates the cellular
response to taxanes.

A novel role for PRP4K in the regulation of anoikis which appears to be mediated
by theinternalization and degradation of Cavollowing cell detachmemnwas identified
in this thesis (Chapter 4The endocytic pathway through which €his degraded also
relies on regulated alternative splicing as several endocytic adaptor proteinsrassexp
as multiple splice variants which can impact the rate of endocytosis. For example, at least
11 splice variants have been identified for intersett{tTSN1), an adaptor protein
involved in multiple aspects of clathrmediated endocytos{800,301). While the exact
function of each individual splice variant remains unknown, several of the variants have
been suggestetb be possible targets for reense mediatedkecay(300. With loss of
ITSN1 shown to reduce caveoldependent endocytosis in endothelial c632,303),
an increase in nonsense mediated démayeted ITSN1 splice variants could result in
inhibited Ca-1 internalization following detachment. Other endocytic adaptor proteins
with splice variants that can alter the rate of endocytosis include Raddsand SH3
domain GRB2ike (endophilin) interacting protein 1 (SGIPBOY5).

Determining how changes in PRP4K expression affect alternativaRiNA
splicing will be inportant in elualating the mechanisms of tharious function®f

PRP4K
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5.4 Ascites Development and Chemoresistance

More than one third of ovarian cancer patigssent withan accumulation of
fluid in the peritoneal cavity, known as asciteghattime of diagnosi€306307). The
accumulation of fluid is believed to result from a combination efaltered vascular
permeability of tumour microvasculatui@08) and tumowmediated obstruction of
lymphatic drainag€309). Treatment for ascites is limited to treatment of the underlying
disease;Hat is, intravenous treatment watcombination of platinum and taxiohsed
chanotherapyWhile the clinical response to firihe chemotherapy is quite high,
ranging from 70 to 80%310-312), the majority of patients (505%) relapse du the
development of chemoresistant dise@). In most cases, recurrent disesse
accompanied by intractable ascites requiring frequent paracentesmfarary relief of
symptomg307). It has been suggested that the development of ascites upon recurrence
has to do with an increased numbé&metastases in the peritoneal cavity (transcoelomic
metastases), as reduction in peritoneal tumour bulk corresponds with a reduction in the
volume of ascite§314).

PRP4Kwas identifiedasa novel HER2-regulated mediator of taxane sensitivity
in breast and ovarian candarthis thesis (Chapter 2PRP4K levelslecrease in cells
which haveacquired a resistance to paclitaxel bothitro andin vivo. Importantly,
PRP4K proteindvels are decreased in ascitlesived tumour cells isolated from a high
grade serous ovarian cancer patient following relapse from tdoee®al therapyas
compared to a matched cell line derived frili@solid tumour at the time ofi@gnosis.

Theknockdown of PRP4Kvas found to increagesistance to anoikis in breast and
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ovarian cancer cell lines grown either under conditions of low attach@kapter 4)pr

in a zebrafish xenotraplantation modelGhapter 3) Given that acquisitionf anoikis
resistance is a prerequisite for epithelial ovariarceacells to survive in ascitftuid,
PRP4K could provide a link between chemoresistance and intractable &3c¢#gan
tumours treated with a taxabased chemotherapy regimen coulduerdrug resistance
through the downregulation of PRP4K. As a consequenttesofiownregulation, cells
would also lose the ability to degrade Cavollowing detachment from the primary
tumour, resulting inevasion of anoikis. The ability to survigasgnded in ascitic fluid
would promote transcoelomic metastgsesulting in the increase in ascites development
commonly observed in recurrent disease.

While transcoelomic metastasis in ovarian cancer provides an example of how
loss of PRP4K could potenlivaimpact cancer progression, this concept could be applied
to any cancer in which taxanes are used as difisstherapy. It should be noted,
however, that loss of PRP4K does not induce EMT. Therefore, in tumours which require
intravasation to metastas, loss of PRP4K alone is likely not sufficient to induce

metastasis.

Overall, the work described in this thesis furthers our understanding of the role of

PRP4K in cancer treatment and identifies a novel role for PRP4K with implications for

cancer progession and relapsed disease.

126



Bibliography

1. Rosenberg, G. H., Alahari, S. K., and Kaufer, N. F. (1991) prp4 from
Schizoaccharomyces pompa mutant deficient in preiRNA splicing isolated
using genes containing artificial intromdol Gen Gene226, 305309

2. Grimm, C., Kohli, J., Murray, J., and Maundrell, K. (1988) Genetic engineering
of Schizosaccharomyces pombesysem for gene disruption and replacement
using the ura4 gene as a selectable makker Gen GeneR15 81-86

3. Warner, J. R. (1987) Applying genetics to the splicing prob{éemes De\, 1-3

4, Ares, M., Jr., Grate, L., and Pauling, M. H. (1999) A hahdfuntron-containing
genes produces the lion's share of yeast mRRMAS5, 11381139

5. Hartwell, L. H., McLaughlin, C. S., and Warner, J. R. (1970) Identification of ten
genes that control ribosome formation in yelkil Gen Genel09, 42-56

6. Warner,J. R., and Gorenstein, C. (1978) Yeast has a true stringent response.
Nature275, 338339

7. Rosbash, M., Harris, P. K., Woolford, J. L., Jr., and Teem, J. L. (1981) The effect
of temperaturesensitive RNA mutants on the transcription products from cloned
ribosomal protein genes of yeaSell 24, 679686

8. Potashkin, J., Li, R., and Frendewey, D. (1989} RRNA splicing mutants of
Schizosaccharomyces pomB&1BO J8, 551-559

9. Alahari, S. K., Schmidt, H., and Kaufer, N. F. (1993) The fission yeast-prp4
gene involved in prenRNA splicing codes for a predicted serine/threonine kinase
and is essential for growthlucleic Acids Re21, 40794083

10. Kojima, T., Zama, T., Wada, K., Onogi, H., and Hagiwara, M. (2001) Cloning of
human PRP4 reveals interactwith Clk1.J Biol ChenR76 3224732256

127



11.

12.

13.

14.

15.

16.

17.

18.

19.

Dellaire, G., Makarov, E. M., Cowger, J. M., Longman, D., Sutherland, H. G. E.,
Luhrmann, R., Torchia, J., and Bickmore, W. A. (2002) Mammalian PRP4 Kinase
Copurifies and Interacts with Components of Both thesbRNP and the ICoR
Deacetylase Complexeadolecular and Cellular Biologp2, 51415156

Gross, T., Lutzelberger, M., Weigmann, H., Klingenhoff, A., Shenoy, S., and
Kaufer, N. F. (1997) Functional analysis of the fission yeast Prp4 protein kinase
involved in premRNA splicing and isolation of a putative mammalian
homologueNucleic Acids Re25, 10281035

Schneider, M., Hsiao, H. H., Will, C. L., Giet, R., Urlaub, H., and Luhrmann, R.
(2010) Human PRP4 kinase is required for stableni®NP assoation during
spliceosomal B complex formatioNat Struct Mol Bioll7, 216221

Wahl, M. C., Will, C. L., and Luhrmann, R. (2009) The spliceosome: design
principles of a dynamic RNP machir@ell 136, 701718

Tacke, R., Chen, Y., and Manley, J. 1997) Sequenespecific RNA binding by
an SR protein requires RS domain phosphorylation: creation of an SiRpdilic
splicing enhanceProc Natl Acad Sci U S 84, 11481153

Cho, S., Hoang, A., Sinha, R., Zhong, X. Y., Fu, X. D., Krainer, A. R., and
Ghosh, G. (2011) Interaction between the RNA binding domains eAiger
splicing factor 1 and UY0K snRNP protein determines early spliceosome
assemblyProc Natl Acad Sci U S 208 82338238

Makarova, O. V., Makarov, E. M., and Luhrmann, R. (2001¢g 65 and 110 kDa
SR-related proteins of the U4/U6.U5-8nRNP are essential for the assembly of
mature spliceosomeEMBO J20, 25532563

Mathew, R., Hartmuth, K., Mohlmann, S., Urlaub, H., Ficner, R., and Luhrmann,
R. (2008) Phosphorylation of hum&RP28 by SRPK2 is required for integration
of the U4/UBUS tri-snRNP into the spliceosoméat Struct Mol Bioll5, 435

443

Goncalves, V., Henriques, A., Pereira, J., Neves Costa, A., Moyer, M. P., Moita,
L. F., GamaCarvalho, M., Matos, P., and Jorgd&. (2014) Phosphorylation of
SRSF1 by SRPK1 regulates alternative splicing of turalated Raclb in

colorectal cellsSRNA20, 474482

128



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Shultz, J. C., Goehe, R. W., Murudkar, C. S., Wijesinghe, D. S., Mayton, E. K.,
Massiello, A., Hawkins, A. J., Mkjee, P., Pinkerman, R. L., Park, M. A., and

Chalfant, C. E. (2011) SRSF1 regulates the alternative splicing of caspase 9 via a

novel intronic splicing enhancer affecting the chemotherapeutic sensitivity of
nonsmall cell lung cancer cellslol Cancer Re9, 883900

Pan, Q., Shai, O., Lee, L. J., Frey, B. J., and Blencowe, B. J. (2008) Deep
surveying of alternative splicing complexity in the human transcriptome by high
throughput sequencinflat Genetl0, 14131415

Keren, H., LevMaor, G., and AstG. (2010) Alternative splicing and evolution:
diversification, exon definition and functioNat Rev Genetl, 345355

Hughes, T. A. (2006) Regulation of gene expression by alternative untranslated
regions.Trends Gene22, 119122

Lin, S., and FuX. D. (2007) SR proteins and related factors in alternative
splicing.Adv Exp Med Biob23 107122

Kataoka, N., Bachorik, J. L., and Dreyfuss, G. (1999) TranspS8fna nuclear
import receptor for SR proteind.Cell Biol145, 11451152

Lai, M. C., Lin, R. ., and Tarn, W. Y. (2001) Transpof8R2 mediates nuclear
import of phosphorylated SR proteifroc Natl Acad Sci U S 88, 1015410159

Misteli, T., Caceres, J. F., Clement, J. Q., Krainer, A. R., Wilkinson, M. F., and
Spector, D. L.1998) Serine phosphorylation of SR proteins is required for their
recruitment to sites of transcription in vivbCell Biol143 297307

Ngo, J. C., Chakrabarti, S., Ding, J. H., VelazgDenes, A., Nolen, B., Aubol,
B. E., Adams, J. A,, Fu, X. D.nd Ghosh, G. (2005) Interplay between SRPK
and CIk/Sty kinases in phosphorylation of the splicing factor ASF/SF2 is
regulated by a docking motif in ASF/SRol Cell 20, 77-89

Huang, Y., and Steitz, J. A. (2001) Splicing factors SRp20 and 9G8 prdmaote t
nucleocytoplasmic export of mRNMol Cell 7, 893905

Huang, Y., Gattoni, R., Stevenin, J., and Steitz, J. A. (2003) SR splicing factors
serve as adapter proteins for T-8Bpendent mMRNA expomol Cell 11, 837843

129



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sanford, J. R., Gray, N. K.,@kmann, K., and Caceres, J. F. (2004) A novel role
for shuttling SR proteins in mRNA translatidenes De\l8, 755768

Rieder, C. L., Cole, R. W., Khodjakov, A., and Sluder, G. (1995) The checkpoint
delaying anaphase in response to chromosome mendtation is mediated by an
inhibitory signal produced by unattached kinetochai&Sell Biol 130, 941948

Uchida, K. S., Takagaki, K., Kumada, K., Hirayama, Y., Noda, T., and Hirota, T.
(2009) Kinetochore stretching inactivates the spindle assemétkphbint.J Cell
Biol 184, 383390

Vigneron, S., Prieto, S., Bernis, C., Labbe, J. C., Castro, A., and Lorca, T. (2004)
Kinetochore localization of spindle checkpoint proteins: who controls wihédoh?
Biol Cell 15, 45844596

Chen, R. H., Shevchenkd,, Mann, M., and Murray, A. W. (1998) Spindle
checkpoint protein Xmad1 recruits Xmad?2 to unattached kinetochib@sl Biol
143 283295

Musacchio, A., and Salmon, E. D. (2007) The spiadisembly checkpoint in
space and timéNat Rev Mol Cell Bib8, 373393

Montembault, E., Dutertre, S., Prigent, C., and Giet, R. (2007) PRP4 is a spindle
assembly checkpoint protein required for MPS1, MAD1, and MAD2 localization
to the kinetochoresl. Cell Biol179, 601-609

Nisole, S., and Saib, A. (200&grly steps of retrovirus replicative cycle.
Retrovirologyl, 9

Schwartz, S., Felber, B. K., Benko, D. M., Fenyo, E. M., and Pavlakis, G. N.
(21990) Cloning and functional analysis of multiply spliced mRNA species of
human immunodeficiency virus type dVirol 64, 25192529

Purcell, D. F., and Martin, M. A. (1993) Alternative splicing of human
immunodeficiency virus type 1 mRNA modulates viral protein expression,
replication, and infectivityd Virol 67, 63656378

Frankel, A. D., and Young, J..A1998) HI\-1: fifteen proteins and an RNA.
Annu Rev Bioche®7, 1-25

130



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Stoltzfus, C. M., and Madsen, J. M. (2006) Role of viral splicing elements and
cellular RNA binding proteins in regulation of HY alternative RNA splicing.
Curr HIV Res4, 4355

Askjaer, P., Jensen, T. H., Nilsson, J., Engimeier, L., and Kjems, J. (1998) The
specificity of the CRM4Rev nuclear export signal interaction is mediated by
RanGTP.J Biol Chen73 3341433422

Berger, J., Aepinus, C., Dobrovnik, M., Fleckenst&in,Hauber, J., and
Bohnlein, E. (1991) Mutational analysis of functional domains in the HRev
transregulatory proteinVirology 183 630635

Fischer, U., Huber, J., Boelens, W. C., Mattaj, I. W., and Luhrmann, R. (1995)
The HIV-1 Rev activation dmain is a nuclear export signal that accesses an
export pathway used by specific cellular RNE&ll 82, 475483

Kjems, J., and Sharp, P. A. (1993) The basic domain of Rev from human
immunodeficiency virus type 1 specifically blocks the entry of U4d36small
nuclear ribonucleoprotein in spliceosome assenib\irol 67, 47694776

Bennett, E. M., Lever, A. M., and Allen, J. F. (2004) Human immunodeficiency
virus type 2 Gag interacts specifically with PRP4, a seéhneonine kinase, and
inhibits phosphorylation of splicing factor SF2Virol 78, 1130311312

Freed, E. O. (1998) HAL gag proteins: diverse functions in the virus life cycle.
Virology 251, 1-15

Shehzad, A., Park, J. W., Lee, J., and Lee, Y. S. (2013) Curcumin induces
radiosengivity of in vitro and in vivo cancer models by modulatingpn&NA
processing factor 4 (Prp4¥hem Biol Interac206, 394402

Shehzad, A., Lee, J., Huh, T. L., and Lee, Y. S. (2013) Curcumin induces
apoptosis in human colorectal carcinoma (HI5) cells by regulating expression
of Prp4 and p53ol Cells35, 526532

Nohl, H., Kozlov, A. V., Gille, L., and Staniek, K. (2003) Cell respiration and
formation of reactive oxygen species: facts and artefBcishem Soc Tran3l,
13081311

131



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

Waris, G, and Ahsan, H. (2006) Reactive oxygen species: role in the
development of cancer and various chronic conditidiiarcinogb, 14

Sinha, K., Das, J., Pal, P. B., and Sil, P. C. (2013) Oxidative stress: the
mitochondriadependent and mitochondiilrdependent pathways of apoptosis.
Arch Toxicol87, 11571180

Liou, G. Y., and Storz, P. (2010) Reactive oxygen species in c&reerRadic
Res44, 4793496

Swanton, C., Marani, M., Pardo, O., Warne, P. H., Kelly, G., Sahai, E.,
Elustondo, F., Chand,, Temple, J., Ahmed, A. A., Brenton, J. D., Downward, J.,
and Nicke, B. (2007) Regulators of mitotic arrest and ceramide metabolism are
determinants of sensitivity to paclitaxel and other chemotherapeutic drugs.
Cancer Cellll, 498512

Duan, Z., Weistein, E. J., Ji, D., Ames, R. Y., Choy, E., Mankin, H., and
Hornicek, F. J. (2008) Lentiviral short hairpin RNA screen of genes associated
with multidrug resistance identifies PRIPas a new regulator of chemoresistance
in human ovarian cancédviol CancerTher7, 23772385

Wani, M. C., Taylor, H. L., Wall, M. E., Coggon, P., and McPhail, A. T. (1971)
Plant antitumor agents. VI. The isolation and structure of taxol, a novel
antileukemic and antitumor agent from Taxus brevifaliAm Chem So@3,
23252327

Wani, M. C., and Horwitz, S. B. (2014) Nature as a remarkable chemist: a
personal story of the discovery and development of Ta@wlcancer Drug5,
482-487

McGrogan, B. T., Gilmartin, B., Carney, D. N., and McCann, A. (2008) Taxanes,
microtubules and chemoresistant breast carigiechim Biophys Acta785 96-
132

Seetalarom, K., Kudelka, A. P., Verschraegen, C. F., and Kavanagh, J. J. (1997)
Taxanes in ovarian cancer treatmeurr Opin Obstet Gynecd, 1420

Kollman, J. M., Polka]. K., Zelter, A., Davis, T. N., and Agard, D. A. (2010)
Microtubule nucleating gammBuSC assembles structures withfb&1
microtubulelike symmetry Nature466, 879882

132



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Nogales, E., Whittaker, M., Milligan, R. A., and Downing, K. H. (1999) High
resolution model of the microtubul€ell 96, 79-88

Holy, T. E., and Leibler, S. (1994) Dynamic instability of microtubules as an
efficient way to search in spaderoc Natl Acad Sci U S 81, 56825685

Snyder, J. P., Nettles, J. H., Cornett, B., DmgnK. H., and Nogales, E. (2001)
The binding conformation of Taxol in betabulin: a model based on electron
crystallographic density?roc Natl Acad Sci U S 88, 53125316

Gascoigne, K. E., and Taylor, S. S. (2009) How do-muitibtic drugs kill @ancer
cells?J Cell Scil22 25792585

Woods, C. M., Zhu, J., McQueney, P. A., Bollag, D., and Lazarides, E. (1995)
Taxokinduced mitotic block triggers rapid onset of a {@ependent apoptotic
pathway.Mol Med1, 506526

Brito, D. A., and RiederC. L. (2006) Mitotic checkpoint slippage in humans
occurs via cyclin B destruction in the presence of an active check@aimtBiol
16, 11941200

Gerlach, J. H., Endicott, J. A., Juranka, P. F., Henderson, G., Sarangi, F.,
Deuchars, K. L., and Ling/. (1986) Homology betweenglycoprotein and a
bacterial haemolysin transport protein suggests a model for multidrug resistance.
Nature324, 485489

Fojo, A. T., and Menefee, M. (2005) Microtubule targeting agents: basic
mechanisms of multidrug resance (MDR)Semin OncoB2, S38

Dean, M., Rzhetsky, A., and Allikmets, R. (2001) The human-Aifeing
cassette (ABC) transporter superfam@Benome Re%l, 11561166

Hamada, H., and Tsuruo, T. (1986) Functional role for the tb7/D80kDa
glycoprotein specific to drugesistant tumor cells as revealed by monoclonal
antibodiesProc Natl Acad Sci U S 83, 77857789

Kartner, N., Shales, M., Riordan, J. R., and Ling, V. (1983) Daunorubicin
resistant Chinese hamster ovary cells expressingdrug resistance and a cell
surface Pglycoprotein.Cancer Reg3, 44134419

133



73.

74.

75.

76.

77.

78.

79.

80.

81.

Mickisch, G. H., Pai, L. H., Gottesman, M. M., and Pastan, I. (1992) Monoclonal
antibody MRK16 reverses the multidrug resistance of multidesgtant
transgenic miceCance Res52, 44274432

Senior, A. E., and Bhagat, S. (1998ylycoprotein shows strong catalytic
cooperativity between the two nucleotide sii®chemistry37, 831836

Ramachandra, M., Ambudkar, S. V., Chen, D., Hrycyna, C. A., Dey, S.,
GottesmanM. M., and Pastan, I. (1998) HumargBcoprotein exhibits reduced
affinity for substrates during a catalytic transition stBiechemistry37, 5010
5019

Noguchi, S. (2006) Predictive factors for response to docetaxel in human breast
cancersCancer 8i 97, 813820

Trock, B. J., Leonessa, F., and Clarke, R. (1997) Multidrug resistance in breast
cancer: a metanalysis of MDR1/gp170 expression and its possible functional
significance.J Natl Cancer Ins89, 917931

Giannakakou, P., Sackett, D., Kang, Y. K., Zhan, Z., Buters, J. T., Fojo, T., and
Poruchynsky, M. S. (1997) Paclitaxelsistant human ovarian cancer cells have
mutant betgubulins that exhibit impaired paclitaxétiven polymerizationJ

Biol Chem272 1711817125

Goncalves, A Braguer, D., Kamath, K., Martello, L., Briand, C., Horwitz, S.,
Wilson, L., and Jordan, M. A. (2001) Resistance to Taxol in lung cancer cells
associated with increased microtubule dynanieec Natl Acad Sci U S 98,
1173711742

Hari, M., LoganzoF., Annable, T., Tan, X., Musto, S., Morilla, D. B., Nettles, J.
H., Snyder, J. P., and Greenberger, L. M. (2006) Paclitasidtant cells have a
mutation in the paclitaxddinding region of betaubulin (Asp26Glu) and less
stable microtubuledviol Caner Ther5, 270278

Monzo, M., Rosell, R., Sanchez, J. J., Lee, J. S., O'Brate, A., Goihzaldza, J.
L., Alberola, V., Lorenzo, J. C., Nunez, L., Ro, J. Y., and Martin, C. (1999)
Paclitaxel resistance in namallcell lung cancer associated withtd€ubulin
gene mutationsl Clin Oncoll7, 17861793

134



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kelley, M. J., Li, S., and Harpole, D. H. (2001) Genetic analysis of the beta
tubulin gene, TUBB, in nosmaltcell lung cancerd Natl Cancer Ins93, 1886
1888

KohonenCorish, M. R., Qin, H.Daniel, J. J., Cooper, W. A., Rivory, L.,
McCaughan, B., Millward, M. J., and Trent, R. J. (2002) Lack of-hétalin
gene mutations in early stage lung cantrér] Cancerl01, 398399

Sale, S., Oefner, P. J., and Sikic, B. I. (2002) Re: genetigsaaf the beta
tubulin gene, TUBB, in nogmalkcell lung cancer] Natl Cancer Ins®4, 776
777; author reply 777

Tsurutani, J., Komiya, T., Uejima, H., Tada, H., Syunichi, N., Oka, M., Kohno,
S., Fukuoka, M., and Nakagawa, K. (2002) Mutationalysmaof the betaubulin
gene in lung cancektung Cancei5, 11-16

Sullivan, K. F. (1988) Structure and utilization of tubulin isotypesu Rev Cell
Biol 4, 687716

Derry, W. B., Wilson, L., Khan, I. A., Luduena, R. F., and Jordan, M. A. (1997)
Taxol differentially modulates the dynamics of microtubules assembled from
unfractionated and purified betabulin isotypesBiochemistry36, 35543562

Seve, P., and Dumontet, C. (2008) Is class IlI{ogbalin a predictive factor in
patients receing tubulinbinding agentsancet Oncob, 168175

Narvi, E., Jaakkola, K., Winsel, S., Oetkeimdholm, C., Halonen, P., Kallio, L.,
and Kallio, M. J. (2013) Altered TUBB3 expression contributes to the epothilone
response of mitotic cell®r J Cance 108 8290

Belmont, L. D., and Mitchison, T. J. (1996) Identification of a protein that
interacts with tubulin dimers and increases the catastrophe rate of microtubules.
Cell 84, 623631

Gardner, M. K., Zanic, M., and Howard, J. (2013) Microtebcatastrophe and
rescueCurr Opin Cell Biol25, 1422

135



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Alli, E., BashBabula, J., Yang, J. M., and Hait, W. N. (2002) Effect of stathmin
on the sensitivity to antimicrotubule drugs in human breast cabaacer Res
62, 68646869

Holmfeldt, P., Battsand, G., and Gullberg, M. (2002) MAP4 counteracts
microtubule catastrophe promotion but not tubgkguestering activity in intact
cells.Curr Biol 12, 10341039

Zhang, C. C., Yang, J. M., White, E., Murphy, M., Levine, A., and Hait, W. N.
(1998)The role of MAP4 expression in the sensitivity to paclitaxel and resistance
to vinca alkaloids in p53 mutant cell@ncogenél 6, 16171624

Kar, S., Fan, J., Smith, M. J., Goedert, M., and Amos, L. A. (2003) Repeat motifs
of tau bind to the insides ofianotubules in the absence of tax&@MBO J22, 70-
77

Smoter, M., Bodnar, L., Duchnowska, R., Stec, R., Grala, B., and Szczylik, C.
(2011) The role of Tau protein in resistance to paclita@ahcer Chemother
Pharmacol68, 553557

Spicakova, T., ®@rien, M. M., Duran, G. E., Swe&ordero, A., and Sikic, B. I.
(2010) Expression and silencing of the microtukagsociated protein Tau in
breast cancer celllol Cancer The®, 29762981

Kirkin, V., Joos, S., and Zornig, M. (2004) The role of 2damily members in
tumorigenesisBiochim Biophys Acta644 229249

Ferlini, C., Raspaglio, G., Mozzetti, S., Distefano, M., Filippetti, F., Martinelli,
E., Ferrandina, G., Gallo, D., Ranelletti, F. O., and Scambia, G. (2002) Bcl
downregulation isa novel mechanism of paclitaxel resistaridel Pharmacol

64, 51-58

Ferlini, C., Cicchillitti, L., Raspaglio, G., Bartollino, S., Cimitan, S., Bertucci, C.,
Mozzetti, S., Gallo, D., Persico, M., Fattorusso, C., Campiani, G., and Scambia,
G. (2009) Pddaxel directly binds to BeR and functionally mimics activity of
Nur77.Cancer Re$9, 69066914

Sudo, T., Nitta, M., Saya, H., and Ueno, N. T. (2004) Dependence of paclitaxel
sensitivity on a functional spindle assembly checkp@ancer Re$4, 2502
2508

136



102.

103.

104.

105.

106.

107.

108.

109.

110.

Lee, E. A., Keutmann, M. K., Dowling, M. L., Harris, E., Chan, G., and Kao, G.
D. (2004) Inactivation of the mitotic checkpoint as a determinant of the efficacy
of microtubuletargeted drugs in killing human cancer cdilal Cancer The®,
661-669

Tao, W., South, V. J., Zhang, Y., Davide, J. P., Farrell, L., Kohl, N. E.,-Sepp
Lorenzino, L., and Lobell, R. B. (2005) Induction of apoptosis by an inhibitor of
the mitotic kinesin KSP requires both activation of the spindle assembly
checkpoint and mitotic slippageCancer Cellg, 4959

Anand, S., Penrhyhowe, S., and Venkitaraman, A. R. (2003) AURORA
amplification overrides the mitotic spindle assembly checkpoint, inducing
resistance to TaxoCancer Cell3, 51-62

Slamon, D. J.Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., and McGuire,
W. L. (1987) Human breast cancer: correlation of relapse and survival with
amplification of the HER2/neu oncogené&cience235, 177182

Slamon, D. J., Godolphin, W., Jones, L. A., Hdl A., Wong, S. G., Keith, D. E.,
Levin, W. J., Stuart, S. G., Udove, J., Ullrich, A., and et al. (1989) Studies of the
HER-2/neu proteoncogene in human breast and ovarian casmence?44,

707-712

Lonardo, F., Di Marco, E., King, C. R., Pierde H., Segatto, O., Aaronson, S. A.,
and Di Fiore, P. P. (1990) The normal efBBroduct is an atypical receptidte
tyrosine kinase with constitutive activity in the absence of lighiegv Biol2,
992-1003

Harari, D., and Yarden, Y. (2000) Moldaumechanisms underlying
ErbB2/HER2 action in breast cancencogend9, 61026114

Garrett, T. P., McKern, N. M., Lou, M., Elleman, T. C., Adams, T. E., Lovrecz,
G. O., Kofler, M., Jorissen, R. N., Nice, E. C., Burgess, A. W., and Ward, C. W.
(2003)The crystal structure of a truncated ErbB2 ectodomain reveals an active
conformation, poised to interact with other ErbB receptdd.Cell 11, 495505

Cho, H. S., Mason, K., Ramyar, K. X., Stanley, A. M., Gabelli, S. B., Denney, D.
W., Jr., and Leay, D. J. (2003) Structure of the extracellular region of HER2
alone and in complex with the Herceptin Fillature421, 756760

137



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Venter, D. J., Tuzi, N. L., Kumar, S., and Gullick, W. J. (1987) Overexpression of
the cerbB-2 oncoprotein in human breastrcinomas: immunohistological
assessment correlates with gene amplificatiamcet2, 6972

Kallioniemi, O. P., Kallioniemi, A., Kurisu, W., Thor, A., Chen, L. C., Smith, H.
S., Waldman, F. M., Pinkel, D., and Gray, J. W. (1992) ERBB2 amplification
breast cancer analyzed by fluorescence in situ hybridiz&me. Natl Acad Sci

U S A89, 53215325

Igbal, N., and Igbal, N. (2014) Human Epidermal Growth Factor Receptor 2
(HER2) in Cancers: Overexpression and Therapeutic ImplicatibolsBiol Int
2014 852748

Soltoff, S. P., Carraway, K. L., 3rd, Prigent, S. A., Gullick, W. G., and Cantley, L.
C. (1994) ErbB3 is involved in activation of phosphatidylinositéirgase by
epidermal growth factoMol Cell Biol 14, 35563558

Datta, S. R.Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and Greenberg,
M. E. (1997) Akt phosphorylation of BAD couples survival signals to the cell
intrinsic death machinergell 91, 231241

Gottlieb, T. M., Leal, J. F., Seger, R., Taya, Y., and Owr(2002) Crosgalk
between Akt, p53 and Mdm2: possible implications for the regulation of
apoptosisOncogenel, 12991303

Zhou, B. P., Liao, Y., Xia, W., Zou, Y., Spohn, B., and Hung, M. C. (2001)-HER
2/neu induces p53 ubiquitination via Aktedided MDM2 phosphorylatiorNat
Cell Biol 3, 973982

Mayo, L. D., and Donner, D. B. (2001) A phosphatidylinositéirsase/Akt
pathway promotes translocation of Mdm2 from the cytoplasm to the nucleus.
Proc Natl Acad Sci U S 98, 1159811603

Wiza, C., Nascimento, E. B., and Ouwens, D. M. (2012) Role of PRAS40 in Akt
and mTOR signaling in health and diseas®. J Physiol Endocrinol Meta®02
E14531460

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002) TSC2 is phosphorylated
and inhibied by Akt and suppresses mTOR signallidgt Cell Biol4, 648657

138



121.

122.

123.

124.

125.

126.

127.

128.

129.

Vivanco, I., and Sawyers, C. L. (2002) The phosphatidylinositGindse AKT
pathway in human cancédat Rev Cance2, 489501

Schulze, W. X., Deng, L., and Mann, M. (2005) Phuprosine interactome of
the ErbBreceptor kinase familyMol Syst Bioll, 2005 0008

Margolis, B., and Skolnik, E. Y. (1994) Activation of Ras by receptor tyrosine
kinasesJ Am Soc Nephrd, 12881299

McCubrey, J. A., Steelman, L. S., Chapp®ll. H., Abrams, S. L., Wong, E. W.,
Chang, F., Lehmann, B., Terrian, D. M., Milella, M., Tafuri, A., Stivala, F., Libra,
M., Basecke, J., Evangelisti, C., Martelli, A. M., and Franklin, R. A. (2007) Roles
of the Raf/MEK/ERK pathway in cell growth, maligmnaransformation and drug
resistanceBiochim Biophys Acta773 12631284

Kolch, W. (2000) Meaningful relationships: the regulation of the
Ras/Raf/MEK/ERK pathway by protein interactioBsochem B51 Pt 2 289
305

Yu, D., Liu, B., Tan, M., LiJ., Wang, S. S., and Hung, M. C. (1996)
Overexpression of-erbB-2/neu in breast cancer cells confers increased resistance
to Taxol via mdrl-independent mechanisn@@ncogene 3, 13591365

Baselga, J., Seidman, A. D., Rosen, P. P., and Norton9Q7JHER?2
overexpression and paclitaxel sensitivity in breast cancer: therapeutic
implications.Oncology (Williston Parkl1, 43-48

Di Leo, A., Chan, S., Paesmans, M., Friedrichs, K., Pinter, T., Cocquyt, V.,
Murray, E., Bodrogi, I., Walpole, E., Lesm@ance, B., Korec, S., Crown, J.,
Simmonds, P., Von Minckwitz, G., Leroy, J. Y., Durbecq, V., Isola, J., Aapro, M.,
Piccart, M. J., and Larsimont, D. (2004) H2Reu as a predictive marker in a
population of advanced breast cancer patients randomlydreiiter with single
agent doxorubicin or singlagent docetaxeBreast Cancer Res Tre@6, 197

206

Konecny, G. E., Thomssen, C., Luck, H. J., Untch, M., Wang, H. J., Kuhn, W.,
Eidtmann, H., du Bois, A., Olbricht, S., Steinfeld, D., Mobus, V., vondkwitz,
G., Dandekar, S., Ramos, L., Pauletti, G., Pegram, M. D., Janicke, F., and
Slamon, D. J. (2004) H&x/neu gene amplification and response to paclitaxel in
patients with metastatic breast candeatl Cancer Ins6, 11411151

139



130.

131.

132.

133.

134.

135.

136.

Martin, M., Henkowski, T., Mackey, J., Pawlicki, M., Guastalla, J. P., Weaver,

C., Tomiak, E., AlTweigeri, T., Chap, L., Juhos, E., Guevin, R., Howell, A.,
Fornander, T., Hainsworth, J., Coleman, R., Vinholes, J., Modiano, M., Pinter, T.,
Tang, S. C., Colwell, B., Bdy, C., Provencher, L., Walde, D., Rodriguez

Lescure, A., Hugh, J., Loret, C., Rupin, M., Blitz, S., Jacobs, P., Murawsky, M.,
Riva, A., Vogel, C., and Breast Cancer International Research Group, I. (2005)
Adjuvant docetaxel for nodpositive breast canceN Engl J Med352 2302

2313

Hayes, D. F., Thor, A. D., Dressler, L. G., Weaver, D., Edgerton, S., Cowan, D.,
Broadwater, G., Goldstein, L. J., Martino, S., Ingle, J. N., Henderson, I. C.,
Norton, L., Winer, E. P., Hudis, C. A., Ellis, M. J., Be/,A., Cancer, and
Leukemia Group, B. I. (2007) HER2 and response to paclitaxel inpasigve
breast canceN Engl J Med357, 14961506

Camerini, A., Donati, S., Viacava, P., Siclari, O., Puccetti, C., Tartarelli, G.,
Valsuani, C., De Luca, F., 3ftini, L., Cavazzana, A., and Amoroso, D. (2011)
Evaluation of HER2 and p53 expression in predicting response to doeeteeel
first-line chemotherapy in advanced breast carcExp Clin Cancer Re30, 38

Le Page, C., Marineau, A., Bonza, P. Rahimi, K., Cyr, L., Labouba, I.,
Madore, J., Delvoye, N., Mddasson, A. M., Provencher, D. M., and Cailhier, J.
F. (2012) BTN3A2 expression in epithelial ovarian cancer is associated with
higher tumor infiltrating T cells and a better prognoBisoS One/, e38541

Svotelis, A., Bianco, S., Madore, J., Huppe, G., Norifitkovits, A., Mes
Masson, A. M., and Gevry, N. (2011) H3K27 demethylation by JMJD3 at a
poised enhancer of ardpoptotic gene BCL2 determines ERalpha ligand
dependencyEMBO J30, 3947-3961

Letourneau, 1. J., Quinn, M. C., Wang, L. L., Portelance, L., Caceres, K. Y., Cyr,
L., Delvoye, N., Meunier, L., de Ladurantaye, M., Shen, Z., Arcand, S. L., Tonin,
P. N., Provencher, D. M., and M&tasson, A. M. (2012) Derivation and
characerization of matched cell lines from primary and recurrent serous ovarian
cancerBMC Cancerl2, 379

Labugger, R., Organ, L., Collier, C., Atar, D., and Van Eyk, J. E. (2000)
Extensive troponin | and T modification detected in serum from patients with
acute myocardial infarctiorCirculation 102, 12211226

140



137.

138.

139.

140.

141.

142.

143.

144.

Bedard, K., Attar, H., Bonnefont, J., Jaquet, V., Borel, C., Plastre, O., Stasia, M.
J., Antonarakis, S. E., and Krause, K. H. (2009) Three common polymorphisms in
the CYBA gene form a haploty@essociated with decreased ROS generation.

Hum Mutat30, 11231133

Kanda, T., Sullivan, K. F., and Wahl, G. M. (1998) Hist&eP fusion protein
enables sensitive analysis of chromosome dynamics in living mammalian cells.
Curr Biol 8, 377385

Li, Y. M., Pan, Y., Wei, Y., Cheng, X., Zhou, B. P., Tan, M., Zhou, X., Xia, W.,
Hortobagyi, G. N., Yu, D., and Hung, M. C. (2004) Upregulation of CXCR4 is
essential for HER2nediated tumor metastas@@ancer Cell6, 453469

Salsman, J., Pinder, J., T8, Corkery, D., and Dellaire, G. (2013) The
translation initiation factor 3 subunit elF3K interacts with PML and associates
with PML nuclear bodie€xp Cell Re819, 25542565

Gao, Q., Mechin, I., Kothari, N., Guo, Z., Deng, G., Haas, K., McMahus,
Hoffmann, D., Wang, A., Wiederschain, D., Rocnik, J., Czechtizky, W., Chen, X.,
McLean, L., Arlt, H., Harper, D., Liu, F., Majid, T., Patel, V., Lengauer, C.,
GarciaEcheverria, C., Zhang, B., Cheng, H., Dorsch, M., and Huang, S. M.
(2013) Evaluation focancer dependence and druggability of PRP4 kinase using
cellular, biochemical, and structural approacleBiol Chen288 3012530138

Le Page, C., Ouellet, V., Quinn, M. C., Tonin, P. N., Provencher, D. M., and Mes
Masson, A. M. (2008) BTF4/BTNA3.@2nd GCS as candidate mRNA prognostic
markers in epithelial ovarian canc@&ancer Epidemiol Biomarkers Prav, 913

920

Nguyen, D. M., Chen, G. A, Reddy, R., Tsai, W., Schrump, W. D., Cole, G., Jr.,
and Schrump, D. S. (2004) Potentiation of pacétaytotoxicity in lung and
esophageal cancer cells by pharmacologic inhibition of the phosphoinositide 3
kinase/protein kinase B (Akthediated signaling pathway.Thorac Cardiovasc
Surgl127, 365375

Gianni, L., Kearns, C. M., Giani, A., Capri, ¥igano, L., Lacatelli, A.,

Bonadonna, G., and Egorin, M. J. (1995) Nonlinear pharmacokinetics and
metabolism of paclitaxel and its pharmacokinetic/pharmacodynamic relationships
in humansJ Clin Oncol13, 183190

141



145.

146.

147.

148.

149.

150.

151.

Lassus, H., Leminen, A., Vayrynen, £heng, G., Gustafsson, J. A., Isola, J.,
and Butzow, R. (2004) ERBB2 amplification is superior to protein expression
status in predicting patient outcome in serous ovarian carcir@ymacol Oncol
92, 31-39

Raspollini, M. R., Amunni, G., VillanuccA., Castiglione, F., Rossi
Degl'Innocenti, D., Baroni, G., Paglierani, M., and Taddei, G. L. (2006)-HER
2/neu and beR in ovarian carcinoma: clinicopathologic, immunohistochemical,
and molecular study in patients with shorter and longer surviysil
Immunohistochem Mol Morphdl4, 181-186

Slamon, D. J., Leylandones, B., Shak, S., Fuchs, H., Paton, V., Bajamonde, A.,
Fleming, T., Eiermann, W., Wolter, J., Pegram, M., Baselga, J., and Norton, L.
(2001) Use of chemotherapy plus a monoclonal antilag@ynst HER2 for
metastatic breast cancer that overexpresses HERRagl J Med344, 783792

Romond, E. H., Perez, E. A., Bryant, J., Suman, V. J., Geyer, C. E., Jr., Davidson,
N. E., TanChiu, E., Martino, S., Paik, S., Kaufman, P. A., Swain, S. M.,

Pisansky, T. M., Fehrenbacher, L., Kutteh, L. A., Vogel, V. G., Visscher, D. W.,
Yothers, G., Jenkins, R. B., Brown, A. M., Dakhil, S. R., Mamounas, E. P.,

Lingle, W. L., Klein, P. M., Ingle, J. N., and Wolmark, N. (2005) Trastuzumab

plus adjuvant chemothepy for operable HERRositive breast canced Engl J
Med353 16731684

Alba, E., Albanell, J., de la Haba, J., Barnadas, A., Calvo, L., Saitherm, P.,
Ramos, M., Rojo, F., Burgues, O., Carrasco, E., Caballero, R., Porras, I., Tibau,
A., Camaa, M. C., and Lluch, A. (2014) Trastuzumab or lapatinib with standard
chemotherapy for HERRositive breast cancer: results from the GEICAM/2006
14 trial.Br J Cancer110, 11391147

Guarneri, V., Frassoldati, A., Bottini, A., Cagossi, K., Bisagni Sarti, S.,

Ravaioli, A., Cavanna, L., Giardina, G., Musolino, A., Untch, M., Orlando, L.,
Artioli, F., Boni, C., Generali, D. G., Serra, P., Bagnalasta, M., Marini, L.,
Piacentini, F., D'Amico, R., and Conte, P. (2012) Preoperative chemotherapy plus
trastizumab, lapatinib, or both in human epidermal growth factor receptor 2
positive operable breast cancer: results of the randomized phase IFHCBER

study.J Clin Oncol30, 19891995

Cahill, D. P., Lengauer, C., Yu, J., Riggins, G. J., Willson, JIM&arkowitz, S.
D., Kinzler, K. W., and Vogelstein, B. (1998) Mutations of mitotic checkpoint
genes in human canceMature392 300303

142



152.

153.

154.

155.

Joensuu, H., Isola, J., Lundin, M., Salminen, T., Holli, K., Kataja, V., Pylkkanen,
L., TurpeenniemHujanen, T., en Smitten, K., and Lundin, J. (2003)
Amplification of erbB2 and erbB2 expression are superior to estrogen receptor
status as risk factors for distant recurrence in pT1NOMO breast cancer: a
nationwide populatiotrased studyClin Cancer Re®9, 923930

Berchuck, A., Kamel, A., Whitaker, R., Kerns, B., Olt, G., Kinney, R., Soper, J.
T., Dodge, R., Clark@earson, D. L., Marks, P., and et al. (1990) Overexpression
of HER-2/neu is associated with poor survival in advanced epithelial ovarian
cancerCancerRes50, 40874091

Hisaoka, K. K. (1958) The effects ofazetylaminofluorene on the embryonic
development of the zebrafish. Il. Histochemical studizsicer Red8, 664667

Streisinger, G., Walker, C., Dower, N., Knauber, D., and Singer, F1)198
Production of clones of homozygous diploid zebra fish (Brachydanio rerio).
Nature291, 293296

143



156. Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M.,
Collins, J. E., Humphray, S., McLaren, K., Matthews, L., MemIS., Sealy, .,
Caccamo, M., Churcher, C., Scott, C., Barrett, J. C., Koch, R., Rauch, G. J.,
White, S., Chow, W., Kilian, B., Quintais, L. T., Gueasuncao, J. A., Zhou,
Y.,Gu, Y., Yen, J., Vogel, J. H., Eyre, T., Redmond, S., Banerjee, R., (i, J.
B., Langley, E., Maguire, S. F., Laird, G. K., Lloyd, D., Kenyon, E., Donaldson,
S., Sehra, H., Almeid&ing, J., Loveland, J., Trevanion, S., Jones, M., Quail, M.,
Willey, D., Hunt, A., Burton, J., Sims, S., McLay, K., Plumb, B., Davis, J., Clee,
C., Oliver, K., Clark, R., Riddle, C., Elliot, D., Threadgold, G., Harden, G., Ware,
D., Begum, S., Mortimore, B., Kerry, G., Heath, P., Phillimore, B., Tracey, A.,
Corby, N., Dunn, M., Johnson, C., Wood, J., Clark, S., Pelan, S., Griffiths, G.,
Smith, M., dithero, R., Howden, P., Barker, N., Lloyd, C., Stevens, C., Harley,
J., Holt, K., Panagiotidis, G., Lovell, J., Beasley, H., Henderson, C., Gordon, D.,
Auger, K., Wright, D., Collins, J., Raisen, C., Dyer, L., Leung, K., Robertson, L.,
Ambridge, K., Leongmornlert, D., McGuire, S., Gilderthorp, R., Griffiths, C.,
Manthravadi, D., Nichol, S., Barker, G., Whitehead, S., Kay, M., Brown, J.,
Murnane, C., Gray, E., Humphries, M., Sycamore, N., Barker, D., Saunders, D.,
Wallis, J., Babbage, A., Hammond, S., MagthiMohammadi, M., Barr, L.,

Martin, S., Wray, P., Ellington, A., Matthews, N., Ellwood, M., Woodmansey, R.,
Clark, G., Cooper, J., Tromans, A., Grafham, D., Skuce, C., Pandian, R.,
Andrews, R., Harrison, E., Kimberley, A., Garnett, J., Fosker, N., Rall,

Garner, P., Kelly, D., Bird, C., Palmer, S., Gehring, I., Berger, A., Dooley, C. M.,
ErsanUrun, Z., Eser, C., Geiger, H., Geisler, M., Karotki, L., Kirn, A., Konantz,
J., Konantz, M., Oberlander, M., Rudot@eiger, S., Teucke, M., Lanz, C.,
RaddatzG., Osoegawa, K., Zhu, B., Rapp, A., Widaa, S., Langford, C., Yang, F.,
Schuster, S. C., Carter, N. P., Harrow, J., Ning, Z., Herrero, J., Searle, S. M.,
Enright, A., Geisler, R., Plasterk, R. H., Lee, C., Westerfield, M., de Jong, P. J.,
Zon, L. I., Podethwait, J. H., Nussleivolhard, C., Hubbard, T. J., Roest

Crollius, H., Rogers, J., and Stemple, D. L. (2013) The zebrafish reference
genome sequence and its relationship to the human geNatuee496, 498503

157. Pliss, G. B., Zabezhinski, M. A., ®ev, A. S., and Khudoley, V. V. (1982)
Peculiarities of Nnhitramines carcinogenic actioArch Geschwulstforsch2, 629
634

158. Amatruda, J. F., Shepard, J. L., Stern, H. M., and Zon, L. |. (2002) Zebrafish as a
cancer model syster@ancer Celll, 229231

159. Lam, S. H., and Gong, Z. (2006) Modeling liver cancer using zebrafish: a
comparative oncogenomics approackll Cycle5, 573577

160. Patton, E. E., and Zon, L. I. (2001) The art and design of genetic screens:
zebrafishNat Rev Gen&2, 956966

144



161.

162.

163.

164.

165.

166.

167.

168.

Driever, W., Solnic&Krezel, L., Schier, A. F., Neuhauss, S. C., Malicki, J.,
Stemple, D. L., Stainier, D. Y., Zwartkruis, F., Abdelilah, S., Rangini, Z., Belak,
J., and Boggs, C. (1996) A genetic screen for mutations affecting embryogenesis
in zebrafi®. Developmen123 37-46

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M., Kane,

D. A., Odenthal, J., van Eeden, F. J., Jiang, Y. J., Heisenberg, C. P., Kelsh, R. N.,
FurutaniSeiki, M., Vogelsang, E., Beuchle, D., Schach, @hi&n, C., and
NussleirVolhard, C. (1996) The identification of genes with unique and essential
functions in the development of the zebrafish, Danio r@evelopmeni23 1-

36

Frazer, J. K., Meeker, N. D., Rudner, L., Bradley, D. F., Smith, AD@narest,

B., Joshi, D., Locke, E. E., Hutchinson, S. A., Tripp, S., Perkins, S. L., and Trede,
N. S. (2009) Heritable -Eell malignancy models established in a zebrafish
phenotypic screer.eukemia23, 18251835

Shepard, J. L., Amatruda, J. F., Stéfin M., Subramanian, A., Finkelstein, D.,

Ziai, J., Finley, K. R., Pfaff, K. L., Hersey, C., Zhou, Y., Barut, B., Freedman, M.,
Lee, C., Spitsbergen, J., Neuberg, D., Weber, G., Golub, T. R., Glickman, J. N.,
Kutok, J. L., Aster, J. C., and Zon, L. I. 3 A zebrafish bmyb mutation causes
genome instability and increased cancer susceptilflityc Natl Acad Sci U S A
102 1319413199

Amsterdam, A., Burgess, S., Golling, G., Chen, W., Sun, Z., Townsend, K.,
Farrington, S., Haldi, M., and Hopkins, L999) A largescale insertional
mutagenesis screen in zebrafi§lenes DeWl3, 27132724

Amsterdam, A., Sadler, K. C., Lai, K., Farrington, S., Bronson, R. T., Lees, J. A.,
and Hopkins, N. (2004) Many ribosomal protein genes are cancer genes in
zebafish.PLoS Biol2, E139

Berghmans, S., Murphey, R. D., Wienholds, E., Neuberg, D., Kutok, J. L.,
Fletcher, C. D., Morris, J. P., Liu, T. X., Schulterker, S., Kanki, J. P., Plasterk,
R., Zon, L. I., and Look, A. T. (2005) tp53 mutant zebrafish gvemalignant
peripheral nerve sheath tumoPsoc Natl Acad Sci U S 202 407412

Stern, H. M., Murphey, R. D., Shepard, J. L., Amatruda, J. F., Straub, C. T., Pfaff,
K. L., Weber, G., Tallarico, J. A., King, R. W., and Zon, L. I. (2005) Small
moleailes that delay S phase suppress a zebrafish bmyb migar@hem Bioll,
366-370

145



169.

170.

171.

172.

173.

174.

175.

176.

Langenau, D. M., Traver, D., Ferrando, A. A., Kutok, J. L., Aster, J. C., Kanki, J.
P., Lin, S., Prochownik, E., Trede, N. S., Zon, L. I., and Look, A. T. (2003} Myc
induced T cell leukemia in transgenic zebrafStience299, 887890

Langenau, D. M., Feng, H., Berghmans, S., Kanki, J. P., Kutok, J. L., and Look,
A. T. (2005) Crel/loxregulated transgenic zebrafish model with conditional-myc
induced T cell acute lyphoblastic leukemigP?roc Natl Acad Sci U S 202,
60686073

Feng, H., Langenau, D. M., Madge, J. A., Quinkertz, A., Gutierrez, A., Neuberg,
D. S., Kanki, J. P., and Look, A. T. (2007) Hsabck induction of Icell
lymphoma/leukaemia in conditionar&lox-regulated transgenic zebrafigr. J
Haematol138 169175

Sabaawy, H. E., Azuma, M., Embree, L. J., Tsai, H. J., Starost, M. F., and
Hickstein, D. D. (2006) TEJAML1 transgenic zebrafish model of precursor B
cell acute lymphoblastic leukemi@roc Natl Acad Sci U S 203 1516615171

Yang, H. W., Kutok, J. L., Lee, N. H., Piao, H. Y., Fletcher, C. D., Kanki, J. P.,
and Look, A. T. (2004) Targeted expression of human MYCN selectively causes
pancreatic neuroendocrine tumors in transgenicafish. Cancer Re$4, 7256

7262

Patton, E. E., Widlund, H. R., Kutok, J. L., Kopani, K. R., Amatruda, J. F.,
Murphey, R. D., Berghmans, S., Mayhall, E. A., Traver, D., Fletcher, C. D.,
Aster, J. C., Granter, S. R., Look, A. T., Lee, C., Fisher, Parfl Zon, L. I.

(2005) BRAF mutations are sufficient to promote nevi formation and cooperate
with p53 in the genesis of melanon@urr Biol 15, 249254

Langenau, D. M., Keefe, M. D., Storer, N. Y., Guyon, J. R., Kutok, J. L., Le, X.,
Goessling, W., Huberg, D. S., Kunkel, L. M., and Zon, L. I. (2007) Effects of
RAS on the genesis of embryonal rhabdomyosarc@eaes DeR1, 13821395

Lee, L. M., Seftor, E. A., Bonde, G., Cornell, R. A., and Hendrix, M. J. (2005)
The fate of human malignant melana cells transplanted into zebrafish embryos:
assessment of migration and cell division in the absence of tumor forniaéon.
Dyn 233 15601570

146



177.

178.

179.

180.

181.

182.

183.

184.

185.

Topczewska, J. M., Postovit, L. M., Margaryan, N. V., Sam, A., Hess, A. R,,
Wheaton, W. W., Nickoloff, BJ., Topczewski, J., and Hendrix, M. J. (2006)
Embryonic and tumorigenic pathways converge via Nodal signaling: role in
melanoma aggressiveneb&at Med12, 925932

Haldi, M., Ton, C., Seng, W. L., and McGrath, P. (2006) Human melanoma cells
transplated into zebrafish proliferate, migrate, produce melanin, form masses and
stimulate angiogenesis in zebrafisimgiogenesi9, 139151

Lam, S. H., Chua, H. L., Gong, Z., Lam, T. J., and Sin, Y. M. (2004)
Development and maturation of the immune gysie zebrafish, Danio rerio: a
gene expression profiling, in situ hybridization and immunological siDdy.
Comp Immunol8, 9-28

Nicoli, S., Ribatti, D., Cotelli, F., and Presta, M. (2007) Mammalian tumor
xenografts induce neovascularization in zéish embryosCancer Re$7, 2927
2931

Liao, F., Li, Y., O'Connor, W., Zanetta, L., Bassi, R., Santiago, A., Overholser, J.,
Hooper, A., Mignatti, P., Dejana, E., Hicklin, D. J., and Bohlen, P. (2000)
Monoclonal antibody to vascular endothekaldhein is a potent inhibitor of
angiogenesis, tumor growth, and metast&ssicer Re$0, 68056810

KellokumpuLehtinen, P., Talpaz, M., Harris, D., Van, Q., Kurzrock, R., and
Estrov, Z. (1996) Leukemimhibitory factor stimulates breast, kidney and
prostate cancer cell proliferation by paracrine and autocrine pathimays.
Cancer66, 515519

Queen, M. M., Ryan, R. E., Holzer, R. G., Kellck, C. R., and Jorcyk, C. L.
(2005) Breast cancer cells stimulate neutrophils to produce oncostatin M:
patential implications for tumor progressiddancer Re$5, 88968904

Guo, Y., Xu, F., Lu, T., Duan, Z., and Zhang, Z. (2012) Interlekaignaling
pathway in targeted therapy for candeancer Treat Re88, 904910

Welcsh, P. L., and King, MC. (2001) BRCA1 and BRCAZ2 and the genetics of
breast and ovarian cancelum Mol Genel0, 705713

147



186.

187.

188.

189.

190.

191.

192.

193.

194.

Meyer, A., and Schartl, M. (1999) Gene and genome duplications in vertebrates:
the oneto-four (-to-eight in fish) rule and the evolution of novel gdaections.
Curr Opin Cell Biol11, 699704

Faucherre, A., Taylor, G. S., Overvoorde, J., Dixon, J. E., and Hertog, J. (2008)
Zebrafish pten genes have overlapping andnedindant functions in
tumorigenesis and embryonic developm@nricogene&7, 100-1086

DeNardo, D. G., and Coussens, L. M. (2007) Inflammation and breast cancer.
Balancing immune response: crosstalk between adaptive and innate immune cells
during breast cancer progressiBneast Cancer Re$ 212

Lakshmi Narendra, B., Eshndar Reddy, K., Shantikumar, S., and Ramakrishna,
S. (2013) Immune system: a douleldged sword in cancdnflamm Re$2, 823
834

Witz, I. P. (2008) Tumemicroenvironment interactions: dangerous liais@yh:
Cancer Red00, 203229

White, R. M, Sessa, A., Burke, C., Bowman, T., LeBlanc, J., Ceol, C., Bourque,
C., Dovey, M., Goessling, W., Burns, C. E., and Zon, L. I. (2008) Transparent
adult zebrafish as a tool for in vivo transplantation anal@ed.Stem CelR, 183
189

Westerfield, M (1995)The Zebrafish Book. A Guide for the Laboratory Use of
Zebrafish (Danio rerio)Jniversity of Oregon Press, Eugene, OR

Rowley, J. D. (1973) Letter: A new consistent chromosomal abnormality in
chronic myelogenous leukaemia identified by quinaefluorescence and
Giemsa stainingNature243 290293

Druker, B. J., Guilhot, F., O'Brien, S. G., Gathmann, |., Kantarjian, H.,
Gattermann, N., Deininger, M. W., Silver, R. T., Goldman, J. M., Stone, R. M.,
Cervantes, F., Hochhaus, A., Powell, B. Gabrilove, J. L., Rousselot, P.,
Reiffers, J., Cornelissen, J. J., Hughes, T., Agis, H., Fischer, T., Verhoef, G.,
Shepherd, J., Saglio, G., Gratwohl, A., Nielsen, J. L., Radich, J. P., Simonsson,
B., Taylor, K., Baccarani, M., So, C., Letvak, L., Lars®. A., and Investigators,

I. (2006) Fiveyear followup of patients receiving imatinib for chronic myeloid
leukemia.N Engl J Med355 24082417

148



195. de The, H., and Chen, Z. (2010) Acute promyelocytic leukaemia: novel insights
into the mechanisms of ra1 Nat Rev Cancet0, 775783

196. De Botton, S., Dombret, H., Sanz, M., Miguel, J. S., Caillot, D., Zittoun, R.,
Gardembas, M., Stamatoulas, A., Conde, E., Guerci, A., Gardin, C., Geiser, K.,
Makhoul, D. C., Reman, O., de la Serna, J., Lefrere, F., Gmoraj C., Chastang,

C., Degos, L., and Fenaux, P. (1998) Incidence, clinical features, and outcome of
all transretinoic acid syndrome in 413 cases of newly diagnosed acute
promyelocytic leukemia. The European APL GroBjmod92, 27122718

197. Fenaux, B.Chevret, S., Guerci, A., Fegueux, N., Dombret, H., Thomas, X., Sanz,
M., Link, H., Maloisel, F., Gardin, C., Bordessoule, D., Stoppa, A. M., Sadoun,
A., Muus, P., Wandt, H., Mineur, P., Whittaker, J. A., Fey, M., Daniel, M. T.,
Castaigne, S., and Degads,(2000) Longterm follow-up confirms the benefit of
all-trans retinoic acid in acute promyelocytic leukemia. European APL group.
Leukemial4, 13721377

198. Pruvot, B., Jacquel, A., Droin, N., Auberger, P., Bouscary, D., Tamburini, J.,
Muller, M., Fontemy, M., Chluba, J., and Solary, E. (2011) Leukemic cell
xenogratft in zebrafish embryo for investigating drug efficktaematologiced6,
612-616

199. Smithen, D. A., Forrester, A. M., Corkery, D. P., Dellaire, G., Colpitts, J.,
McFarland, S. A., Berman, B, and Thompson, A. (2013) Investigations
regarding the utility of prodigiosenes to treat leuker@igg Biomol Chenil, 62
68

200. Bentley, V. L., Veinotte, C. J., Corkery, D. P., Pinder, J. B., LeBlanc, M. A.,
Bedard, K., Weng, A. P., Berman, J. N., @wllaire, G. (2015) Focused
chemical genomics using zebrafish xenotransplantation ascipoal
therapeutic platform for -Eell acute lymphoblastic leukemidaematologica
100 70-76

201. Tang, Q., Abdelfattah, N. S., Blackburn, J. S., Moore, J. @rtiNez, S. A.,
Moore, F. E., Lobbardi, R., Tenente, I. M., Ignatius, M. S., Berman, J. N., Liwski,
R. S., Houvras, Y., and Langenau, D. M. (2014) Optimized cell transplantation
using adult rag2 mutant zebrafi$fiat Methodsl1, 821-824

202. Shannon, A. M.BouchiefHayes, D. J., Condron, C. M., and Toomey, D. (2003)
Tumour hypoxia, chemotherapeutic resistance and hypebkited therapies.
Cancer Treat Ref9, 297307

149



203. Frisch, S. M., and Francis, H. (1994) Disruption of epitheliatmgltrix
interactons induces apoptosisCell Biol124, 619626

204. Frisch, S. M., and Ruoslahti, E. (1997) Integrins and andikis. Opin Cell Biol
9, 701706

205. Giancotti, F. G. (2000) Complexity and specificity of integrin signallixiat Cell
Biol 2, E1314

206. Meredith, J. E., Jr., Fazeli, B., and Schwartz, M. A. (1993) The extracellular
matrix as a cell survival factosol Biol Cell 4, 953961

207. Naldini, L., Weidner, K. M., Vigna, E., Gaudino, G., Bardelli, A., Ponzetto, C.,
Narsimhan, R. P., Hartmann, Garnegar, R., Michalopoulos, G. K., and et al.
(1991) Scatter factor and hepatocyte growth factor are indistinguishable ligands
for the MET receptorEMBO J10, 28672878

208. Wei, M. C., Zong, W. X., Cheng, E. H., Lindsten, T., Panoutsakopoulou, V.,
RossA. J., Roth, K. A., MacGregor, G. R., Thompson, C. B., and Korsmeyer, S.
J. (2001) Proapoptotic BAX and BAK: a requisite gateway to mitochondrial
dysfunction and deatlscience292 727730

209. Pop, C., Timmer, J., Sperandio, S., and Salvesen, G. $8)(206 apoptosome
activates caspaseby dimerizationMol Cell 22, 269275

210. Zou, H., Henzel, W. J., Liu, X., Lutschg, A., and Wang, X. (1997) Apat
human protein homologous to C. elegans &EDarticipates in cytochrome ¢
dependent activation achspase. Cell 90, 405413

211. Reginato, M. J., Mills, K. R., Paulus, J. K., Lynch, D. K., Sgroi, D. C., Debnath,
J., Muthuswamy, S. K., and Brugge, J. S. (2003) Integrins and EGFR coordinately
regulate the prapoptotic protein Bim to prevent anoikidat Cell Biol5, 733
740

212. Puthalakath, H., Huang, D. C., O'Reilly, L. A., King, S. M., and Strasser, A.
(1999) The proapoptotic activity of the BZlfamily member Bim is regulated by
interaction with the dynein motor compléMol Cell 3, 287296

150



213. Merino, D., Giam, M., Hughes, P. D., Siggs, O. M., Heger, K., O'Reilly, L. A.,
Adams, J. M., Strasser, A., Lee, E. F., Fairlie, W. D., and Bouillet, P. (2009) The
role of BH3only protein Bim extends beyond inhibiting B&like prosurvival
proteins.J CellBiol 186 355362

214. Gavathiotis, E., Suzuki, M., Davis, M. L., Pitter, K., Bird, G. H., Katz, S. G., Tu,
H. C., Kim, H., Cheng, E. H., Tjandra, N., and Walensky, L. D. (2008) BAX
activation is initiated at a novel interaction sNeture455, 10761081

215. Czabotar, P. E., Colman, P. M., and Huang, D. C. (2009) Bax activation by Bim?
Cell Death Differl6, 11871191

216. Chen, L., Willis, S. N., Wei, A., Smith, B. J., Fletcher, J. |., Hinds, M. G.,
Colman, P. M., Day, C. L., Adams, J. M., and HuangZCD(2005) Differential
targeting of prosurvival Be2 proteins by their BH®nly ligands allows
complementary apoptotic functioklol Cell 17, 393403

217. Willis, S. N., Chen, L., Dewson, G., Wei, A., Naik, E., Fletcher, J. I., Adams, J.
M., and Huang, DC. (2005) Proapoptotic Bak is sequestered by Mahd Bcl
XL, but not Bct2, until displaced by BH®&nly proteinsGenes Dew9, 1294
1305

218. Martin, D. A., Siegel, R. M., Zheng, L., and Lenardo, M. J. (1998) Membrane
oligomerization and cleavage aettes the caspase(FLICE/MACHalphal)
death signald Biol Chen73 43454349

219. Yang, X., Chang, H. Y., and Baltimore, D. (1998) Autoproteolytic activation of
pro-caspases by oligomerizatiaviol Cell 1, 319325

220. Marconi, A., Atzei, P., Panza, ila, C., Tiberio, R., Truzzi, F., Wachter, T.,
Leverkus, M., and Pincelli, C. (2004) FLICE/casp8s&ctivation triggers anoikis
induced by betaintegrin blockade in human keratinocyt@<Cell Scil117, 5815
5823

221. Aoudjit, F., and Vuori, K. (2001) Kitrix attachment regulates Fiasluced
apoptosis in endothelial cells: a role feflip and implications for anoikisl Cell
Biol 152 633643

151



222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

Stupack, D. G., Puente, X. S., Boutsaboualoy, S., Storgard, C. M., and Cheresh,
D. A. (2001) Apoptosis ofdgherent cells by recruitment of casp&st unligated
integrins.J Cell Biol 155, 459470

GabarraNiecko, V., Schaller, M. D., and Dunty, J. M. (2003) FAK regulates
biological processes important for the pathogenesis of cabarcer Metastasis
Rev22, 359374

Cooper, L. A, Shen, T. L., and Guan, J. L. (2003) Regulation of focal adhesion
kinase by its aminterminal domain through an autoinhibitory interactibtal
Cell Biol 23, 80368041

Lietha, D., Cai, X., Ceccarelli, D. F., Li, Y., Salker, M. D., and Eck, M. J.
(2007) Structural basis for the autoinhibition of focal adhesion kit2edE129,
11771187

Chen, H. C., and Guan, J. L. (1994) Association of focal adhesion kinase with its
potential substrate phosphatidylinositekiBase.Proc Natl Acad Sci U S 44,
1014810152

Xing, Z., Chen, H. C., Nowlen, J. K., Taylor, S. J., Shalloway, D., and Guan, J. L.
(1994) Direct interaction of-%rc with the focal adhesion kinase mediated by the
Src SH2 domainMol Biol Cell 5, 413421

Schlaepfer, D. D., Hanks, S. K., Hunter, T., and van der Geer, P. (1994) Integrin
mediated signal transduction linked to Ras pathway by GRB2 binding to focal
adhesion kinaséature372 786791

Zarich, N., Oliva, J. L., Martinez, N., Jorge, Rallester, A., GutierreEisman,
S., Garciavargas, S., and Rojas, J. M. (2006) Grb2 is a negative modulator of the
intrinsic RasGEF activity of hSosIMol Biol Cell 17, 35913597

Taddei, M. L., Giannoni, E., Fiaschi, T., and Chiarugi, P. (2012)kég1aan
emerging hallmark in health and diseageBathol226, 380-393

Valastyan, S., and Weinberg, R. A. (2011) Tumor metastasis: molecular insights
and evolving paradigmgell 147, 275292

152



232. Kalluri, R., and Weinberg, R. A. (2009) The basitgpitheliatmesenchymal
transition.J Clin Investl19 14201428

233. Yang, J., Mani, S. A., Donaher, J. L., Ramaswamy, S., ltzykson, R. A., Come, C.,
Savagner, P., Gitelman, I., Richardson, A., and Weinberg, R. A. (2004) Twist, a
master regulator of mohpgenesis, plays an essential role in tumor metastasis.
Cell 117, 927939

234. Cano, A., Peremoreno, M. A., Rodrigo, I., Locascio, A., Blanco, M. J., del
Barrio, M. G., Portillo, F., and Nieto, M. A. (2000) The transcription factor snail
controls epithehl-mesenchymal transitions by repressingdflherin expression.
Nat Cell Biol2, 7683

235. Kwok, W. K., Ling, M. T., Lee, T. W,, Lau, T. C., Zhou, C., Zhang, X., Chua, C.
W., Chan, K. W., Chan, F. L., Glackin, C., Wong, Y. C., and Wang, X. (2005)
Up-regdation of TWIST in prostate cancer and its implication as a therapeutic
target.Cancer Re$5, 51535162

236. Kajita, M., McClinic, K. N., and Wade, P. A. (2004) Aberrant expression of the
transcription factors snail and slug alters the response to genstessMol
Cell Biol 24, 75597566

237. Escriva, M., Peiro, S., Herranz, N., Villagrasa, P., Dave, N., Montsgerais,
B., Murray, S. A., Franci, C., Gridley, T., Virtanen, I., and Garcia de Herreros, A.
(2008) Repression of PTEN phosphatase bylSt@inscriptional factor during
gamma radiatioiinduced apoptosidlol Cell Biol 28, 15281540

238. Huber, M. A., Azoitei, N., Baumann, B., Grunert, S., Sommer, A., Pehamberger,
H., Kraut, N., Beug, H., and Wirth, T. (2004) NBppaB is essential for
epitheliakmesenchymal transition and metastasis in a model of breast cancer
progressiond Clin Investl14, 569581

239. Li, C. W, Xia, W., Huo, L., Lim, S. O., Wu, Y., Hsu, J. L., Chao, C. H.,
Yamaguchi, H., Yang, N. K., Ding, Q., Wang, Y., Lai, Y. J., LHBA. M., Wu,
T. J., Lin, B. R., Yang, M. H., Hortobagyi, G. N., and Hung, M. C. (2012)
Epitheliakmesenchymal transition induced by Tdlpha requires NdkappaB
mediated transcriptional upregulation of Twistincer Re§2, 12901300

240. Wu, Y., DengJd., Rychahou, P. G., Qiu, S., Evers, B. M., and Zhou, B. P. (2009)
Stabilization of snail by NdkappaB is required for inflammatianduced cell
migration and invasiorCancer Celll5, 416428

153



241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

Nakshatri, H., BhaNakshatri, P., Martin, D. A., GouleR. J., Jr., and Sledge, G.
W., Jr. (1997) Constitutive activation of Nd@ppaB during progression of breast
cancer to hormonmdependent growttMol Cell Biol 17, 36293639

BueseRamos, C. E., Rocha, F. C., Shishodia, S., Medeiros, L. J., Kantéfjian,
M., VadhanRaj, S., Estrov, Z., Smith, T. L., Nguyen, M. H., and Aggarwal, B. B.
(2004) Expression of constitutively active nuckkappa B RelA transcription
factor in blasts of acute myeloid leukemitum Pathol35, 246253

Thornburg, N. J., Patnanathan, R., and Radlaub, N. (2003) Activation of
nuclear factokappaB p50 homodimer/B& complexes in nasopharyngeal
carcinomaCancer Re$3, 82938301

Toruner, M., FernandeZapico, M., Sha, J. J., Pham, L., Urrutia, R., and Egan, L.
J. (20®) Antianoikis effect of nuclear factdappaB through upegulated
expression of osteoprotegerin, BQLand IAR1. J Biol Chen281, 86868696

Hynes, R. O. (2002) Integrins: bidirectional, allosteric signaling machiedk.
110 673687

Barczyk M., Carracedo, S., and Gullberg, D. (2010) Integi@edl Tissue Res
339, 269280

Plantefaber, L. C., and Hynes, R. O. (1989) Changes in integrin receptors on
oncogenically transformed cellSell 56, 281290

Janes, S. M., and Watt, F. M. (20®witch from alphavbeta5 to alphavbeta6
integrin expression protects squamous cell carcinomas from anbikesl Biol
166, 419431

Desgrosellier, J. S., Bagg, L. A., Shields, D. J., Huang, M., Lau, S. K., Prevost,
N., Tarin, D., Shattil, S. J., and Cheresh, D. A. (2009) An integrin
alpha(v)beta(3x-Src oncogenic unit promotes anchoraiggependence and
tumor progressioMat Med15, 11631169

Brabek, J, Constancio, S. S., Siesser, P. F., Shin, N. Y., Pozzi, A., and Hanks, S.
K. (2005) Crkassociated substrate tyrosine phosphorylation sites are critical for
invasion and metastasis of SR@nsformed cellaviol Cancer Re8, 307315

154



251.

252.

253.

254,

255.

256.

257.

258.

259.

Cho, S. Y., anKlemke, R. L. (2000) Extracellulaegulated kinase activation
and CAS/Crk coupling regulate cell migration and suppress apoptosis during
invasion of the extracellular matrix.Cell Biol 149 223236

Albelda, S. M., Mette, S. A,, Elder, D. E., Stey&., Damjanovich, L., Herlyn,
M., and Buck, C. A. (1990) Integrin distribution in malignant melanoma:
association of the beta 3 subunit with tumor progres§lancer Re$0, 6757
6764

McCabe, N. P., De, S., Vasanji, A., Brainard, J., and Byzowd, [R007)
Prostate cancer specific integrin alphavbeta3 modulates bone metastatic growth
and tissue remodelin@ncogene&6, 62386243

Gruber, G., Hess, J., Stiefel, C., Aebersold, D. M., Zimmer, Y., Greiner, R. H.,
Studer, U., Altermatt, H. J., Hlbshuk, R., and Djonov, V. (2005) Correlation
between the tumoral expression of betst8grin and outcome in cervical cancer
patients who had undergone radiotherdgryJ Cancer2, 41-46

Burnier, J. V., Wang, N., Michel, R. P., Hassanain, M., LiL8,,Y., Metrakos,

P., Antecka, E., Burnier, M. N., Ponton, A., Gallinger, S., and Brodt, P. (2011)
Type IV collageninitiated signals provide survival and growth cues required for
liver metastasisOncogene30, 37663783

Brown, C. W., Brodsky, A. Sand Freiman, R. N. (2015) Notch3 overexpression
promotes anoikis resistance in epithelial ovarian cancer via upregulation of
COL4A2. Mol Cancer Re43, 7885

del Pozo, M. A., Alderson, N. B., Kiosses, W. B., Chiang, H. H., Anderson, R. G.,
and Schwae, M. A. (2004) Integrins regulate Rac targeting by internalization of
membrane domain§cience303 839842

Del Pozo, M. A., and Schwartz, M. A. (2007) Rac, membrane heterogeneity,
caveolin and regulation of growth by integriisends Cell Bioll7, 246250

del Pozo, M. A., Balasubramanian, N., Alderson, N. B., Kiosses, W. B., Grande
Garcia, A., Anderson, R. G., and Schwartz, M. A. (2005) Phesplieolinl
mediates integrimegulated membrane domain internalizatidat Cell Biol7,
901-908

155



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Koleske, A. J., Baltimore, D., and Lisanti, M. P. (1995) Reduction of caveolin and
caveolae in oncogenically transformed cdfisoc Natl Acad Sci U S 92, 1381
1385

Galbiati, F., Volonte, D., Engelman, J. A., Watanabe, G., Burk, R., Pestell, R. G
and Lisanti, M. P. (1998) Targeted downregulation of cavebissufficient to

drive cell transformation and hyperactivate the p42/44 MAP kinase cascade.
EMBO J17, 66336648

Nijhawan, D., Fang, M., Traer, E., Zhong, Q., Gao, W., Du, F., and \Wang
(2003) Elimination of Mcll is required for the initiation of apoptosis following
ultraviolet irradiationGenes De\L7, 14751486

Woods, N. T., Yamaguchi, H., Lee, F. Y., Bhalla, K. N., and Wang, H. G. (2007)
Anoikis, initiated by Mcll degradabn and Bim induction, is deregulated during
oncogenesiCancer Re$7, 1074410752

Chunhacha, P., Pongrakhananon, V., Rojanasakul, Y., and Chanvorachote, P.
(2012) Caveolirl regulates Mell stability and anoikis in lung carcinoma cells.
Am J PhysibCell Physiol302, C12841292

Hayer, A., Stoeber, M., Ritz, D., Engel, S., Meyer, H. H., and Helenius, A. (2010)
Caveolinl is ubiquitinated and targeted to intralumenal vesicles in
endolysosomes for degradatidnCell Biol191, 615629

Rungtaimapa, P., Nimmannit, U., Halim, H., Rojanasakul, Y., and Chanvorachote,
P. (2011) Hydrogen peroxide inhibits remall cell lung cancer cell anoikis

through the inhibition of caveokt degradationAm J Physiol Cell Physid00,
C235245

Chanvoracha, P., Nimmannit, U., Lu, Y., Talbott, S., Jiang, B. H., and
Rojanasakul, Y. (2009) Nitric oxide regulates lung carcinoma cell anoikis through
inhibition of ubiquitinproteasomal degradation of caveelin] Biol Chen284,
2847628484

Mizushima, N. (207) Autophagy: process and functi@enes DeR1, 2861
2873

Crotzer, V. L., and Blum, J. S. (2009) Autophagy and its role in Midiated
antigen presentatiod.Immunol182 33353341

156



270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

Virgin, H. W., and Levine, B. (2009) Autophagy genes in umity. Nat Immunol
10, 461470

Mizushima, N., and Klionsky, D. J. (2007) Protein turnover via autophagy:
implications for metabolismAnnu Rev NutR7, 1940

KarantzaWadsworth, V., Patel, S., Kravchuk, O., Chen, G., Mathew, R., Jin, S.,
and White, E. (2007) Autophagy mitigates metabolic stress and genome damage
in mammary tumorigenesi&enes DeR1, 16211635

Degenhardt, K., Mathew, R., Beaudoin, B., Bray, K., Anderson, D., Chen, G.,
Mukherjee, C., Shi, Y., Gelinas, C., Fan, Y., NelsonADJin, S., and White, E.
(2006) Autophagy promotes tumor cell survival and restricts necrosis,
inflammation, and tumorigenesiSancer Celll0, 51-64

Aita, V. M., Liang, X. H., Murty, V. V., Pincus, D. L., Yu, W., Cayanis, E.,
Kalachikov, S., Gillian, T. C., and Levine, B. (1999) Cloning and genomic
organization of beclin 1, a candidate tumor suppressor gene on chromosome
17921.Genomic$9, 59-65

Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H.,
and Levine, B. (1999nduction of autophagy and inhibition of tumorigenesis by
beclin 1.Nature402, 672676

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, H., Troxel, A., Rosen, J.,
Eskelinen, E. L., Mizushima, N., Ohsumi, Y., Cattoretti, G., and Levine, B.
(2003) Romotion of tumorigenesis by heterozygous disruption of the beclin 1
autophagy gené. Clin Investl12 18091820

Cadet, J., Ravanat, J. L., TavernaPorro, M., Menoni, H., and Angelov, D. (2012)
Oxidatively generated complex DNA damage: tandem andeckdlesions.
Cancer Let327, 515

Dyavaiah, M., Rooney, J. P., Chittur, S. V., Lin, Q., and Begley, T. J. (2011)
Autophagydependent regulation of the DNA damage response protein
ribonucleotide reductase WMol Cancer Re®, 462475

KatayamaM., Kawaguchi, T., Berger, M. S., and Pieper, R. O. (2007) DNA
damaging agenAhduced autophagy produces a cytoprotective adenosine
triphosphate surge in malignant glioma cellell Death Differl4, 548558

157



280.

281.

282.

283.

284.

285.

286.

287.

288.

D'Angiolella, V., Santarpia, C., and Griedd. (2007) Oxidative stress overrides
the spindle checkpoinCell Cycle6, 576579

Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K.,
Chen, G., Jin, S., and White, E. (2007) Autophagy suppresses tumor progression
by limiting chromosomal instabilityzenes Dev1, 13671381

Fung, C., Lock, R., Gao, S., Salas, E., and Debnath, J. (2008) Induction of
autophagy during extracellular matrix detachment promotes cell suiMuhl.
Biol Cell 19, 797-806

Sun, L., Li, T., Weg Q., Zhang, Y., Jia, X., Wan, Z., and Han, L. (2014)
Upregulation of BNIP3 mediated by ERK/HIRlpha pathway induces

autophagy and contributes to anoikis resistance of hepatocellular carcinoma cells.
Future Oncoll0, 13871398

Cai, Q., Yan, L., an&u, Y. (2014) Anoikis resistance is a critical feature of
highly aggressive ovarian cancer cellmcogend

Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J., and van Bree, C.
(2006) Clonogenic assay of cells in vithat Protocl, 23152319

Roby, K. F., Taylor, C. C., Sweetwood, J. P., Cheng, Y., Pace, J. L., Tawfik, O.,
Persons, D. L., Smith, P. G., and Terranova, P. F. (2000) Development of a
syngeneic mouse model for events related to ovarian caleeinogenesif],
585591

Greenaway, J., Moorehead, R., Shaw, P., and Petrik, J. (2008) Epitivarabl
interaction increases cell proliferation, survival and tumorigenicity in a mouse
model of human epithelial ovarian cand8gnecol Oncol 08 385394

Mani, S. A., Guo, W.Liao, M. J., Eaton, E. N., Ayyanan, A., Zhou, A. Y.,
Brooks, M., Reinhard, F., Zhang, C. C., Shipitsin, M., Campbell, L. L., Polyak,
K., Brisken, C., Yang, J., and Weinberg, R. A. (2008) The epithelial
mesenchymal transition generates cells with propestiseem cellsCell 133
704715

158



289.

290.

291.

292.

293.

294,

295.

296.

297.

Kang, H. G., Jenabi, J. M., Zhang, J., Keshelava, N., Shimada, H., May, W. A,,
Ng, T., Reynolds, C. P., Triche, T. J., and Sorensen, P. H. (26€agierin cell

cell adhesion in ewing tumor cells mediates supprassi@anoikis through
activation of the ErbB4 tyrosine kinageancer Re$7, 30943105

Liu, Y., Asnani, A., Zou, L., Bentley, V. L., Yu, M., Wang, Y., Dellaire, G.,
Sarkar, K. S., Dai, M., Chen, H. H., Sosnovik, D. E., Shin, J. T., Haber, D. A,,
Berman, J. N., Chao, W., and Peterson, R. T. (2014) Visnagin protects against
doxorubicirinduced cardiomyopathy through modulation of mitochondrial
malate dehydrogenasgci Transl Med, 266ral70

Spitsbergen, J. M., and Kent, M. L. (2003) The state efitih of the zebrafish
model for toxicology and toxicologic pathology researativantages and current
limitations. Toxicol Pathol31 Suppl 62-87

Sampath, J., and Pelus, L. M. (2007) Alternative splice variants of survivin as
potential targets in caer.Curr Drug Discov Technat, 174191

Caldas, H., Jiang, Y., Holloway, M. P., Fangusaro, J., Mahotka, C., Conway, E.
M., and Altura, R. A. (2005) Survivin splice variants regulate the balance between
proliferation and cell deati®ncogen&4, 19942007

Mahotka, C., Wenzel, M., Springer, E., Gabbert, H. E., and Gerharz, C. D. (1999)
Survivin-deltaEx3 and survivi2B: two novel splice variants of the apoptosis
inhibitor survivin with different antiapoptotic properti€ancer Re$9, 6097

6102

Mahotka, C., Liebmann, J., Wenzel, M., Suschek, C. V., Schmitt, M., Gabbert, H.
E., and Gerharz, C. D. (2002) Differential subcellular localization of functionally
divergent survivin splice variant€ell Death Differ9, 13341342

Noton, E. A., Cahaghi, R., Tate, S., Starck, C., Carvalho, A., Ko Ferrigno, P.,

and Wheatley, S. P. (2006) Molecular analysis of survivin isoforms: evidence that
alternatively spliced variants do not play a role in mitasBiol Chen281, 1286

1295

Vivas-Mejia, P.E., RodriguezAguayo, C., Han, H. D., Shahzad, M. M.,
Valiyeva, F., Shibayama, M., Chaveyes, A., Sood, A. K., and Lopez
Berestein, G. (2011) Silencing survivin splice variant 2B leads to antitumor
activity in taxane-resistant ovarian cancetlin Caner Resl7, 37163726

159



298.

299.

300.

301.

302.

303.

304.

305.

306.

Matsuura, S., Kahyo, T., Shinmura, K., lwaizumi, M., Yamada, H., Funai, K.,
Kobayashi, J., Tanahashi, M., Niwa, H., Ogawa, H., Takahashi, T., Inui, N., Suda,
T., Chida, K., Watanabe, Y., and Sugimura, H. (2013) SGOL1 variantugesd
abnormal mitosis and resistance to taxane insmall cell lung cancer&ci Rep
3,3012

Wagner, P., Wang, B., Clark, E., Lee, H., Rouzier, R., and Pusztai, L. (2005)
Microtubule Associated Protein (MAH)au: a novel mediator of paclitaxel
sensiivity in vitro and in vivo.Cell Cycle4, 11491152

Tsyba, L., Skrypkina, I., Rynditch, A., Nikolaienko, O., Ferenets, G., Fortna, A.,
and Gardiner, K. (2004) Alternative splicing of mammalian Intersectin 1: domain
associations and tissue specifegtiGenomic84, 106113

Adams, A., Thorn, J. M., Yamabhai, M., Kay, B. K., and O'Bryan, J. P. (2000)
Intersectin, an adaptor protein involved in clathriadiated endocytosis,
activates mitogenic signaling pathwaysBiol Chen275, 2741427420

Predescu, S. A., Predescu, D. N., Knezevic, I., Klein, I. K., and Malik, A. B.
(2007) Intersectirls regulates the mitochondrial apoptotic pathway in endothelial
cells.J Biol Chen282 1716617178

Predescu, S. A., Predescu, D. N., Timblin, B. K.nSR V., and Malik, A. B.
(2003) Intersectin regulates fission and internalization of caveolae in endothelial
cells.Mol Biol Cell 14, 49975010

Pham, T. V., Hartomo, T. B., Lee, M. J., Hasegawa, D., Ishida, T., Kawasaki, K.,
Kosaka, Y., Yamamoto, TMorikawa, S., Yamamoto, N., Kubokawa, I., Mori,

T., Yanai, T., Hayakawa, A., Takeshima, Y., lijima, K., Matsuo, M., Nishio, H.,
and Nishimura, N. (2012) Rab15 alternative splicing is altered in spheres of
neuroblastoma cell©ncol Re@27, 20452049

Uezu, A., Horiuchi, A., Kanda, K., Kikuchi, N., Umeda, K., Tsujita, K., Suetsugu,
S., Araki, N., Yamamoto, H., Takenawa, T., and Nakanishi, H. (2007)
SGIP1lalpha is an endocytic protein that directly interacts with phospholipids and
Eps15J Biol Chen282 2648126489

Ayantunde, A. A., and Parsons, S. L. (2007) Pattern and prognostic factors in
patients with malignant ascites: a retrospective stddgals of Oncology8,
945949

160



307.

308.

309.

310.

311.

312.

313.

314.

Ahmed, N., and Stenvers, K. L. (2013) Getting to know ovarian cascees:
opportunities for targeted therapgpsed translational resear&mnont Oncol3,
256

Adam, R. A., and Adam, Y. G. (2004) Malignant ascites: past, present, and future.
J Am Coll Surdl98 9991011

Feldman, G. B., Knapp, R. C., Order, S, &d Hellman, S. (1972) The role of
lymphatic obstruction in the formation of ascites in a murine ovarian carcinoma.
Cancer Re82, 16631666

Bookman, M. A., McGuire, W. P., 3rd, Kilpatrick, D., Keenan, E., Hogan, W. M.,
Johnson, S. W., O'Dwyer, Rpwinsky, E., Gallion, H. H., and Ozols, R. F.
(1996) Carboplatin and paclitaxel in ovarian carcinoma: a phase | study of the
Gynecologic Oncology Grougd.Clin Oncoll14, 18951902

McGuire, W. P., Hoskins, W. J., Brady, M. F., Kucera, P. R., PagyiigE.,

Look, K. Y., ClarkePearson, D. L., and Davidson, M. (1996) Cyclophosphamide
and cisplatin compared with paclitaxel and cisplatin in patients with stage Ill and
stage IV ovarian canceX Engl J Med334, 1-6

Ozols, R. F., Bundy, B. N., Grea®. E., Fowler, J. M., ClarkPearson, D.,

Burger, R. A., Mannel, R. S., DeGeest, K., Hartenbach, E. M., Baergen, R., and
Gynecologic Oncology, G. (2003) Phase lll trial of carboplatin and paclitaxel
compared with cisplatin and paclitaxel in patients wiptimally resected stage

lIl ovarian cancer: a Gynecologic Oncology Group stJddglin Oncol21, 3194

3200

Herzog, T. J. (2004) Recurrent ovarian cancer: how important is it to treat to
disease progressioi@in Cancer Red40, 74397449

Markman M., Rowinsky, E., Hakes, T., Reichman, B., Jones, W., Lewis, J. L.,
Jr., Rubin, S., Curtin, J., Barakat, R., Phillips, M., and et al. (1992) Phase | trial of
intraperitoneal taxol: a Gynecoloic Oncology Group stddglin Oncoll10,

14851491

161



Appendix A Copyright Agreement S

@ Taylor & Francis
Tﬂ:.l f B Franci Croua

Permissions

T & F Reference Number: PO70115-04
THR2MS

Dale Corkery

5858 University Ave.
Halifax, NS B3H 4H7
Canada

dale.corkervidddalca

Diear Mr. Corkery,
We are in receipt of your request to reproduce your article

Dale P. Corkery, Alice C. Holly, Sara Lahsaee, Graham Dellaire (2015)

Connecting the speckles: Splicing kinases and their nole in tumeorigenesis and treatment response
Nucleus (online)

DOl 0.1080v18481034 2015.1062184

“ou retain the right as author to post your Accepted Manuscripts on your departmental or personal
bsite with the following acknowledgment: "This is an Accepted Manuscript of an article published in
Nucleus online [June 22, 2015], available online:

To be used as a section in your dissertation
This permission is for all electronic editions.
For the posting of the full article it must be in a secure, password-protected intranet site onky.

An embargo period of twelve months applies for the Accepted Manuscrpt to be posted to an
institutional or subject repository.

We will be pleased to grant you permission free of charge on the condition that-

This permission is for non-exclusive English world rights. This permission does not cover any third party
copyrighted work which may appear in the material requestad.

Full acknowledgment must be included showing article title, author, and full Joumal title, reprinted by
permission Taylor & Francis LLC, (http2/fwwow. tandfonline com).

Thank you very much for your interest in Taylor & Francis publications. Should you have any questions or
require further assistance, please feel free to contact me directhy.

Sincerely,

Mary Ann Muller

Permissions Coordinator

Telephone: 215.608.4334

E-mail: maryann.mullen@taylcrandfrancis.com

530 Wainut Streed, Sulte ES0, Philadelphia, PA 12105 - Phone: 215-625-8900 - Fax 215-207-0050
WVeb: wana tandroniine.com

162



Tavlor & Francis

Tate er EFrancis Craua
Permissions

T & F Reference Number: P051515-05
AME2015

Dale Corkery
PhD Candidate

Dept. Biochemisiry and Molecular Biology
Dalhousie University

dale corkenviidales
Dear Mr. Corkery,
We are in receipt of your request to reproduce your Open Access article
Dale P. Corkery, Cécile Le Page, Liliane Meunier, Diane Provencher,
Anne-Marie Mes-Masson & Graham Dellaire (2015)
PRP4K is a HERZ-regulated modifier of taxane sensitivity
Cell Cycle 14 (T 1058-1060.
in your thesis
This permission is all for print and electronic editions.
We will be pleased to grant you permission free of charge on the condition that:

This permission is for non-exclusive English world rights. This permission does not cover any third party
copyrighted work which may appear in the material requested.

Full acknowledgment must be included showing article title, author, and full Joumnal title, reprinted by
permission of Taylor & Francis LLC (hitp:/fwww_ tandfonline.com ).

Thank you very much for your interest in Taylor & Francis publications. Should you have any questions or
require further assistance, please feel free to contact me directhy.

Sincerely,

Mary Ann Muller

Permissions Coordinator

Telephone: 215.608.4334

E-mail: marvann mullerftaviorandfrancis.com

530 Walnut Street, Sulte 850, Philadelphla. PA 19106 - Phone: 215-625-3800 = Fax: 215-207-0050
Web: waw. iandfonline.com

163



5/21/2015

Rightslink Printable License

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

May 21, 2015

This Agreement between Dale P Corkery ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Pages

Type of use

Requestor type

Format

Portion

Will you be translating?

Title of your thesis /
dissertation

Expected completion date

Expected size (humber of
pages)

Requestor Location

Billing Type
Billing Address

Total

https://s100.copyright.com/App/PrintableLicenseFrame jsp?publisher|D=140;

3633671002562

May 21, 2015

John Wiley and Sons

British Journal of Haematology

Leukaemia xenotransplantation in zebrafish - chemotherapy
response assay in vivo

Dale P. Corkery,Graham Dellaire,Jason N. Berman
Apr 22,2011

4

Dissertation/Thesis

Author of this Wiley article

Print and electronic

Full article

No

PRP4K is a novel HER2-regulated maodifier of anoikis and taxane
resistance

Aug 2015
250

Dale P Corkery
960 Barrington St. Apt. 405

Halifax, NS B3H2P7
Canada
Attn: Dale P Corkery

Invoice

Dale P Corkery
960 Barrington St. Apt. 405

Halifax, NS B3H2P7
Canada
Attn: Dale P Corkery

0.00 CAD

Wiley&publi

Nam

164

tion=BJH &publi cation|D=279258rightID=18type. .



165



