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Abstract 

 PRP4K is an essential kinase identified in Schizosaccharomyces pombe for its 

role in regulating pre-mRNA splicing. In addition to its role in splicing, mammalian 

PRP4K has also been implicated in mitotic checkpoint signaling, host-viral interactions 

and the cellular response to several anti-cancer therapies. Work presented in this thesis 

furthers our understanding of the role of PRP4K in cancer treatment and identifies a 

novel role for PRP4K with implications in cancer progression and relapsed disease. 

A positive correlation between PRP4K and expression of the human epidermal 

growth factor receptor HER2 was identified in breast and ovarian cancer patient tumours, 

and shown to be a direct result of PRP4K regulation by HER2 signaling. Knock-down of 

PRP4K expression reduced the sensitivity of breast and ovarian cancer cell lines to the 

taxane family of anti-cancer agents, while low PRP4K levels correlated with in vitro-

derived and patient-acquired taxane resistance. Furthermore, high PRP4K expression 

correlated with better overall survival amongst patients with HER2
low

 high-grade serous 

ovarian cancer treated with platinum/taxane-based therapy. Therefore, PRP4K functions 

as a HER2-regulated modifier of taxane sensitivity and may have prognostic value as a 

marker of better overall survival in taxane-treated ovarian cancer patients. 

To aid in the study of tumour-drug interactions, a zebrafish xenotransplant model 

was developed which can be used to quantify proliferation rates of human cancer cells 

engrafted into zebrafish embryos. Unexpectedly, knock-down of PRP4K led to an 

increased proliferation of breast and ovarian cancer cell lines within zebrafish embryos, 

which was shown to be due to an increased resistance to anoikis. Loss of PRP4K prevents 

degradation of caveolin-1 in cells grown under conditions of low attachment which 

prevents detachment-induced apoptosis and promotes cell growth within three-

dimensional microenvironments, like that of the zebrafish embryo. 

Collectively, these results demonstrate that downregulation of PRP4K is a 

potential mechanism through which tumours can acquire a resistance 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 chapter contains material (Section 1.2.3, Figure 1.2, Figure 1.3) originally published 

in: 

“Corkery DP, Holly A, Lahsaee S, Dellaire G. 2015. Connecting the speckles: Splicing 

kinases and their role in tumorigenesis and treatment response. Nucleus. (In Press)” 

 

1.1 Preface 

Understanding the role of pre-mRNA processing factor 4 kinase (PRP4K) in the 

treatment and progression of cancer is the central focus of this thesis. This chapter 

provides an introduction to PRP4K beginning with its role in pre-mRNA splicing for 

which it was discovered. The limited literature surrounding PRP4K is reviewed to 

highlight additional roles for PRP4K with an emphasis placed on roles with implications 

in cancer and cancer treatment. The chapters which follow will present experimental 

evidence which furthers our understanding of the role of PRP4K in cancer treatment and 

identifies a novel role for PRP4K with implications for cancer progression and relapsed 

disease.    

 

1.2 PRP4K as a Regulator of Splicing   

1.2.1 Identification of prp4 in Schizosaccharomyces pombe 

PRP4K (also known as PRPF4B) was first identified in 1991 when a library of 

temperature sensitive (ts) Schizosaccharomyces pombe fission yeast mutants was 
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screened for splicing defects (1). In this study, cells of a strain of S. pombe with a ura4 

gene deletion (2) were treated with the chemical mutagen nitrosoguanidine and allowed 

to form colonies on solid medium at 25°C. The colonies, each derived from a single 

mutagenized cell, were replica-plated and shifted to 37°C which resulted in the 

identification of 150 ts mutants harbouring mutations which prevented growth at the 

increased temperature. In the budding yeast Saccharomyces cerevisiae, defects in pre-

mRNA splicing have been shown to account for greater than 5% of all ts mutants isolated 

due to the presence of introns within genes encoding ribosomal proteins (3,4). At the 

restrictive temperature, these mutations block the synthesis of ribosomes due to loss of 

ribosomal intron splicing (5-7). To determine if any of the S.pombe mutants displayed 

similar defects, the 150 ts mutants were transformed with a ura4 gene containing an 

artificial intron. By performing S1 nuclease protection experiments with a probe to the 

intron-containing gene, the group identified 3 mutants which accumulated un-spliced pre-

mRNA at the restrictive temperature. Complementation studies with the three pre-mRNA 

processing (prp) mutants previously identified in S. pombe (prp1, prp2, prp3) (8) 

revealed that only one of the mutants defined a new complementation group, and was 

named prp4 (1). Subsequent characterization of the prp4 gene revealed that the splicing 

factor encoded by the gene contained the characteristic sequence that defines a 

serine/threonine protein kinase, making prp4 the first kinase predicted to play a role in 

splicing (9).  

 

1.2.2 Cloning and Characterization of Mammalian PRP4K 
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   Cloning of the full length cDNA encoding human PRP4K identified a 170kDa-

polypeptide consisting of 1007 amino acids (10) (Figure 1.1A). The protein has an 

extended N terminus containing subdomains rich in lysine-histidine (KH) or arginine-

serine (RS) dipeptides (11), similar to those found in the serine/arginine-rich (SR) protein 

family of splicing factors. Mammalian PRP4K also contains a dual-specificity kinase 

domain which is 53% identical to that of the kinase domain of the S. pombe gene product 

and two conserved sequence motifs, MI (DDMFA) and MII (DNWTDAEGYYRV), 

which are essential for prp4 function in fission yeast (11,12). Immunofluorescence 

microscopy using antibodies directed against the N terminus of mammalian PRP4K 

revealed a nuclear speckle localization (Figure 1.1B) which co-localized with the 

splicing factor SC35, while western blot analysis identified a 152 kDa protein with 

multiple bands correlating with varying states of phosphorylation (11). In agreement with 

a conserved role in splicing, mammalian PRP4K was also shown to interact with pre-

mRNA splicing factors PRP6 and Suppressor-of-White-Apricot (SFSWAP) and co-purify 

with the U5 small nuclear ribonucleic protein (snRNP) (11).  

While significant evidence supported a role for PRP4K in the regulation of 

splicing, it was not until 2010 that the molecular mechanism of this regulation was 

identified. Work out of the lab of Reinhard Lührman revealed that PRP4K played an 

essential role in spliceosome assembly (13), discussed in the following section. 
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Figure 1.1 PRP4K domain structure and cellular localization. (A) Domain structure 

of human and S. pombe PRP4K. Adapted from (11). Percentage identity to human 

PRP4K is shown above each domain. (B) Immunofluorescence detection of PRP4K 

(green) in the SK-BR-3 human breast cancer cell line, counterstained for DNA with 

DAPI (blue). 
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1.2.3 PRP4K and Spliceosomal Assembly  

Transcribed pre-mRNA must be spliced to remove introns prior to nuclear export 

and translation. This process is carried out by the spliceosome, a large macromolecular 

machine composed of five snRNPs and numerous protein cofactors (14). Spliceosome 

assembly is a complex, multistep process as illustrated in Figure 1.2. The first step 

involves recognition of the 5’ and 3’ splice sites located on adjacent exons by U1 and U2 

snRNP respectively; a process which is mediated by the C-terminal domain of 

polymerase II. Binding of the U1 snRNP to the 5’ splice site is mediated by 

serine/argenine-rich splicing factor 1 (SRSF1), but only when the RS-domain of SRSF1 

is hyper-phosphorylated by the kinases CDC-like kinase 1 (CLK1) and serine-arginine 

protein kinase 1 (SRPK1) (15,16). Once U1 and U2 snRNP have bound their target splice 

site, they interact with each other to form the pre-spliceosome (complex A). The next step 

in assembly involves the binding of pre-assembled U4/U6-U5 tri-snRNP to complex A to 

form complex B; a reaction catalyzed by several proteins including SNU66, SAD1, and 

PRP28 (17,18). Complex B next undergoes a series of rearrangements resulting in the 

release of U1 and U4 snRNPs, creating a catalytically active complex B. Once 

catalytically active, the complex carries out the first of two splicing reactions to form 

complex C, containing the free exon from the 5’ splice site, and the intron-exon lariat 

intermediate, from the 3’ splice site. Complex C, after a series of rearrangements, carries 

out the second splicing reaction resulting in a post-spliceosomal complex containing the 

two spliced exons and the lariat intron. Finally, the remaining U2, U5 and U6 snRNPs are 

released from the transcript to be re-used in additional rounds of splicing. 



6 

 

In 2010, a study from the lab of Reinhard Lührman identified PRP4K as an 

essential regulator of spliceosomal assembly (13). Immunoblotting for splicing factors 

PRP6 and PRP31 in purified tri-snRNPs and B complexes revealed that these two 

proteins were phosphorylated during spliceosomal assembly, and that this modification 

was found predominantly within B complexes. With PRP4K having been shown 

previously to interact with and phosphorylate PRP6 (11), the group wished to determine 

whether PRP4K was responsible for these specific phosphorylation events. Nuclear 

extracts were immunodepleted for PRP4K and used for in vitro splicing assays which 

revealed that depletion of PRP4K did not prevent recruitment of PRP6 or PRP31 to the 

tri-snRNP, but did prevent their subsequent phosphorylation. Furthermore, analysis of 

spliceosomal complexes, found within the in vitro splicing reactions, indicated there was 

no change in tri-snRNP levels with PRP4K depletion, but there was a significant decrease 

in complex B formation, accompanied by an increase in complex A. Therefore, the 

PRP4K-mediated phosphorylation of PRP6 and PRP31 is required for tri-snRNP 

integration during complex B formation (Figure 1.2). 
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Figure 1.2 The role of PRP4K in spliceosome assembly. Assembly of the spliceosome 

occurs in a stepwise fashion beginning with the recognition and binding of the 5’ and 3’ 

splice site by U1 and U2 snRNP, respectively, to form complex A. This is followed by 

binding of the U4/U6-U5 tri-snRNP to form complex B; an event which is mediated by 

the phosphorylation of PRP6 and PRP31 by PRP4K. Complex B undergoes a re-

arrangement to form catalytically active complex B, which carries out the splicing event 

in two sequential reactions. The first reaction involves the nucleophilic attack of the first 

nucleotide of the intron at 5’ splice site. This results in the formation of complex C 

containing a free exon from the 5’ splice site and the intron-exon lariat intermediate from 

the 3’splice site. The second reaction involves the nucleophilic attack of the last 

nucleotide of the intron at the 3’ splice site which releases the lariat intron and allows for 

ligation of the exons. 
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In addition to phosphorylating PRP6 and PRP31, PRP4K has also been shown to 

interact with and phosphorylate the SR protein SRSF1 (also known as SF2/ASF) (10). 

SRSF1 phosphorylation is essential in mediating 5’ splice site selection during 

constitutive splicing (Figure 1.2), and in regulating splice site selection during alternative 

splicing (19,20). Alternative splicing occurs in an estimated 95% of human gene 

transcripts enhancing transcriptome complexity and proteome diversity in higher 

eukaryotes (21). The most frequent alternative splicing event is the choice to include or 

skip an exon, termed a cassette exon. Other alternative splicing events involve the 

inclusion of one of two mutually exclusive exons, the use of alternative 3’ and 5’ splice 

sites, intron retention and the use of alternative promoters or poly(A) sites (22). 

Alternative splicing also occurs in the 3’ and 5’ untranslated regions (UTR) of mRNA 

which can alter mRNA stability and/or translation efficiency (23). These events 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 exclusion (24). 

Phosphorylation of the SR proteins affects both their nuclear localization within nuclear 

speckle domains and their nucleo-cytoplasmic shuttling (Figure 1.3), thereby regulating 

their ability to bind target transcripts. It 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 shuttling. Unphosphorylated SR 

proteins in the cytoplasm are phosphorylated by SRPK1 and targeted for nuclear import 

via the SR protein import receptor, transportin-SR (TRN-SR) (25,26). Once in the 

nucleus, phosphorylated SR proteins become enriched in interchromatin granules called 

splicing speckle domains. To be recruited from speckles to nascent pre-mRNA, where 

they act to regulate both constitutive and alternative splicing, SR proteins require 

additional phosphorylation events (27) which are mediated by the splicing kinase CLK1 

(28) and potentially PRP4K. Once splicing is complete, hyper-phosphorylated SR 

proteins bound to mRNA are dephosphorylated by nuclear phosphatases (protein 

phosphatase 1 (PP1) and 2A (PP2A)) and are either recycled to the cytoplasm as a 

chaperone for mRNA export (29,30) where they also play a role in regulating translation 

of specific transcripts (31) or are re-phosphorylated and returned to speckles to await the 

next round of splicing. 
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1.3 PRP4K and the Spindle Assembly Checkpoint 

The spindle assembly checkpoint (SAC) acts as an essential regulator of genomic 

stability by delaying the metaphase-anaphase transition until proper chromosome 

segregation is guaranteed. The checkpoint becomes activated during metaphase and 

remains activated until every kinetochore is attached to a microtubule (32) and tension is 

generated across the kinetochore (33). Activation of the checkpoint begins with 

recruitment of the checkpoint proteins monopolar spindle 1 (MPS1), binding uninhibited 

by benzimidazoles 1 (BUB1), BUB3 and centromere-associated protein E (CENP-E) to 

the unattached kinetochore, which is mediated by the Aurora B/INCENP complex (34). 

This, in turn, promotes the recruitment of mitotic arrest deficient 1 (MAD1) and MAD2 

(35) to create a complex capable of binding and sequestering Cdc20, the activator of the 

anaphase promoting complex (APC). Once the checkpoint has been satisfied and all 

kinetochores have bound microtubules, the MAD1-MAD2 complex, along with Cdc20, is 

ejected from the kinetochore and Cdc20 becomes free to activate APC (36). APC, an E3 

ubiquitin ligase, polyubiquitinates two key substrates, cyclin B1 and securin. Cyclin B1 

degradation leads to the inactivation of cyclin-dependent kinase 1 (cdk1), initiating exit 

from mitosis, while degradation of securin activates separase which cleaves the cohesins 

holding sister chromatids together (Figure 1.4A). The cell is then free to progress 

through the remainder of mitosis leading to the generation of two genetically identical 

daughter cells. 

PRP4K was found to play a role in SAC activation in 2007 when Montembault et 

al. observed PRP4K localized at kinetochores in HeLa cells (37). Knockdown of PRP4K 

was shown to induce mitotic acceleration and prevent mitotic arrest in cells treated with 
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nocodazole, a drug which inhibits microtubule dynamics and activates the SAC (37). 

When the group performed immunofluorescence analysis to determine the localization of 

SAC checkpoint proteins following PRP4K knockdown, they observed an absence of the 

checkpoint proteins MPS1, MAD1 and MAD2 at the kinetochores of prometaphase cells. 

Other checkpoint proteins such as Aurora-B and 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 activation (Figure 1.4B) 

(37). 
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Figure 1.4 PRP4K is required for activation of the SAC. (A) The metaphase to 

anaphase transition is mediated by the E3 ubiquitin ligase APC. The binding of Cdc20 to 

APC results in its activation and the subsequent ubiquitination of securin and cyclin B1. 

Proteasomal degradation of these proteins results in the separation of sister chromatids 

and the eventual exit from mitosis. (B) Activation of the SAC involves the recruitment of 

checkpoint proteins PRP4K, MPS1, MAD1 and MAD2 to the unattached kinetochore. 

This complex sequesters Cdc20 away from APC, holding APC in an inactive state and 

preventing the metaphase to anaphase transition. 
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1.4 PRP4K and Viral Infection 

Retorviruses are a family of single-stranded RNA viruses characterized by their 

ability to reverse transcribe genomic RNA into dsDNA upon host cell infection, followed 

by the subsequent integration into a host chromosome (38). For the majority of 

retroviruses, transcription of the viral DNA by RNA polymerase II generates a single 

polycistronic transcript which, through alternative splicing, serves as the precursor for all 

viral mRNAs. For example, transcription of the HIV-1 genome yields a single transcript 

which is alternatively spliced to produce greater than 30 mRNAs (39,40) encoding 15 

distinct viral proteins (41). Spliced HIV-1 mRNA can be classified into two categories, 

the fully spliced 1.8-kb size class which encodes the regulatory proteins of HIV 

expressed early in the viral life-cycle, and the partially-spliced or unspliced 4 and 9-kb 

size class which encodes the structural, enzymatic and ancillary viral proteins expressed 

late in the viral life-cycle (42).  The temporal expression of the two categories of mRNA 

is mediated by the splicing of the 9kb transcript. The 1.8-kb size class proteins are 

expressed early due to the inability to export partially-spliced or unspliced mRNA into 

the cytoplasm for translation. Included amongst the 1.8-kb regulatory proteins is Rev, a 

viral adaptor protein which contains an RNA-binding domain specific for the viral Rev 

response element (RRE), as well as a nuclear localization signal (NLS) and a nuclear 

export signal (NES) (43). The RRE and the NLS overlap (44) to create a shuttling 

mechanism whereby Rev proteins accumulate in the cytoplasm and are imported into the 

nucleus where they bind RREs present in partially-spliced and unspliced viral mRNA. 

Binding to the RRE masks the NLS which allows for Rev/mRNA export to the cytoplasm 

via the Crm1/Exportin1 nuclear export pathway (45). The nuclear export of partially or 
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unspliced mRNA by Rev allows for the transition from early-stage regulatory protein 

synthesis to late-stage structural/enzymatic synthesis required for new virion production. 

In addition, Rev has been shown to inhibit spliceosome assembly which promotes the 

accumulation of partially-spliced and unspliced viral mRNA in the nucleus, further 

promoting the switch from early- to late-stage protein synthesis (46).  

PRP4K was shown to play a potential role in viral infection when it was identified 

as a binding partner for the HIV-2 Gag polyprotein in a yeast two-hybrid assay (47). HIV 

Gag proteins are expressed during the late structural/synthetic protein synthesis and play 

important roles in virion assembly and maturation (48). When bound to PRP4K, HIV-2 

Gag inhibits the PRP4K-mediated phosphorylation of SRSF1. Phosphorylation of 

SRSF1, as described in section 1.2.3, is required to promote U1 snRNP binding to the 5’ 

splice site and initiate spliceosome assembly. Though not yet shown, it is also possible 

that binding to HIV-2 Gag prevents PRP4K-mediated phosphorylation of PRP6 and 

PRP31 which would prevent tri-snRNP association with complex A (Figure 1.2). Thus, 

PRP4K binding to HIV-2 Gag inhibits splicing through the prevention of spliceosomal 

assembly. This data suggests that the synthesis of HIV-2 Gag during the late-stages of the 

viral life cycle results in the PRP4K-mediated inhibition of splicing which further 

promotes the accumulation of partially-spliced and unspliced viral mRNA. This would 

ensure that sufficient late-stage 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 that PRP4K plays a role in 

regulating reactive oxygen species (ROS) production in cells treated with either ionizing 

radiation (IR) or the phytochemical curcumin (49,50). ROS are a family of highly-

reactive molecules and free radicals derived from molecular oxygen. Cellular ROS are 

generated endogenously with the major sources being hydrogen peroxide and superoxide 

anions generated as by-products of cellular metabolism (51). Endogenous levels of ROS 

are scavenged by the cellular antioxidant defense system to prevent cellular damage by 

these highly reactive molecules. However, if ROS production increases beyond that 

capable of being scavenged by the defense system, the cell will undergo oxidative stress 

as a result ROS-mediated damage to DNA, lipids, and proteins (52). If the damage 

becomes too extensive to repair, the cell will undergo apoptosis through initiation of 

either the intrinsic or extrinsic apoptotic pathway (53). Many cancer therapies, including 

both chemotherapeutics and IR, are designed to increase cellular ROS levels beyond the 

point of repairable damage to induce apoptosis in cancer cells (54). In recent studies, 

treatment of the human colorectal carcinoma cell line HCT-15, with either the 

phytochemical curcumin or IR led to an increase in ROS production which corresponded 

with a decrease in PRP4K expression. Overexpression of PRP4K was shown to prevent 

ROS production and provide cellular protection from apoptosis in response to both 

treatments, possibly through the activation of an anti-oxidant enzyme system (49,50). 

This data suggests that tumours with high PRP4K expression may show increased 

resistance to radiation therapy or select chemotherapeutics due to increased ROS 

scavenging.  
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Finally, two studies have been published which suggest that PRP4K plays a role 

in the cellular response to the taxane family of anti-cancer agents, although they provide 

conflicting results as to whether PRP4K promotes taxane-mediated cell death, or protects 

against it. Taxanes are a family of microtubule-stabilizing agents which bind the β-

tubulin subunit of microtubules preventing depolymerization (discussed in detail in 

Chapter 2). As a result, metaphase cells are unable to generate the tension across their 

kinetochores required to satisfy the SAC. Taxane-treated cells remain arrested in mitosis 

and eventually die by apoptosis. In 2007 Swanton et al. performed a large-scale RNA 

interference screen to identify genes which influenced cellular sensitivity to taxanes. 

Knockdown of PRP4K in HCT-116 colon cancer cells significantly increased cellular 

resistance to the taxane paclitaxel suggesting PRP4K promotes taxane-mediated cell 

death (55). A second study performed by Duan et al. in 2008 used a similar RNA 

interference screen to identify genes which could re-sensitize a multidrug-resistant human 

ovarian cancer cell line to taxanes. In this study, knockdown of PRP4K increased the 

cellular sensitivity to taxanes suggesting PRP4K prevents taxane-mediated 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, has frequently been 

identified in large-scale screens as an important mediator in several cellular processes. 

However, due to challenges associated with working with the kinase, the literature 



17 

 

surrounding PRP4K is limited. The objective of this thesis was to further our 

understanding of PRP4K and its role in cancer progression and treatment.  

Chapter 2 explores the controversial role of PRP4K in the cellular response to 

taxanes and evaluates its potential as a predictive biomarker of taxane response in high-

grade serous ovarian cancer patients. Chapter 3 describes the development of a novel 

zebrafish xenotransplantation technique to study in vivo drug responses of human cancer 

cells transplanted in zebrafish embryos. This model was developed to be used as a tool in 

our study of PRP4K and taxane response but instead, led to the discovery of a novel role 

for PPR4K in the regulation of anoikis, which is the focus of Chapter 4. Finally, Chapter 

5 provides general discussions, conclusions, and future directions based on the completed 

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 performed by DC (Figures 2.3 and 

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 (sections 2.2, 2.3, 2.4, Figures 2.2-2.8) originally 

published in: 

“Corkery DP, Le Page C, Meunier L, Provencher D, Mes-Masson AM, Dellaire G. 2015. 

PRP4K is a HER2-Regulated Modifier of Taxane Sensitivity. Cell Cycle. 14:1059-1069” 

 

2.1 Introduction 

2.1.1 Taxanes: Mechanism of Action 

Paclitaxel (Taxol), the prototype of the taxane family of cytotoxic agents, was 

isolated from the bark of the pacific yew tree (Taxus brevifolia) in 1971 (57). It was 

initially approved for use in the treatment of advanced ovarian cancer in 1992 and 

subsequently endorsed for the treatment of metastatic breast cancer in 1994 and non-

small cell lung carcinoma in 1999 (58). Today, paclitaxel and its two semi-synthetic 

derivatives, docetaxel and cabazitaxel, are amongst the most commonly used 

chemotherapeutic agents for the treatment of a variety of malignancies, including breast 

(59) and ovarian (60) cancer. 

The taxanes exert their cytotoxic activity through their ability to bind the β-

tubulin subunit of microtubules and prevent depolymerization. During prometaphase, 

after the chromosomes have condensed and the centrosomes have migrated to opposite 

poles of the cell, γ-tubulin associates with several other proteins to form the γ-tubulin 



19 

 

ring complex (γ-TuRC). The γ-TuRC is recruited to the centrosome and acts as a scaffold 

for nucleation of the microtubule (61). During nucleation, heterodimers of α- and β-

tubulin polymerize head-to-tail to form linear protofilaments. Thirteen protofilaments 

associate laterally to form the cylindrical microtubule with α-tubulin subunits exposed at 

one end (the (-) end) and β-tubulin subunits at the other (the (+) end) (62). The (-) end of 

the microtubule is associated with the γ-TuRC, leaving the (+) end free to bind additional 

tubulin heterodimers (polymerize) causing the microtubule to extend in length, or remove 

heterodimers (depolymerize) leading to a decrease in microtubule length. In a process 

termed “search-and-capture”, centrosome-nucleated microtubules undergo a series of 

polymerization and depolymerization reactions causing them to probe three-dimensional 

space until they are captured and stabilized by a sister kinetochore on a condensed 

chromosome (63). The search-and-capture process continues until every chromosome is 

bound by two microtubules, one from each centrosome. Once bound by a microtubule, 

the sister chromatid begins to oscillate back and forth which, combined with 

depolymerization of the microtubule, generates tension on the kinetochore. Only once 

appropriate tension is placed on both of 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 called the SAC, and is discussed in detail in section 

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

hold sister chromatids together are cleaved by the cysteine protease separase. 

Microtubules will then depolymerize, pulling sister chromatids to opposite poles of the 

cell in preparation for nuclear envelope formation and cytokinesis. Taxanes will 

reversibly bind the β-tubulin subunits of microtubules at a site which is only present in 
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assembled tubulin, and not in free α/β heterodimers (64). Binding causes polymerization 

of lateral protofilaments and enhances microtubule stability which prevents microtubule 

depolymerization. As a result, proper tension is never achieved across the paired 

kinetochores and the cell remains arrested in metaphase. The fate of a cell arrested in 

metaphase is discussed in the following section.   

 

2.1.2 The Spindle Assembly Checkpoint and Its Role in Taxane Response 

 As discussed in section 2.1.1, taxane treatment stabilizes microtubules 

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 

outcomes (65): (1) Mitotic cell death (MCD); the arrested cell immediately undergoes 

apoptosis (66). (2) Exit mitosis without division (Mitotic 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 following prolonged 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. While SAC 

activation inhibits the APC-mediated degradation of cyclin B1, it has been shown that, 

even during SAC activation, cyclin B1 is slowly degraded (67). Eventually, with 

prolonged SAC activation, the levels of cyclin B1 will fall below the threshold required 

to maintain mitotic arrest, and the cell will undergo mitotic slippage (67). Therefore, the 

pathways which govern the rate at which cyclin B1 is degraded will influence how long a 

cell can remain arrested in mitosis before slippage occurs. If the time is sufficient to 
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allow apoptotic signals to accumulate, the cell will undergo mitotic cell death (outcome 

#1), if the time is not 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 represent 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 

resistance. As a result, much effort has been focused on determining both biological 

markers for predicting taxane response and the mechanisms underlying intrinsic and 

acquired resistance to taxane therapy. 

 

2.1.3.1 P-gp Overexpression 

 The most common mechanism of taxane resistance encountered in vitro is the up-

regulation of the ATP-binding cassette transporter, P-glycoprotein (P-gp) (68-70). P-gp is 

a plasma membrane glycoprotein consisting of two nucleotide-binding domains (NBDs) 

and two transmembrane domains (TMDs), each with six α-helical membrane-spanning 

segments. The twelve transmembrane segments form an active pore with an affinity for 

numerous anti-cancer agents including taxanes, anthracyclines, vinca alkaloids and 

epipodophyllotoxins (71-73). Binding of a substrate to the transmembrane region 

stimulates the ATPase activity of P-gp leading to a conformational change which releases 

the substrate to the extracellular space (74,75). While there is substantial evidence 

supporting the role of P-gp in the development of taxane resistance in vitro, the value of 
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P-gp as a marker of taxane response in vivo remains unknown due to conflicting clinical 

reports (76,77).  

 

2.1.3.2 β-Tubulin Mutations 

Resistance to taxanes can also result from alterations in tubulin which affect 

taxane binding and/or microtubule stability. Several point mutations have been identified 

within β-tubulin which, based on molecular modeling, can directly inhibit taxane binding 

in vitro (78). More commonly, point mutations found within both α- and β-tubulin that 

lead to increased taxane resistance result in decreased microtubule stability (79,80). 

These mutations are believed to counteract the stabilizing effect of taxanes. Clinically, 

the prevalence of tubulin mutations, and the relevance of these mutations in predicting 

response to taxane-based therapy, is a subject of debate. One study identified β-tubulin 

mutations in serum DNA isolated from 33% of non-small-cell lung cancer patients, 

which correlated with poor response to taxane-based therapy (81). This result, however, 

could not be reproduced in several subsequent studies (82-85). Interestingly, cell lines 

which have acquired microtubule-destabilizing β-tubulin point mutations in vitro often 

show such an extreme instability of microtubules that they require a constant low dose of 

taxane to carry out normal cellular functions (80). This observation may help explain the 

lack of β-tubulin mutations observed in vivo.  

 

2.1.3.3 Altered β-Tubulin Isotype Expression 

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

response. There are six different classes of β-tubulin isotypes (I, II, III, IVa, IVb, and VI) 
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which differ in only 4-16% of their amino acid residues (86). In mammalian cells, 

microtubules are comprised of all expressed isotypes, but the ratio of expression has been 

shown to influence the sensitivity to taxanes. Specifically, increased class III β-tubulin 

(TUBB3) expression appears to offer the greatest protection against taxane treatment 

both in vitro (87) and in 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 TUBB3 (89).  

 

2.1.3.4 Altered Expression of Microtubule-Associated Proteins 

Microtubule-associated proteins (MAPs) are a family of proteins which interact 

with microtubules and regulate their dynamics. Three family members with established 

roles in taxane sensitivity are stathmin, MAP4 and tau. Stathmin is a soluble cytoplasmic 

protein which interacts with tubulin dimers and stimulates microtubule catastrophe (90); 

the switch from microtubule growth to rapid shrinkage (91). 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 (rescue) (93). Loss of MAP4 in 

cancer cells has been shown to decrease microtubule stability and enhances taxane 

resistance (94). Tau presents a third scenario for MAP regulation of taxane sensitivity by 

sharing the same binding site on microtubules as taxanes (95). In this scenario, 

overexpression of tau would increase cellular resistance to taxanes by preventing taxane 

binding through direct competition. While pre-clinical studies suggest that tau 
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overexpression correlates with poor response to taxane-based therapies (96), 

overexpression of tau in vitro does not appear to alter taxane sensitivity (97).  

 

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 activity of many of these proteins can impact taxane 

sensitivity. One apoptotic protein which has recently emerged as a mediator of taxane 

sensitivity is Bcl-2. Bcl-2, an anti-apoptotic member of the Bcl-2 family of proteins, 

functions through the binding and antagonizing 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 dimerize and form a pore, releasing cytochrome c 

into the cytoplasm. Cytochrome c activates downstream caspases which are responsible 

for cell destruction. Bcl-2 overexpression is common in several types of human cancer 

(98) yet, paradoxically, its downregulation is associated with increased resistance to 

taxanes (99). Interestingly, paclitaxel can bind Bcl-2 directly and alter its function, 

resulting in the opening of a pore in the mitochondrial membrane called the permeability 

transition pore channel (PTPC) (100). Opening of this pore, much like the dimerization of 

Bak and Bax, results in the release 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 of Bcl-2. This additional 

function of paclitaxel explains how loss of Bcl-2 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 assembly checkpoint is essential for 

taxane-induced cell death. As a result, alterations which disrupt SAC functionality will 

also impact taxane sensitivity. For example, suppression of checkpoint components 

MAD2 or BUBR1 abolishes checkpoint function resulting in taxane resistance. In 

contrast, overexpressing MAD2 in cells with a checkpoint defect resulting from 

chronically low MAD2 restores checkpoint function and increases sensitivity to taxanes 

(101,102).  Similarly, cell lines expressing a dominant-negative form of BUB1 display 

reduced checkpoint function and increased taxane resistance (103). Finally, Aurora-A 

overexpression has been shown to override the SAC resulting in anaphase progression 

despite defective spindle formation. This is preceded by failed cytokinesis resulting in the 

generation of a single multinucleated cell. As expected, these cells also display an 

increased resistance towards taxanes (104).   

 

2.1.4 HER2 Amplification in Breast and Ovarian Cancer 

HER2/ErbB2 is a member of the human epidermal growth factor receptor (HER) 

family of proteins and is overexpressed in a subset of ovarian and breast cancers 

(105,106). HER2 is a transmembrane receptor protein which consists of a cysteine-rich 

extracellular ligand-binding domain, a hydrophobic transmembrane domain and an 

intracellular tyrosine kinase domain.  To date, no ligand of the HER2 receptor has been 

identified. Instead, HER2 signaling is mediated through heterodimerization with ligand-

activated members of the HER family (epidermal growth factor receptor (EGFR) or 

HER3), or in the case of HER2 amplification, through HER2 homodimerization as well 
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(107,108). The ability of HER2 to dimerize in the absence of ligand has to do with the 

unique structure of its extracellular domain. Crystallographic 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 which promotes dimerization, and subsequent 

autophosphorylation of the intracellular domain. HER2 is unique in that it is 

constitutively in the open conformation, allowing dimerization in the absence of ligand 

(109,110). 

Amplification of HER2 can result in 25-50 copies of the HER2 gene being 

expressed leading to a 40-100 fold increase in protein expression (111,112). Because 

HER2 doesn’t require ligand binding for dimerization, amplification leads to hyper 

activation of signaling pathways downstream of HER2. Upon 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 signalling 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 two which seem to be most 

significantly implicated in tumorigenesis and have been the most extensively studied are 

the PI3K/Akt pathway and the mitogen-activated protein kinase (MAPK) pathway 

(Figure 2.1).  

Heterodimerization of a HER2 with a HER3 receptor results in the 

phosphorylation of the tyrosine residue within six YXXM PI3K-binding motifs found 

within the intracellular domain of HER3 (114). Recruitment of PI3K to HER3 serves to 
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bring PI3K within proximity of its membrane-bound substrate phosphatidyl inositol 

bisphosphate (PIP2). PI3K phosphorylates PIP2 generating PIP3 which recruits the 

Pleckstrin Homology (PH) domain-containing enzyme phosphoinositide-dependent 

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 Akt at Thr308 by PDK1, combined with an independent 

phosphorylation event at Ser473 mediated by mTORC2, activates Akt. Active Akt can 

then phosphorylate a variety of kinases and transcription factors which promote 

tumorigenesis through multiple mechanisms (Figure 2.1). For example, Akt can 

phosphorylate the pro-apoptotic protein BAD, which prevents it from heterodimerizing 

with Bcl-XL/Bcl-2 to induce apoptosis (115). Akt can also phosphorylate Mdm2, the E3 

ubiquitin ligase which targets the p53 tumour suppressor for degradation (116). Mdm2 

phosphorylation by Akt targets Mdm2 to the nucleus resulting in the ubiquitination, 

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 (TSC2) (120). Activation of mTOR 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 HER2 (Figure 2.1). Phosphorylation 

of tyrosine 1139 recruits the adaptor protein Grb2 to the receptor (122). Grb2 acts as a 

docking protein to recruit, and activate, the Ras guanine nucleotide exchange factor, son 
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of sevenless (SOS). SOS, in turn, catalyzes the conversion of inactive GDP-bound Ras to 

the active GTP-bound Ras (123). The activation of Ras by SOS promotes cell 

proliferation and prevents apoptosis through activation of the Raf/MEK/ERK pathway 

(124). Briefly, activated Ras functions as an adaptor protein to bind and recruit Raf to the 

cellular membrane where it is activated through its phosphorylation by membrane-bound 

kinases such as PAK-1 or other activated Raf kinases (125). 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 c-Myc, Ets, CREB, c-Jun and FOXO3a culminating in the inhibited transcription of 

pro-apoptotic genes (Bim, FasL, TRAIL) and genes involved in cell cycle arrest (p27, 

p21) (124). The PI3K/Akt and Ras/ERK pathways provide an example of how HER2 

amplification can contribute to tumorigenesis through multiple downstream pathways.  
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Figure 2.1 HER2 signaling pathways. HER2 homodimerization or HER2/HER3 

heterodimetization initiates the activation of various downstream pathways. Included 

amongst these pathways are the Akt and Ras pathway which inhibit apoptosis and 

promote cell proliferation. Black arrows indicate intra-pathway signaling events and red 

arrows indicate the end result of pathway activation. 
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  In addition to the role in tumourigenesis, the amplification/overexpression of the 

HER2 gene has also been widely explored for its potential application in predicting 

taxane response in breast cancer. In vitro, HER2 amplification has been shown to 

increase cellular resistance to taxanes in breast cancer cells (126), while a number of 

clinical studies have shown HER2 amplification to correlate with increased response to 

taxanes, either as a single agent (127,128), or as part of a combination therapy (129-132). 

As a result, the use of HER2 as a biomarker for taxane sensitivity remains controversial, 

while the mechanism(s) through which HER2 signaling alters taxane sensitivity remains 

to be elucidated. A greater understanding of the genes acting downstream of HER2 with a 

more direct role in the modulation of taxane sensitivity is essential to improve our ability 

to predict taxane response. 

 

 

In this chapter, we identify PRP4K as a novel HER2-regulated protein in breast 

and ovarian cancer. We demonstrate that decreased PRP4K protein level results in 

reduced sensitivity to paclitaxel in both breast and ovarian cancer cell lines, and that in 

vitro-derived and patient-acquired taxane resistance correlates with reduced PRP4K 

expression. In addition, high PRP4K protein expression in the biopsies of ovarian cancer 

patients with tumours expressing low levels of HER2 correlates with better overall 

survival to treatment with platinum/taxane-based therapy. Taken together these results 

implicate PRP4K, through its role in the SAC, as a HER2-regulated modulator of taxane 

sensitivity. 
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2.2 Materials and Methods 

2.2.1 Patients and Tissue Specimens 

Ethics approval was obtained by the local institutional ethics board (Comité 

d’éthique de la recherche du Centre hospitalier de l’Université de Montréal). Tumour 

samples were collected and banked following appropriate written consent from patients 

undergoing surgery at the Centre Hospitalier de l’Université de Montréal from 1993 to 

2010. An independent pathologist scored tumour grade and stage and a gynecologic 

oncologist scored tumour residual disease according to criteria from the International 

Federation of Gynecologists and Obstetricians. Less than 10% of specimens were 

excluded on quality, and this was not correlated to age of sample. Clinical data on 

progression-free survival were defined based on imaging and CA125 blood levels. 

Overall survival was defined as the time from surgery to death from ovarian cancer. 

Patients known to be alive at the time of analysis were censored to the time of their last 

follow-up. Patient disease-free survival was calculated from the time of surgery until the 

first progression. Eligibility criteria for inclusion in the study were as follows: no pre-

operative chemotherapeutic treatment for ovarian cancer; platinum-based post-operative 

chemotherapy treatment, high-grade tumours, serous histopathology subtype and 

completed informed consent. All patients received a platinum-based chemotherapy as an 

initial therapy after surgery with the exception of patients who died shortly (<3 months) 

after surgery. Patients who died from other causes were censored at time of last follow-

up. 

 

2.2.2 Tissue Microarray and Immunohistochemistry 
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 The breast and ovarian cancer tissue arrays have previously been described 

(133,134). Briefly, areas of tumour were selected based on review of a hematoxylin and 

eosin-stained slide. Formalin-fixed, paraffin-embedded tumor blocks were then biopsied 

using a 0.6 mm needle and resultant cores were arrayed into a grid in a recipient paraffin 

block using a Pathology Device Tissue Microarrayer (Pathology Devices Inc.). The 

breast cancer tissue array contained samples from 141 consented patients who had 

undergone surgical resectioning with auxiliary lymph node dissection for breast cancer, at 

the Centre hospitalier de l’Universite de Montreal – Hotel Dieu (CHUM-HD), between 

2003 and 2007. The ovarian cancer tissue array contained samples from 260 ovarian 

cancer patients, with each patient represented by two cores. After review of clinical data, 

61 patients were excluded from the final analysis as they did not meet the inclusion 

criteria. The tissue arrays were then sectioned, stained with hematoxylin-eosin and 

reviewed by an expert pathologist to confirm tumor content. Tissue arrays were sectioned 

at 4m and the slides were stained using the BenchMark XT automated stainer (Ventana 

Medical System Inc.). Antigen retrieval was carried out with Cell Conditioning 1 (VMSI; 

#950-123) for 60 min. Prediluted sheep anti-PRP4K (1:100) (H143)(11),  or anti-Her2 

(DAKO #A0485) antibodies were automatically dispensed, and the slides were incubated 

at 37ºC for 120 min or 30 min, respectively, and antibody binding was detected using the 

UltraView DAB detection kit (VMSI#760-091). Slides were counterstained with 

hematoxylin (VMSI#760-2021). 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. Epithelial zones were 

scored according to the antibody staining intensity (value 0 for absent, 1 for weak, 2 for 

moderate and 3 for high intensity). Each array was independently analyzed in a blind 

study by two independent observers. Correlation was >80%. The average of all cores 

with cancer from the same patient was used for the final analysis.  

 

2.2.4 Cell Culture  

SK-BR-3, IGROV-1, MCF-7, MDA-MB-231, SKOV-3 and HeLa cell lines 

(Appendix C) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) 

supplemented with 10% fetal calf serum, 1% penicillin/streptomycin at 37°C with 5% 

CO2. All cell lines were obtained originally from the American Type Culture Collection 

(ATCC) and validated by STR profiling (DDC Medical) within 6 months of 

experimentation. MCF-7, MDA-MB-231, SKOV-3 and HeLa cell lines stably expressing 

shRNAs were cultured as above but using Tetracycline-Free FBS (Invitrogen, 16000-

036) and with the addition of 1 µg/mL puromycin. TOV1369 and OV1369(R2) cell lines 

were cultured in OSE medium (Wisent, 316-030-CL) supplemented with 10% fetal calf 

serum, 0.5µg/mL amphotericin B (Life Technologies, 15290-018), and 50µg/mL 

gentamicin (Life Technologies, 15750-078) at 37°C with 5%O2 and 5%CO2, as 

previously described (135).  

 

2.2.5 Western Blot Analysis  

Cells were harvested and lysed in ice-cold lysis buffer (20 mM Tris-HCl pH8, 300 

mM KCl, 10% Glycerol, 0.25% Nonidet P-40, 0.5 mM EDTA, 0.5 mM EGTA, 1X 
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protease inhibitors (AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, Pepstatin A)) for 30 

minutes on ice. Cell debris was pelleted by centrifugation at 14 800 rpm for 25 minutes at 

4°C. Protein concentrations were determined using Bio-Rad Protein Reagent (Bio-Rad, 

500-0006). Lysates, with exception of those analyzed in Figure 2.7A, were 

dephosphorylated with calf intestinal phosphatase (Sigma, A2356) as previously 

described (136). Briefly, 400 µg of protein in 5 mM Tris pH 7.9, 10 mM NaCl, 1 mM 

MgCl2, and 0.1 mM DTT were incubated with 100 units of alkaline phosphatase for 30 

minutes at 30°C. This allowed for more accurate quantification as PRP4K is present in 

lysates in several phosphorylated-forms (Figure 2.2). Lysates were then mixed 1:1 with 

2x sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol 

blue, 0.125 M Tris HCl ph 6.8) and boiled for 10 minutes prior to separation by SDS-

PAGE and western blot analysis with sheep anti-PRP4K antibody (H143) (11), rabbit 

anti-HER2 antibody (Cell Signaling, #2165), or mouse anti-actin antibody (Sigma, 

A3853). Protein detection was carried out using chemiluminescence (Thermo Scientific, 

34080) and radiographic film (Thermo Scientific, 34091). Quantification of band 

intensities was performed by densitometry analysis using ImageJ (NIH). 
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Figure 2.2 PRP4K is present in lysates in different phosphorylated-states. MCF-7 

whole cell lysates were treated with calf intestinal phosphatase, or mock treated, and 

analyzed by western blot analysis using antibodies specific for PRP4K and actin.  
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2.2.6 shRNA Lentiviral Transduction 

To knockdown HER2 in the IGROV-1 and SK-BR-3 cell lines, HER2-targeting 

GIPZ Lentiviral shRNAs (shHER2-1 = clone: V3LHS_315855, shHER2-2 = clone: 

V3LHS_315852 ) were purchased from Thermo Scientific.  To create the MCF7, MDA-

MB-231, SKOV3, and HeLa-GFP-H2B PRP4K knockdown cell lines, PRP4K-targeting 

TRIPZ Inducible Lentiviral Human shRNAs (Thermos Scientific) (shPRP4K-1 = 

clone:V2THS_47787, shPRP4K-2 = clone:V3THS_383960) were purchased. Lentivirus 

was obtained by co-transfection of a TRIPZ or GIPZ shRNA with vectors expressing 

proteins required for lentiviral propagation (pMD2.G, pCMV-8.92, and pCMV-8.93 

vectors (described previously (137)) into human HEK-293T cells with calcium-phosphate 

transfection (Promega, E1200), according to manufacturer’s directions. After 48 h, media 

from the transfected cells was filter sterilized using a 0.45µ filter, and the viral media 

added to the target cell line for 48 h. To select for viral integration, cells were cultured in 

the presence of 1µg/ml puromycin for at least 48 h. To induce expression of the inducible 

TRIPZ PRP4K shRNA, 2µg/mL doxycycline was added to culture media for 96 h with 

the drug being replaced every 24 h. 

 

2.2.7 GFP-H2B Cell Line Generation 

Cell lines that stably express green fluorescent protein fused to histone H2B 

(GFP-H2B) were created by transfecting HeLa cells with a GFP-H2B plasmid (Addgene 

#11680) (138) using the Neon Transfection System (Life Technologies), according to the 

manufacturer’s directions. After 7 days in culture, stably transfected cells were isolated 

by screening for GFP-positive colonies obtained by limiting dilution.    
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2.2.8 Immunofluorescence  

Cells were plated onto sterile coverslips in a 6-well dish and allowed to adhere 

overnight. The cells were then transfected with plasmids that would express the protein of 

interest using Lipofectamine2000 (Life Technologies, 11668027), according to the 

manufacturer’s directions. Plasmids for expressing constitutively active (HER2CA 

(V659E) (Addgene plasmid # 16259) (139)), and kinase dead (HER2KD (K753M) 

(Addgene plasmid #16258) (139)) HER2 were obtained from Addgene. Forty-eight hours 

post-transfection, cells were washed with PBS and fixed in 3% paraformaldehyde for 20 

min. Immunolabeling was carried out as previously described (140). Briefly, cells were 

permeabilized by treating coverslips with 0.5% TritonX-100 (SIGMA-ALDRICH, 

T8787) for 5 minutes followed by three 5-minute washes with PBS. Cells were blocked 

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

1 hour incubation with antibodies specific for PRP4K (diluted 1:400) and HER2 (diluted 

1:200) antibodies in 5% donkey serum in PBS. Following the incubation with the primary 

antibody, cells were washed 3 times with PBS (5 minutes each wash) and incubated with 

Alexa Fluor 488-donkey anti-sheep (Life Technologies, A-11015)  and Alexa Fluor 555-

goat anti-rabbit (Life Technologies, A-21428) secondary antibodies diluted 1:200 in 5% 

donkey serum in PBS. Cells were washed 3 times with PBS for 5 minutes per wash. 

DAPI (4',6-diamidino-2-phenylindole) (SIGMA-ALDRICH, D9564) was added to the 

second of the three washes at a final concentration of 1 µg/ml to visualize nuclei. 

Coverslips were mounted on frosted glass microscope slides (Fisher Scientific, 12-550-

15) using VECTASHIELD antifade mounting medium (Vector Laboratories, H-1000). 
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Fluorescent images were captured with a Zeiss Cell Observer Microscope under a 63× 

immersion oil objective lens. Images were processed using only linear adjustments 

(e.g.brightness/contrast) with Slidebook (Intelligent Imaging Innovations, Boulder, CO) 

and Adobe Photoshop CS5. 

 

2.2.9 HER2 Inhibition  

To inhibit HER2 signaling, SK-BR-3 and IGROV-1 cells were maintained in the 

presence of 0.1µM, and 7.5µM Lapatinib Ditosylate (Selleck, S1028), respectively, for 

48 h. 

 

2.2.10 In 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 response in vitro, 7 000 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 acute 90 minute paclitaxel treatment, the drug was 

removed and cells were allowed to recover in fresh medium for 72 h, at which point cell 

viability was measured using the alamarBlue® cell viability assay (Life Technologies, 

DAL1100) according to the manufacture’s protocol. Fluorescence was measured using an 

Infinite M200 Pro plate reader (Tecan Group Ltd) 4 h after the addition of alamarBlue® 

reagent. To determine the effect of PRP4K knockdown on paclitaxel response, cell lines 

stably expressing an shRNA were incubated with 2µg/ml doxycycline for 92 h to induce 
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hairpin expression prior to plating in the 96 well plate, and maintained in doxycycline for 

the remainder of the experiment. 

 

2.2.11 Statistical Analysis 

Survival curves were plotted using the Kaplan-Meier curve analysis and the log-

rank test was used to test for significance. Univariate Cox proportional hazard models 

were used to estimate the hazard ratio for PRP4K expression. For the in vitro viability 

assays a Student’s t-test was used to compare viability between cell lines. A Spearman 

correlation test was applied to compare biomarker staining. All statistical analyses were 

done using the Statistical Package for the Social Sciences software version 11.0 (SPSS, 

Inc.), and statistical significance was set at p≤0.05.  

 

2.3 Results 

2.3.1 High PRP4K Protein Level Correlates with HER2 Amplification in Human Breast 

and Ovarian Tumours 

Despite PRP4K being an essential pre-mRNA splicing kinase, a number of studies 

have variously claimed that PRP4K may be oncogenic and a possible molecular target in 

cancer (56,141) or may be a predictive biomarker of treatment response to chemotherapy. 

In particular, PRP4K has been shown to play a role in the cellular response to taxanes, 

although published studies are contradictory as to whether PRP4K increases or decreases 

sensitivity to taxanes (55,56). Therefore, the role of PRP4K as a biomarker or anti-cancer 

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

cancer, we performed immunohistochemistry analysis of PRP4K expression in breast and 
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ovarian tumours using tissue microarrays (TMAs) composed of pre-chemotherapy 

surgical samples. We scored the intensity of immunohistological staining for PRP4K 

using a relative scale from 0 to 3, and looked for correlation with a number of commonly 

used prognostic and therapeutic markers of breast and ovarian cancer (Figure 2.3A). A 

positive correlation was observed between PRP4K and the proliferation marker Ki-67, 

the recently identified prognostic marker butyrophilin, subfamily 3, member A2 

(BTF4/BTN3A2) (142), and the immunological cell markers CD3 and CD68 within the 

high-grade serous ovarian TMA, while a positive correlation between PRP4K and HER2 

was observed within both the ovarian and breast TMA (Figure 2.3B). 
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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 commonly used diagnostic and prognostic markers. Results are 

summarized in table format. † Spearman’s Correlation coefficient (non-parametric); * = 

Significant; N= number of patients, ER = Estrogen Receptor, PR = Progesterone 

Receptor, RD = Residual Disease (B) Representative immunostaining of low (tumour A 

and C) and high (tumour B and D) PRP4K/HER2 (indicated by brown stain) in the breast 

and high-grade serous ovarian TMA. Dashed black boxes outline a region of the tumour 

in each TMA stained for PRP4K shown at higher magnification below each panel. Scale 

bars = 100 microns. Data presented in this figure was collected by the Mes-Masson lab.  
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2.3.2 HER2 Signalling Positively Regulates PRP4K 

 Since PRP4K levels measured by immunohistochemistry correlated with HER2 

expression in breast and ovarian tumours, we next sought to determine if the positive 

correlation between PRP4K and HER2 was a result of direct regulation of PRP4K protein 

levels by HER2.  To this end, HER2 expression was knocked down in two respective 

ovarian and breast cancer cell lines, IGROV-1 and SK-BR-3. As shown in Figure 2.4A, 

when cells were transduced with a HER2-targeting 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, IGROV-1 and SK-BR-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 PRP4K protein 

level (Figure 2.4B). Conversely, when the HER2 negative breast cancer cell line MCF-7 

was transfected with constitutively active HER2 (139), PRP4K expression increased 

(Figure 2.4C), while the transfection of kinase dead HER2 (139) had no effect. Taken 

together, these data indicate that PRP4K protein expression is regulated by signaling 

through the HER2 receptor.  
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Figure 2.4 HER2 signaling regulates PRP4K expression. (A) IGROV-1 and SK-BR-3 

cell lines were transduced with control or a HER2-targeting shRNA lentiviral vector and 

cultured for 48 h. Total cell lysates were prepared and subjected to western blot analysis 

for HER2 and PRP4K expression. (B) IGROV-1 and SK-BR-3 cell lines were treated 

with 0.1µM lapatinib for 48 h to inhibit HER2 signaling. Total cell lysates were subjected 

to western blot analysis for PRP4K expression. (C) MCF-7 cells were transfected with 

constitutively active (CA) or kinase dead (KD) HER2 and analysed by 

immunofluorescence confocal microscopy using an anti-HER2 (Red) and anti-PRP4K 

(Green) antibody. Nuclei were stained with DAPI. Scale bars = 10 microns. 
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2.3.3 Knockdown of PRP4K Decreases the Sensitivity of Cancer Cells to Paclitaxel 

 HER2 amplification has received a lot of attention for its potential application in 

predicting taxane response, although its use as predictive biomarker for taxane treatment 

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 HER2 signalling, we next sought 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 kinase, complete loss of kinase 

expression is lethal (11). Therefore, to explore the role of PRP4K in the cellular response 

to paclitaxel we employed an inducible knock-down system that could be used to titrate 

PRP4K levels without killing the cell or impairing cell division; events that would 

confound interpretation of taxane sensitivity assays, and may be a factor in previously 

conflicting studies of taxane drug response in relation to this kinase (55,56). To this end, 

we generated several breast (MCF-7, MDA-MB-231) and  ovarian (SK-OV-3) cell lines 

stably expressing either a control hairpin (shCTRL), or one of two hairpins targeting 

PRP4K (shPRP4K-1 and shPRP4K-2) under the control of a doxycycline-inducible 

promoter. We found that the addition of 2µg/ml doxycycline to the culture medium for 96 

h led to significant knockdown of PRP4K in all three cell lines without impacting cell 

viability (Figure 2.5A). Acute dosing (90 min) was chosen for the taxane response 

experiments, as described by Nguyen et al. (143), as opposed to the commonly used 

chronic dosing (48 h), to more closely mimic the type of exposure a cell 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 clearance (144), meaning cells would only be exposed to drug for a short 

period of time (65). Knockdown of PRP4K expression over 96 h in each cell line resulted 

in significantly decreased sensitivity to paclitaxel, as measured by an alamarBlue cell 

viability assay following a 90 minute acute, low dose drug treatment and 72 hour 

recovery period in drug-free medium (Figure 2.5B). Similarly, when PRP4K expression 

was decreased in SK-BR-3 cells by pre-treating for 48 h with 0.1µM lapatinib (Figure 

2.5B), cells showed decreased sensitivity to paclitaxel, as compared to the untreated 

control (Figure 2.5C).   
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Figure 2.5 Decreased PRP4K expression is associated with an increased cellular 

resistance to paclitaxel. (A) Cell lines stably expressing a tetracycline-inducible shRNA 

targeting PRP4K were established using a lentiviral-based system. Hairpin expression 

was induced for 96 h with 2µg/mL doxycycline and PRP4K levels analyzed by western 

blot analysis. Band intensity was quantified by densitometry, normalized to the actin 

loading control, and represented as ratios with shCTRL normalized to 1. (B) PRP4K 

knock down was induced with doxycycline for 96 h followed by paclitaxel treatment at 

the indicated concentrations for 90 min. Cell viability was measured via an alamarBlue 

assay after a 72 h recovery in drug-free medium. Data is presented as the mean of 

triplicates ± SEM, *p<0.05. (C) SK-BR-3 cells were treated with 0.1µM lapatinib for 48 

h to decrease PRP4K expression. The cells were then exposed to paclitaxel at the 

indicated concentration for 90 min. Cell viability was measured via an alamarBlue assay 

after a 72 h recovery in drug-free media. Data is presented as the mean of triplicates ± 

SEM, *p<0.05. 
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To try to determine the mechanism by which PRP4K regulates taxane sensitivity, 

PRP4K-knockdown cells stably expressing a GFP-tagged histone H2B were treated with 

paclitaxel for 90 min and then monitored via live-cell microscopy. Under normal 

conditions, cells treated with taxane arrest in mitosis via activation of the SAC (59). After 

prolonged activation (approximately 6 h), the cell typically undergoes apoptosis, or 

mitotic cell death as shown by the apoptotic nuclear condensation in HeLa GFP-H2B 

shCTRL cells treated with paclitaxel (Figure 2.6). Following the knockdown of PRP4K, 

taxane-treated cells arrested in mitosis, but instead of undergoing apoptosis, underwent 

mitotic slippage, and re-entered the cell cycle as 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 recruit MPS1 kinase, MAD1 and 

MAD2 to the kinetochore in order to establish a functional SAC (37). Thus, the decreased 

sensitivity of PRP4K knock-down cells to paclitaxel may arise from impaired SAC 

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

in paclitaxel treated cells. HeLa GFP-H2B cells were stably transduced with a control 

hairpin (shCTRL) or a hairpin targeting PRP4K (shPRP4) under control of a doxycycline 

inducible promoter. Doxycycline (2µg/ml) was added to the culture medium to induce 

hairpin expression for 96 h. 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 response. Scale bars = 10 µm.    
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2.3.4 Reduced PRP4K Expression is Associated with Both In Vitro-Derived 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 taxane-containing 

chemotherapy regimens. To explore the role of PRP4K in acquired cellular resistance to 

paclitaxel, MCF-7 cells were maintained in several independent pools of cells cultured in 

increasing concentrations of paclitaxel for 15 weeks, which resulted in separate 

populations of cells with increased resistance to chronic exposure to 10 nM paclitaxel 

(Figure 2.7A). Six independent clones were isolated from these resistant pools and 

analyzed via western blotting for PRP4K protein level. As shown in Figure 2.7A, all of 

the paclitaxel-resistant clones (PAXR1-PAXR6) express reduced levels of PRP4K, as 

compared to the starting, non-resistant population. In addition, we analyzed PRP4K 

levels in matched cell lines isolated from a patient diagnosed with high-grade serous 

ovarian cancer who had received paclitaxel as part of their treatment regimen, and 

subsequently relapsed and no longer responded to taxane-based therapy (135). The cell 

line which was isolated prior to paclitaxel treatment (TOV1369) expressed a higher level 

of PRP4K (Figure 2.7B), as compared to the cell line that was isolated post-relapse 

(OV1369(R2)). Taken together, these results indicate that reduced PRP4K levels are 

associated with the acquisition of resistance to paclitaxel both in vitro and in 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 a sub-lethal 

concentration of paclitaxel for 3 weeks. The concentration of paclitaxel in the growth 

medium was tripled every 3 weeks for 15 weeks to create a resistant population. 

Individual clones were isolated from the resistant population, and analyzed via western 

blotting for PRP4K protein level. (B) TOV1369 and OV1369(R2) cell lines were isolated 

from an ovarian cancer patient pre-taxane treatment, and post-relapse, respectively. 

Whole cell lysates were prepared from each cell line and PRP4K protein levels were 

determined via western blotting. Band intensity was quantified by densitometry, 

normalized to the actin loading control, and represented as ratios.   
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2.3.5 PRP4K Expression Correlates with Better Overall Survival in Ovarian Cancer 

Patients Treated with Taxanes with Low HER2-Expressing Tumours 

Given that decreased PRP4K expression is associated with reduced sensitivity to 

paclitaxel in vitro, that PRP4K is regulated by HER2 (a controversial predictive 

biomarker of taxane response), and that acquired taxane resistance is associated with 

reduced PRP4K levels, we next wanted to determine if PRP4K could serve as a more 

direct biomarker for taxane response amongst high-grade serous epithelial ovarian cancer 

patients receiving taxanes as first-line therapy. The taxane-treated cohort of patients from 

the ovarian tumour TMA from Figure 2.3 were 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 patients appear to have a better progression-free and overall 

survival (Figure 2.8A), although this was not statistically significant. In breast and 

ovarian cancer, HER2/ERBB2 gene amplification is generally associated with poor 

survival. While HER2 protein expression by immunohistochemistry has less prognostic 

power than direct detection of HER2 gene amplification (145), previous studies have 

demonstrated that typically only the highest scoring tumours for HER2 expression by 

immunohistology are found to harbour HER2 gene amplification (146).  Therefore, we 

rationalized that perhaps the patients with 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 greater HER2 gene amplification. Indeed, when we compared HER2-

high (2-3) versus HER2-low (0-1) patients within our cohort of high-grade serous 

epithelial ovarian cancer patients, the HER2-high patients display a significantly worse 

overall survival, as compared to the HER2 low cohort (Figure 2.8B).  Therefore, we 
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repeated our analysis removing patients with the high HER2 staining from the cohort. 

Under these criteria, a significant increase in both time to progression (HR = 0.53 [95% 

CI 0.27-1.01]; p = 0.05) and overall survival (HR = 0.37 [95% CI 0.15-0.88]; p = 0.03) 

was observed amongst PRP4K-ON patients, as compared to PRP4K-OFF (Figure 2.8C). 

Thus, in the context of low HER2 expression, PRP4K is a positive prognostic biomarker 

for high-grade serous ovarian cancer patients treated with platinum/taxane-based 

therapies. The same analysis could not be done 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 curves of progression-free 

survival (left) and overall survival (right) in a cohort of 130 ovarian cancer patients 

treated with platinum/taxane chemotherapy. (B) Kaplan Meier curves of progression-free 

survival (left) and overall survival (right) in 103 platinum/taxane-treated ovarian cancer 

patients with either low (0-1), or high (2-3), expression of HER2. Significance (p) is 

indicated by Log Rank. (C) Kaplan Meier curves of disease free survival (left) and 

overall survival (right) in 64 patients (i.e. a subset of the 130 in A) with no to moderate 

(0-1) expression of HER2. Significance (p) is indicated by Log Rank. Data presented in 

this figure was collected by the Mes-Masson lab.  
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2.4 Discussion 

Despite the challenges associated with the development of resistance, 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 benefit from the inclusion 

of taxanes in their treatment regimen, and those who will not. Numerous biomarkers have 

been identified that correlate with in vitro taxane resistance, however their use clinically 

to stratify patients according to predicted taxane response has been limited. 

In this study we have identified PRP4K as a novel HER2-regulated gene, and 

investigated its role in the cellular response to taxanes. Immunostaining for PRP4K in 

human breast and ovarian cancer TMAs revealed a significant correlation between 

PRP4K and HER2 (Figure 2.3), which we confirmed was a result of PRP4K expression 

being regulated by HER2 signaling (Figure 2.4). While the role of HER2 in the cellular 

response to taxanes in vitro remains controversial, the clinical data seems to support a 

link between HER2 expression and positive response to taxanes in breast cancer (127-

132). However, due to the discrepancies between in vitro and in vivo data, the 

mechanism(s) linking HER2 signaling to taxane sensitivity remain unknown. To 

determine if PRP4K was contributing to the observed HER2-mediated 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, HER2-based 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 taxane-based chemotherapy has shown 

improved outcomes in patients with HER2-positive tumours (147,148).  In our 

experiments, it is important to note that chemical inhibition of HER2 was used as a tool 

to manipulate PRP4K expression, and reduced 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 of trastuzumab or lapatinib being given concurrently with 

taxane treatments (149,150). It should also be noted that patient outcome is statistically 

better and patients exhibit fewer side-effects when treated periodically with trastuzumab 

(given concurrently with taxane) rather than with chronic dosing of lapatinib, which is 

taken daily with periodic taxane treatment (149).  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 reduce taxane 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 pre-mRNA splicing (11,13), and as a consequence we are actively 

pursuing how changes in PRP4K expression affect alternative pre-mRNA splicing. 

However, to date there has been little evidence for splicing factors playing a role in 
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taxane resistance; whereas paclitaxel-induced apoptosis has been clearly demonstrated to 

be dependent on the prolonged activation of the SAC (104,151), and disruption of 

checkpoint function has been shown to increase resistance to taxanes in vitro (55,101). 

With PRP4K playing an important role in SAC function in response to microtubule 

poisons like nocodazole (37), it is most likely that loss of PRP4K leads to taxane 

resistance through mitotic checkpoint failure.  

Given our in vitro data indicating that low PRP4K expression, induced either by 

inhibition of HER2 signalling or by knock-down of PRP4K, reduces the sensitivity of 

breast and ovarian cancers to taxanes, we also evaluated PRP4K as a potential prognostic 

biomarker for outcome in ovarian cancer patients treated with taxane-containing 

therapies. Although we had PRP4K immunohistochemistry data on both breast and 

ovarian tumours, none of the patients in the breast cohort were treated first-line with 

taxane-based chemotherapy. Thus, we focused 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 PRP4K (Figure 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 taxanes (131), overall, 

HER2 amplification is associated with poor prognosis in breast (152) and ovarian cancer 

(145,153). Given the strong correlation between HER2 expression and PRP4K within this 

cohort, we would expect to preferentially select for HER2-amplified tumours within the 
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PRP4K ON group. We would thus select for patients with an overall poorer prognosis 

(Fig. 2.8B), irrespective of treatment, as compared to the majority of patients that do not 

have amplified HER2. Using 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 increases in both time to progression (HR = 0.53 [95% CI 0.27-

1.01]; p = 0.05) and overall survival (HR = 0.37 [95% CI 0.15-0.88]; p = 0.03), as 

compared to patients with tumours that exhibited no detectable PRP4K expression by 

immunohistochemistry (PRP4K OFF). 

In summary, this chapter identifies PRP4K as a HER2-regulated modifier of 

taxane sensitivity, and as a potential prognostic marker for better survival in ovarian 

cancer patients treated with taxanes that harbour low HER2-expressing tumours. Our data 

also indicates that reduced PRP4K expression correlates with acquired taxane resistance 

post-treatment (Figure 2.7). Thus, in addition to being a positive prognostic marker for 

survival in ovarian cancer patients with low or HER2-negative tumours at diagnosis, 

PRP4K expression could be of value in determining which patients might receive 

additional benefit (or not) from continued taxane treatment following relapse from 

previous taxane-based therapy. 
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Chapter 3 Development of a Zebrafish Xenotransplant 

Model to Study In Vivo Drug Response 

 

This chapter contains material (sections 3.2, 3.3.1, 3.4, Figures 3.1-3.6) originally 

published in: 

“Corkery DP, Dellaire G, Berman JN. 2011. Leukemia Xenotransplantation in 

Zebrafish—Chemotherapy Response Assay In Vivo. British Journal of Haematology. 

153:786-789” 

 

3.1 Introduction 

3.1.1 Zebrafish as a Model to Study Human Cancers 

The zebrafish (Danio rerio), a small tropical freshwater fish native to the 

southeastern Himalayan region, emerged as a model to study vertebrate developmental 

biology in the 1960’s (154,155). There are numerous advantages to using zebrafish as a 

model organism including the rapid external development and optical clarity during 

embryogenesis which allows for the visualization of developmental processes. Zebrafish 

produce large clutch sizes (200-300 embryos per mating pair per week) with short 

generation times which facilitates genetic analyses while a striking genetic conservation 

between zebrafish and mammals (approximately 70%) leads to conserved biochemical 

pathways (156). 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 histological (158) and molecular (159) similarities to 

human tumours. Since 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 

strategies include mutant zebrafish lines with a predisposition to various types of cancer, 

transgenic zebrafish which express human oncogenes, and the xenotransplantation of 

human cancer cells into zebrafish embryos. 

 

3.1.1.1 Mutant Models of Cancer 

The ability to perform large-scale genetic screens in zebrafish is 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 fish (F0) carrying mutations are crossed 

with wild type (WT) females to produce a clutch of embryos (F1), in which the males are 

expected to be heterozygous for the mutant allele. These progeny males are again crossed 

to WT females to generate the F2 family of fish, half of which are expected to be 

homozygous for the WT allele, and the other half heterozygous for the mutant allele. 

Crossing of the F2 siblings will generate the F3 family of fish in which one-fourth of the 

F2 crosses are expected to produce an F3 progeny which are 50% heterozygous and 25% 

homozygous for the mutant allele (160). The goal of the screen would be to identify F3 

families of fish which have increased rates of spontaneous neoplasia and work backwards 

to identify the causative mutation. While large-scale chemical mutagenesis screens have 

proven useful for identifying mutations within zebrafish which lead to both 

developmental defects (161,162) and heritable predispositions to cancer (163,164), the 

genetic mapping required to identify the causative mutation is laborious and time-

consuming.  
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An alternative approach to chemical mutagenesis which allows for the rapid 

identification of the causative mutation is insertional mutagenesis. Injection of a 

retrovirus into blastula-stage embryos (1000-2000 cells) results in the integration of viral 

sequences randomly into the genome. Passing these mutations through the germline, as 

described above for the chemical mutagenesis, results in an F3 population 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 a molecular tag which can be 

used to clone the disrupted loci and identify the causative gene (165). These two 

approaches have led to the establishment of several mutant zebrafish lines with increased 

predisposition for a defined set of cancer types (163,164,166,167). As an example, the 

crash&burn (crb) zebrafish mutant, identified from a large-scale chemical mutagen-

based genetic screen, was shown to have a predisposition to vascular and testicular 

cancers. Genetic mapping of the mutant genome identified a loss-of-function mutation 

within bmyb, a transcriptional regulator of cyclin B (164). The mutant was then employed 

in a secondary screen in which 16, 320 compounds were screened for their ability to 

suppress the bmyb-dependent mitotic defects in crb embryos. One compound, 

persynthamide, was identified for its ability to prevent mitotic defects (168) and may 

represent a novel compound for the treatment cancers with loss-of-function bmyb 

mutations. This example illustrates how large 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 defined mutation.               
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3.1.1.2 Transgenic Models of Cancer 

 A major stepping stone for zebrafish as a cancer model was the emergence of 

rapid transgenic technology. The first transgenic cancer model in zebrafish was created 

by Langenau et al. who demonstrated that expression of the mouse oncogene Myc, under 

control of the zebrafish rag2 (recombination activation gene 2) promoter resulted in the 

rapid onset of T-cell acute lymphoblastic leukemia (T-ALL) in adult zebrafish (169). 

Wild-type zebrafish embryos were injected with the Rag2-mMyc transgene at the one-cell 

stage of development to create an F0 population of fish which were mosaic for expression 

of the transgene. After approximately 44 days, F0 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 (10-12 weeks), making the line difficult to breed and 

maintain. To address this issue Myc was conditionally expressed using both Cre/lox 

(170) and heat shock (171) promoter systems creating a system amenable to forward 

genetic and small molecule suppressor screens. The molecular pathways that were 

activated in response to Myc overexpression in these fish closely resembled those found 

in human T-ALL, proving the zebrafish to be a valid model to study human disease.  

A number of transgenic zebrafish cancer models have subsequently been created 

though the overexpression of various oncogenes including a precursor-B acute 

lymphoblastic leukemia (pre-B ALL) model created by expressing the oncogenic TEL-

AML1 fusion protein (172), a pancreatic neuroendocrine tumour model created by 

expressing MYCN under control of the myoD promoter (173), a melanoma model created 

by expressing activated human BRAF
V600E

 under control of the melanocyte-specific mitfa 
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promoter in a p53 deficient background (174), and an embryonic rhabdomyosarcoma 

model created by expressing activated Kras
G12D

 under control of the rag2 promoter (175). 

These oncogene-driven models are useful for investigating downstream biochemical 

pathways contributing to cancer progression in vivo. In addition, much like the mutant 

zebrafish lines with an increased predisposition to cancer, the transgenic models can also 

be used in high-throughput 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 study the in vivo 

behaviour of human cancer cell lines. More recently, zebrafish have begun to emerge as 

an alternative xenograft animal model due to their superior imaging quality, amenability 

to high-throughput drug screening and cost effectiveness, as compared to traditional 

rodent models.  

Xenotransplantation of human cancer cells into zebrafish embryos was initiated in 

2005 using a melanoma xenograft model (176). In this study, Lee et 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 concluded that aggressive melanoma 

cells remain in a dedifferentiated state expressing both mesenchymal and epithelial 

markers, preventing proper integration into developing organs. In a follow-up study, the 

same group found that the transplanted melanoma cells secrete Nodal, a potent 

embryonic morphogen which alters normal embryonic 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 mice (177). 

 Subsequent studies by Haldi et al. determined an incubation temperature of 35°C 

enabled normal growth of injected human cell lines (usually cultured at 37°C) without 

compromising zebrafish embryogenesis (usually maintained at 27°C) and established the 

yolk sac and 48 hours post-fertilization (hpf) as the ideal anatomic location and 

developmental stage for injection (178). At this stage, adaptive immune responses are not 

yet established in the embryo, permitting injection of human cells without need for 

immunosuppression (178-180). Melanoma cells labeled with a fluorescent cell tracking 

dye were shown to proliferate within embryos as evaluated by manual enumeration of 

fluorescent cells within a dissociated embryo suspension using a hemocytometer (178). 

Importantly, it was also shown that zebrafish endothelial cells associate with tumour cell 

masses and form vessel-like structures, demonstrating for the first time that human 

tumour cells can communicate with the host microenvironment to induce an angiogenic 

response. This concept was explored further by Nicoli and Presta, who demonstrated that 

knockdown of zebrafish VE-cadherin using antisense morpholino oligonucleotides 

inhibited neovascularization of xenografted tumours (180). This result is consistent with 

mouse studies which have identified VE-cadherin as a component of the adherens 

junction shown to play an essential role in angiogenesis (181). These studies highlight 

how the ease of genetic manipulation in zebrafish can be exploited to 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 
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proliferation of the engrafted human cancer cells. A 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 as would commonly 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 model in studying cellular response to drugs. 

 

3.1.2 Limitations to Using Zebrafish to Study Human Cancer   

While the use of zebrafish as a cancer model offers many advantages over 

traditional tissue culture and rodent models, it is not without its limitations. Comparison 

of human and zebrafish genomes has identified an obvious zebrafish orthologue for 

approximately 70% of human genes (156). While this number is strikingly high for a 

lower vertebrate, several human cancer-associated genes are amongst the 30% which lack 

a zebrafish orthologue. For example, zebrafish lack orthologues for leukemia inhibitory 

factor (LIF), oncostatin M (OSM), interleukin 6 (IL6) and breast cancer 1, early onset 

(BRCA1) (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 

these missing genes play a role. To complicate matters further, the zebrafish underwent a 

whole genome duplication event during evolution (186) resulting in often multiple 

paralogues for a given orthologous gene. This genetic redundancy has been shown to 

influence the role of oncogenes and tumour suppressors in carcinogenesis. For example, 

the second most mutated tumour suppressor in human cancers, PTEN, is expressed as two 
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paralogs, ptena and ptenb, within zebrafish (187). These paralogs have been shown to 

play redundant roles in embryonic development, but not in tumour formation as ptena is 

unable to compensate for the lack of ptenb within tumours developing in ptenb-/- fish 

(187). A subtle difference in the functions of paralogs raises concerns over the 

translatability of research surrounding this prominent tumour suppressor.  

Limitations associated with the zebrafish genome can be overcome through the 

xenotransplantation of human cancer cells into zebrafish embryos, although this model is 

not without limitations of its own. The lack of an adaptive immune system in zebrafish 

embryos allows for the engraftment of human cells without fear of host rejection but may 

also become a limitation to the translation of findings. Adaptive immune cells play 

essential roles in regulating both cancer progression and the response to treatment 

(188,189). As a result, there is much debate regarding the translatability of results 

obtained using immunocompromised xenograft models. The xenotransplant model is also 

limited by a lack of research to date investigating the zebrafish microenvironment, as it 

compares to the human tumour microenvironment. Beyond immune cells, the tumour 

microenvironment is composed of resident fibroblasts, 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 microenvironment influence tumour progression and metastasis (190) 

supporting the use of in vivo model systems for the validation of in vitro results. The 

ability of engrafted cancer cells to induce an angiogenic response within zebrafish 

embryos (178,180) suggests that there is cross-talk between the cancer xenograft and the 

host, but the extent of this communication remains unknown. Finally, as described in 
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section 3.1.1.3, the xenotransplantation model has been limited by an inability 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 cell viability or cell 

number. The small size of zebrafish prohibits accurate tumour volume measurements and 

no methods to accurately quantify changes in cancer cell number within the embryo 

currently exist.      

 

 

 In this chapter I present a robust cell proliferation assay developed for use with 

the zebrafish xenotransplant (XT) model. I transplant K562 and NB-4 human leukemia 

cell lines characterized by distinct cytogenetic abnormalities into transparent casper 

embryos, a combinatorial zebrafish pigment mutant (191), and apply the developed 

proliferation assay to quantify cell growth within the embryo. I then conduct proof-of-

principle studies in which transplanted embryos are treated with targeted therapeutics and 

the effect on proliferation quantified. Finally, I apply the model to our study of PRP4K 

and taxane sensitivity.    

 

3.2 Materials and Methods  

3.2.1 Zebrafish Maintenance  

Adult casper zebrafish were maintained in the Aquatics Laboratory at the IWK 

Health Centre (Halifax, NS) as described by Westerfield (192). The use of zebrafish in 

these studies was approved by the Dalhousie University Animal Care Committee. 
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3.2.2 Tissue Culture and Cell Labelling 

 Human K562 (gift of Drs. Donald Small and Robert Arceci (Johns Hopkins 

School of Medicine)) and NB-4 (gift of Dr. David Waisman (Dalhousie University)) cells 

were cultured in Rosewell Park Memorial Institute (RPMI) 1640 medium containing 10% 

fetal bovine serum (FBS) with the addition of 1% penicillin/streptomycin. MDA-MB-231 

shCTRL/shPRP4 cells (described in 2.2.6) were cultured in DMEM containing 10% 

Tetracycline-Free FBS (Invitrogen) with the addition of penicillin/streptomycin. For 

labelling, 5 million cells were pelleted by centrifugation for 5 minutes at 400 x g. The cell 

pellet was re-suspended in PBS containing the lipophilic cell tracking dye CM-DiI 

(Invitrogen, 5µg/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 min at 400 x g and the 

pellet washed twice with PBS to remove excess dye. After the final wash the pellet was 

re-suspended in 500µl of media to produce a final cell concentration of 10
6
cells/mL.   

 

3.2.3 Zebrafish Handling, Xenotransplantation and Drug Treatment 

 Prior to injecting cancer cells at 48 hpf, zebrafish embryos were dechorionated 

using a 10 mg/ml stock solution of pronase (Roche Applied Science). Embryos were 

anaesthetized with tricaine (Ethyl 3-aminobenzoate methanesulfonate salt, MS-222, 

Sigma-Aldrich) at a final concentration of 200 µg/ml, and placed in a Petri dish on their 

sides on a ramp comprised of 1% agarose. CM-DiI-labeled cells were loaded into a glass 

micropipette pulled by a P-97 Flaming/Brown micropipette puller (Sutter Instrument Co., 

Novato, CA). The needle was placed in a PLI-100 Pressure Injector (Harvard Apparatus, 
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Holliston, MA) and 25-50 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, Germany). Visual inspection of a test 

injection onto a glass coverslip was used to estimate the presence of 25-50 cells prior to 

injection into the animal. Following 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 the 

experiment (178). At 24 h post injection (hpi), embryos were screened for the presence of 

a fluorescent cell mass at the site of injection, and only embryos with a mass of uniform 

size were used for proliferation studies. Embryos xenotransplanted with human cancer 

cells were then maintained in groups of 15-20 within individual Petri dishes prior to drug 

treatment. Imatinib mesylate (IM), all-trans retinoic acid (ATRA), paclitaxel (PAX), or 

vehicle control (0.05% DMSO) were added directly to the fish water, at indicated 

concentrations, for 48 h.  

 

3.2.4 Embryo Dissociation 

Populations of embryos were dissociated at 24 hpi and 72 hpi with or without 

drug treatment. For dissociations, 15-20 embryos were euthanized by tricaine overdose, 

placed in a 1.5 mL Eppendorf tube and incubated in protease solution (0.25% trypsin, 

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 complete dissociation. 

Once the dissociation was complete, the reaction was stopped by the addition of 200µl of 

stop solution (30% FBS, 6 mM CaCl2 in 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 washed with 1 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 10µl per embryo.  

 

3.2.5 Imaging of the Dissociated Material  

To enable the ex vivo quantification of xenografted leukemia/breast cancer cells, 

engrafted embryos dissociated as above at a concentration of 1 embryo/10µl were 

pipetted as a 10µl bolus on a glass slide as a hanging droplet and imaged by fluorescence 

microscopy using an inverted Axio Observer Z1 microscope equipped with a Colibri 

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 1µl of the 10µl bolus 

(Figure 3.1). To ensure droplets were of a uniform size, only droplets in which the 

internal 3x2 grid fit within the entire droplet were used for calculating cell numbers. For 

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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Figure 3.1 Image analysis of dissociated embryos. Representative brightfield and 

fluorescent images of a hanging bolus from dissociated K562 xenotransplanted embryos 

at 24 and 72 hpi. Individual 10µl boluses mounted on a glass slide were imaged as a 5x4 

mosaic under a 5x objective. Higher magnification fields are shown below. Scale bar = 

200 m. 
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3.2.6 Ex Vivo Proliferation Assay 

Cells fluorescently labelled with CmDiI were counted within the micrographs of 

each of the 4 fields of view using a semi-automated cell quantification macro executed in 

ImageJ (NIH, Bethesda, MD) (Appendix B). This macro converts the images to a single 

stack and adjusts the fluorescence intensity threshold before counting fluorescent cells in 

each image using the “Particle Picker” tool set to count particles of a minimum size 

empirically determined for each cell line. Briefly, the distribution of cell size was 

determined from micrographs taken of CmDiI-labelled leukemia cells in suspension prior 

to xenotransplantation, and the minimum size for particle selection was set as the mean 

cell area minus one standard deviation. In addition, dissociated cells were stained with 

10nM DRAQ5 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 nM (i.e. CmDiI) 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 sample (i.e. n=20 images encompassing ~50µl of the total 

100µl suspension). Each experiment was then repeated in triplicate. Since each 10µl 

bolus represents 1 embryo, and each field of view is equivalent to 1µl of the embryo cell 

suspension using the 5x objective, I 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 leukemia/breast cancer cells can be 

represented in absolute terms as the number of cells/embryo, or in relative terms as a fold 
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increase in cell number based solely on the cell count per field of view, at 24 and 72hpi 

with or without drug treatment. 

 

3.2.7 MDA-MB-231 PRP4K Knockdown  

For experiments involving the knockdown of PRP4K, MDA-MB-231 

shPRP4/shCTRL cells (described in 2.2.6) were treated with 2 µg/ml doxycycline for 48 

hours prior to transplant. Following transplant, 10µg/ml doxycycline was added to the 

fish water of engrafted embryos to ensure hairpin expression throughout the duration of 

the experiment. 

 

3.3 Results 

3.3.1 Human Leukemia Proof-of-Principle Studies 

To validate the use of the zebrafish XT method as a tool to study in vivo drug 

response, I conducted proof-of-principle studies using the K562 and NB-4 human 

leukemia cell lines which are characterized by cytogenetic abnormalities known to be 

effectively targeted by small molecule inhibitors. K562 cells harbor the BCR-ABL fusion 

gene that results from the t(9;22)(q34;q11) translocation generating the Philadelphia 

chromosome found in 90% of patients with chronic myeloid leukemia (CML) (193). 

Imatinib mesylate specifically targets the Abelson (ABL) receptor tyrosine kinase that is 

constitutively activated by the breakpoint cluster region (BCR)-ABL fusion gene, and has 

revolutionized the management of chronic-phase CML (194). By contrast, all-trans 

retinoic acid selectively targets the retinoic acid receptor alpha-promyleocytic leukemia 

(PML-RARA) fusion gene product arising from the t(15;17)(q22;q12) 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 in (195)). ATRA therapy promotes leukemic cell 

differentiation by alleviating the aberrant transcriptional repression induced by the PML-

RARfusion protein, and its efficacy has converted a previously devastating disease into 

the most treatable subtype of AML (196,197).
  

To study the ability of K562 or NB-4 human leukemia cells to engraft within 

zebrafish embryos, I injected 25-50 fluorescently-labeled cells into the yolk sac of 48 

hour-old casper zebrafish embryos. Injected embryos were screened for the presence of a 

fluorescent mass at the site of injection and the behaviour of leukemia cells was 

monitored by live-cell microscopy. Cell proliferation was quantified by counting the 

number of fluorescent cells present in cell suspensions generated from the enzymatic 

dissociation embryos at 24 and 72 hpi, as outlined in Figure 3.2. Injected embryos 

tolerated the presence of human leukemia cells for up to 7 days, during which time the 

engrafted leukemia cells proliferated and circulated within the embryonic vasculature 

(Figure 3.3A). Fifteen to twenty embryos were dissociated at each time point and the cell 

suspension was mounted on a glass slide as a hanging drop for imaging (Figure 3.1).The 

number of leukemia cells was determined from fluorescent micrographs of the 

dissociated cells using a semi-automated cell quantification macro executed in ImageJ 

(NIH, Bethesda, MD) (Appendix B). Using this proliferation assay, I observed a 

reproducible increase in K562 cell number from 90 to 230 cells per embryo (i.e. 2.6-fold) 

and NB-4 cell number from 50 to 170 cells per embryo (i.e. 3.4-fold) over the 48 hour 

time period (Figure 3.3B). I confirmed that I was enumerating only intact leukemia cells 

after dissociation by staining with the cell permeable viable DNA-binding dye, DRAQ5, 
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which stained the nuclei of all CmDiI labelled cells counted in our experiments (Figure 

3.4). This proliferation assay is both robust and reproducible, allowing for the rapid in 

silico quantification of cell proliferation, without observer bias, and represents a 

substantial improvement over prior crude approaches associated with large confidence 

intervals (178).  
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Figure 3.2 Schematic of in vivo cell proliferation assay. Human cancer cells are 

fluorescently labeled with a cell tracking dye. Approximately 25-50 fluorescently labeled 

cells are microinjected into the yolk sac of 48 hpf casper embryos. 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 maintained at 

35°C for 24 h, and the other group is maintained at 35°C for 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 counted. The 

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 number. Insert in image B shows a 

single cell stained with CM-DiI (red) and DRAQ5 (blue).    
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Figure 3.3 Human 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 NB-4 cells at 24 and 72 hpi. Scale bars, 500µm. 

(B) Embryos at 24 and 72 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 analyzed in 3 independent experiments. Error bars = SEM. 
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Figure 3.4 Fluorescent microscopy analysis of dissociated embryos. NB-4 

xenotransplanted embryos were dissociated at 48 hpi and the resulting cell suspension 

analyzed by fluorescent microscopy. (A) Representative images taken under a 5x 

objective are shown. The three cells in the field of view that stain positive for CmDiI 

colocalize with individual nuclei (white arrows) stained with DRAQ-5. Scale Bar, 200µm 

(B) A higher magnification field of view taken with a 40X objective is shown below. 

This image clearly indicates that the NB-4 cells being enumerated contain intact nuclei  

(*). Scale bar = 20 µm.   
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To determine whether this xenotransplantation assay could be used to evaluate 

specific tumor-drug interactions in vivo, I exploited the known responses to targeted 

therapies of the molecular alterations in each leukemia cell line. Specifically, I used IM to 

target the BCR-ABL fusion protein in K562 cells and ATRA to target the PML-RARα 

fusion protein in NB-4 cells. To establish a dose of each drug which could be used to 

treat embryos without inhibiting survival, toxicity curves were generated by exposing 48 

hour old zebrafish embryos (2 embryos per well in a 96-well plate) to increasing 

concentrations of IM (0-400 µM) or ATRA (0-0.8µM) and scoring embryo viability after 

48 hours of exposure. As our starting dose, I selected 50% of the maximum tolerated 

dose (MTD) to ensure embryo survival would not be impacted. This dose equated to 20 

µM of IM and 0.2 µM of ATRA (Figure 3.5). To evaluate drug response, K562 and NB-

4 engrafted embryos were divided into groups of 15-20 and treated either with vehicle 

control or the respective targeted therapy for 48 hours. Following 48 hours of exposure to 

20 µM IM, K562 xenotransplanted embryos displayed a significant decrease in the 

number of engrafted leukemia cells compared to vehicle-treated control embryos, as 

quantified using the in silico proliferation assay outlined above (p<0.001). Similarly, NB-

4 xenotransplanted embryos exposed to 0.2 µM ATRA demonstrated a significant 

reduction in the number of engrafted leukemia cells as compared to vehicle-treated 

embryos (p<0.001) (Figure 3.6). To confirm that these results were due to specific 

tumor-drug interaction, the reciprocal experiments were performed whereby K562 

xenotransplanted embryos were treated with ATRA and NB-4 xenotransplanted embryos 

were treated with IM. In contrast to the targeted drug treatment, exposure of K562 cells 

to 0.2 µM ATRA or NB-4 cells to 20 µM 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 tumour-drug interactions rather than non-specific 

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

treated with increasing concentrations of IM (0-400µM), ATRA (0-0.8µM) and paclitaxel 

(PAX) (0-50µM) for 48 h. Following 48 h treatment, embryos were examined for 

viability and the percentage viability was plotted versus drug dose. N=12 embryos at each 

dose. 
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Figure 3.6 Human K562 and NB-4 cell proliferation in zebrafish embryos can be 

inhibited by treatment with targeted therapy. NB-4 and K562 xenotransplanted 

embryos were treated with ATRA (0.2µM), IM (20µM) or vehicle (0.05% DMSO) for 48 

h. Embryos were dissociated, fluorescent cells counted and are represented as a bar 

graph. ATRA-treated NB-4 xenotransplanted embryos had significantly fewer NB-4 cells 

as compared to vehicle-treated and IM-treated embryos. IM treated K562 

xenotransplanted embryos had significantly fewer K562 cells as compared to vehicle-

treated and ATRA-treated embryos. * p<0.001. 
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3.3.2 Using the Zebrafish XT Model to Study Taxane Response in Breast Cancer 

With proof-of-principal studies validating the use of the zebrafish XT model to 

study drug response in human leukemia cell lines, I next wished to determine if the model 

could be applied to study taxane response in breast cancer. MDA-MB-231 human breast 

cancer cells were labeled with CM-DiI and transplanted into 48 hour old zebrafish 

embryos. Using the proliferation assay outlined above, I observed a 1.5- and 2-fold 

increase in MDA-MB-231 cell number at 72 and 96 hpi, respectively (Figure 3.7B). 

Importantly, the addition of 5µM paclitaxel (Figure 3.5) to the fish water completely 

inhibited MDA-MB-231 cell proliferation in the embryo (Figure 3.7C). These results 

suggest that the zebrafish XT model can be effectively applied to the study of taxane 

response using 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 MDA-MB-231 cells imaged every 24 hours for 5 days. (B) 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 = SEM. (C) MDA-MB-231 xenotransplanted 

embryos were treated with vehicle (0.05% DMSO) or 5µM PAX for 48 hours. Groups of 

embryos were dissociated, fluorescent cells counted and the fold change in cell number 

represented as a bar graph. N = the total number of embryos analyzed from 2 independent 

experiments. Error bars = SEM. 
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3.3.3 Knockdown of PRP4K Enhances MDA-MB-231 Cell Proliferation in Zebrafish  

As discussed in Chapter 2, loss of PRP4K expression is associated with increased 

cellular resistance to taxanes. As a supplement to these studies, I wished to employ the 

zebrafish XT model to study how knockdown of PRP4K in human breast cancer cells 

would impact their response to taxanes within the in vivo environment of the zebrafish 

embryo. To accomplish this, I transplanted the MDA-MB-231 doxycycline-inducible 

shCTRL/shPRP4 cell lines I generated for studying in vitro taxane response in section 

2.3.3 into zebrafish embryos. Hairpin expression was induced by culturing cells in the 

presence of 2 µg/ml doxycycline for 48 hours prior to transplant (Figure 3.8A), and 

maintained through the addition of 10 µg/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 compared to cells expressing a 

control hairpin (Figure 3.8B). While this observation raises the interesting question of 

why PRP4K loss increases proliferation rates in vivo and not in vitro (see Chapter 4), it 

prohibits the use of the zebrafish XT model to study taxane response as proliferation rate 

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

zebrafish. (A) Western blot showing PRP4K protein levels in MDA-MB-231 

shCTRL/shPRP4K cells treated with 2 µg/ml doxycycline for up to 8 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 change in cell number over the 48 hour period. N = total number of 

embryos analyzed from 2 independent experiments. Error bars = SEM.  
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3.4 Discussion 

The zebrafish XT model described in this chapter allows for rapid in silico 

quantification of cell proliferation, representing a substantive improvement over previous 

xenotransplantion models which depend on manual enumeration (178) or the non-

quantitative visual evaluation of relative cell number (198) to assess proliferation of 

engrafted cells. In comparison, our assay provides greater sensitivity and is capable of 

detecting more subtle and accurate changes in cell number in a shorter time frame. 

Moreover, since statistically an individual droplet represents a single embryo, this 

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 inherent capacity for high 

throughput chemical screening, we have positioned this model as an innovative system 

for identifying effective anti-proliferative agents. In fact, following its development, we 

employed the zebrafish XT system to successfully study a series of modified 

prodigiosene compounds for their ability to target human leukemia cells transplanted in 

zebrafish embryos (199).  

The small number of cells and embryos required for engraftment and proliferation 

provides the opportunity for the study of drug-tumour interactions in primary patient 

samples, which may not be easily expanded in tissue culture or available in sufficient 

quantity for flow cytometry. We have recently demonstrated that T-ALL cells isolated 

from the bone marrow of pediatric T-ALL patients could be transplanted into zebrafish 

embryos, and proliferation quantified using the methods described above (200). In this 

study, the failure of one patient’s engrafted cells to respond to the gamma-secretase 
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inhibitor compound E led to the discovery of a gain-of-function NOTCH1 mutation, 

which was confirmed by Sanger sequencing of the NOTCH1 gene. The short time-frame 

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 direct treatment decisions in an effort to personalize 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 could be used to inform clinical decision-making. 

 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, recent work out of the Langenau lab describes the 

development of an immunocompromised homozygous rag2
E450fs 

mutant zebrafish (201) 

which will enable xenotransplant studies 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 transplant large numbers of embryos), the adult 

microenvironment with which engrafted cells interact would be more complex and 

should better recapitulate the human tumour microenvironment. Furthermore, a larger 

host will permit the growth of larger tumour masses which would have a greater 

dependence on neovascularization and be subject to an oxygen gradient from the tumour 

periphery moving towards the hypoxic core of the mass. Given that hypoxia has been 

shown to be associated with tumour progression and resistance to therapy (202), an adult 

zebrafish xenotransplant model may prove to be beneficial in evaluating drug response. 
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Therefore, as we move towards employing the zebrafish XT model in drug screening, the 

most informative and cost-effective method may be to use zebrafish embryos to conduct 

the primary large-scale drug screen followed by the testing of prioritized compounds in 

an adult XT model.   

   

The rationale behind developing the zebrafish XT model was to create an in vivo 

drug response assay that I could use to study the role of PRP4K in the cellular response to 

taxanes in breast and ovarian cancer. I have demonstrated that the human breast cancer 

cell line MDA-MB-231 was able to engraft and proliferate in zebrafish embryos, and that 

this proliferation could be inhibited by treating embryos with paclitaxel. However, when I 

knocked down PRP4K I observed 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 proliferation, which is the focus of Chapter 4 of this thesis. 
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Chapter 4 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 context within a 

tissue. Interactions between specific integrin receptors on the cell surface and their 

extracellular matrix (ECM) counterparts indicate that the cell is in the correct location 

and transduce signals promoting proliferation and survival (203-205). When these 

interactions are lost, cells undergo a form of programmed cell death termed anoikis, 

which prevents dysplastic cell growth.  

Anoikis was first described in the early 1990s when two studies revealed that 

epithelial cells deprived of attachment to the ECM underwent classical apoptosis 

(203,206). Importantly, it was shown that apoptosis could be blocked by culturing cells 

on non-adherent plates with immobilized integrin β1 antibody, but not with antibodies 

recognizing other cell surface proteins. This suggested that integrin binding and the 

resulting downstream signaling could suppress anoikis. It was also shown that epithelial 

cells could be switched from anoikis-sensitive to anoikis-resistant through oncogenic 

transformation or by treating cells with scatter factor (also known as hepatocyte growth 

factor (HGF)), a fibroblast-secreted protein which promotes the motility of epithelial cells 

(207). These results were the first to show that anoikis is mediated by integrin signaling, 

transformation, and epithelial to mesenchymal transition (EMT).          
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  Induction of apoptosis following detachment from the ECM can follow either 

the intrinsic mitochondrial-mediated pathway or the extrinsic death receptor-mediated 

pathway (Figure 4.1).  In the intrinsic pathway, proteins of the Bcl-2 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 

homo-oligomers forming a pore in the membrane resulting in the release of cytochrome c 

(208). Cytochrome c interacts with the apoptosis protease-activating factor (APAF) and 

pro-caspase-9 in the cytoplasm to form the ‘apoptosome’, which functions to promote the 

dimerization and subsequent activation of caspase 9 (209). Once activated, the initiator 

caspase 9 activates the effector caspases, caspase-3 and caspase-7, to induce cell 

destruction (210). Anoikis has been shown to initiate the intrinsic pathway through the 

activation of Bim (211). Bim is a pro-apoptotic member of the Bcl-2 homology domain 3 

(BH3)-only family of proteins and is found sequestered to the microtubule-associated 

dynein motor complex (212). Following the loss of integrin engagement to the ECM, 

Bim is upregulated and translocates from the dynein motor complex to the mitochondria 

(211) where it promotes Bak and Bax homo-oligomerization either directly through the 

activation of Bax (213-215), or indirectly through suppression of the pro-survival Bcl-2 

members Bcl-xL and Mcl-1 (216,217). 

       The extrinsic apoptotic pathway is initiated following the binding of 

extracellular death ligands such as tumour necrosis factor-α (TNF-α) or Fas Ligand 

(FasL) to their respective transmembrane receptors. Binding stimulates receptor 

oligomerization which recruits Fas-associated death domain (FADD) and the initiator 

caspase-8, to form the death-inducing signaling complex (DISC). Formation of the DISC 
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results in oligomerization of caspase-8, facilitating its autoactivation through self-

cleavage (218,219). Active caspase-8, much like in the intrinsic pathway, activates the 

effector caspases, caspase-3 and caspase-7, to induce cell destruction. Anoikis has been 

shown to initiate the extrinsic pathway by upregulating the Fas receptor while 

simultaneously downregulating c-Flip, an endogenous antagonist of caspase-8 (220,221). 

Furthermore, unliganded integrins have been shown to recruit caspase-8 to the membrane 

where it can become activated in a death receptor-independent manner (222). 
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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 detachment. The intrinsic pathway is activated through the up-

regulation of Bim which promotes Bak and Bax dimerization in the OMM. The extrinsic 

pathway is activated through the up-regulation of Fas death receptor and the concurrent 

inhibition of c-Flip. 



94 

 

  In addition to activating intrinsic and extrinsic apoptotic pathways, integrin 

detachment from the ECM shuts off integrin-mediated survival signaling pathways. 

Integrins bind the ECM in clusters resulting in the formation of focal adhesions; large 

multi-protein structures 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 is the non-receptor tyrosine kinase 

focal adhesion kinase (FAK). FAK is recruited to focal adhesions and activated through 

disruption of an intra-molecular auto-inhibitory interaction between the amino-terminal 

FERM (protein 4.1, ezrin, radixin and moesin homology) domain and its kinase domain 

(224,225). Displacement of the FERM domain is preceded by autophosphorylation of 

tyrosine 397, exposing a docking site for phosphatidylinositol 3-kinase (PI3K) (226) and 

Src family kinases (227). Recruitment of PI3K to FAK (much like its recruitment to 

HER3, as described in section 2.1.4) serves to bring PI3K within proximity of its 

membrane-bound substrate PIP2. Phosphorylation of PIP2 by PI3K leads to the activation 

of Akt and inhibition of apoptosis, as decribed previously (see 2.1.4). Recruitment of Src 

to FAK allows Src to phosphorylate FAK at tyrosine 925 which mediates its interaction 

with growth factor receptor-bound protein 2 (Grb2) (228). Grb2 acts as a docking protein 

to recruit, and activate, the Ras guanine nucleotide exchange factor, SOS (229). The 

activation of Ras by SOS promotes cell proliferation and prevents apoptosis through 

activation of the Raf/MEK/ERK pathway (124), as described in section 2.1.4, and 

illustrated in Figure 2.1. Detachment of integrins from the ECM results in the disruption 

of focal adhesions and 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 apoptosis is a testament to how important anoikis is 

in the development and maintenance of cellular homeostasis. Accordingly, the 

deregulation of anoikis is associated with several human diseases like diabetes and 

cardiovascular disease (230) while the acquisition of resistance to anoikis represents a 

critical step in tumour progression and metastasis.  

     

4.1.2 Anoikis Resistance in Cancer  

Tumour metastasis is a multistep process which includes the invasion of 

surrounding tissue, intravasation, transport through the circulatory system, extravasation 

and growth at the secondary site (231). Anoikis acts as barrier to prevent metastasis by 

inducing cell death following tumour cell detachment at the primary site, or while 

traveling through 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. 

These cancers 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-

resistant tumour cells can detach from the primary tumour directly into the ascites fluid, 

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 Epithelial to Mesenchymal Transition 

  EMT is the biological process through which polarized, immotile epithelial cells 

undergo a phenotypic switch to become migratory mesenchymal cells (232). This process 

is routinely activated during wound healing, inflammation and embryogenesis and is 

characterized by the loss of several epithelial proteins including E-Cadherin and β-

catenin, accompanied by the increased expression of mesenchymal proteins like N-

cadherin, vimentin and fibronectin. Further to its activation during regular biological 

processes, EMT also provides tumour cells with the invasive properties required for 

metastasis 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 repressing E-Cadherin transcription (233,234). Upregulation 

of Twist is also associated with increased expression of the anti-apoptotic Bcl-2 protein 

(235), while Snail has been shown to transcriptionally repress the pro-apoptotic protein 

BH3 interacting-domain death agonist (BID) and effector caspase-6 (236). Furthermore, 

Snail has been shown to transcriptionally repress PTEN leading to Akt pathway 

activation and suppression of apoptosis through the phosphorylation-mediated 

inactivation of the pro-apoptotic protein Bad (237).       

 Another important transcription factor in the induction and maintenance of EMT 

is NF-κB (238). NF-κB, best known for its role in the inflammatory response, has 

recently been implicated in EMT through multiple mechanisms including the 

transcriptional upregulation of Twist (239) and the stabilization of Snail (240). In its 

inactive form, NF-κB is bound to IκB and sequestered in the cytoplasm. Phosphorylation 
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of IκB releases NF-κB which translocates to nucleus and induces target gene expression. 

Constitutive activation of NF-κB is sufficient to induce EMT in vitro, and is observed in 

many malignant cancers (241-243). NF-κB signaling directly up regulates Bcl-2, inhibitor 

of apoptosis protein 1 (IAP-1) and osteoprotegrin, all of which inhibit apoptosis and 

prevent anoikis following cell detachment (244). 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 adhesive cell surface receptors composed of non-

covalently associated α and β subunits. In vertebrates, there are 18 α and 8 β subunits that 

can assemble into 24 unique receptors possessing different binding properties and 

different tissue distributions (245,246). Oncogenic transformation has long been known 

to lead to alterations in integrin α/β composition, shown to support cancer initiation and 

progression (247). In many cases, this is due to a loss of integrins specific for adhesion to 

the ECM and 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 is the switch from αvβ5 to αvβ6 integrin observed 

in squamous cell carcinomas (248). Cells expressing αvβ5 induce the intrinsic apoptotic 

pathway when grown under conditions of low attachment, while cells expressing αvβ6 

activate the pro-survival PI3K-Akt pathway under the same conditions. Similarly, αvβ3 

integrin expression in carcinoma cells was shown to enhance anchorage-independent cell 

growth in vitro and increase metastasis in vivo (249). The β3 integrin tail was shown to 
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recruit and activate c-src which, in turn, phosphorylates crk-associated substrate (CAS), a 

large adaptor protein which promotes cell invasion and survival (250,251). Importantly, 

this recruitment was shown to be independent of integrin attachment (249) and provides a 

potential mechanism behind the aggressive nature of αvβ3-expressing tumours (252-254).   

 

4.1.3.3 Increased Collagen Expression 

The interactions between integrins on the cell surface and collagen in the ECM 

inform the cell that it is in the proper location and stimulates FAK-mediated pro-survival 

signaling. Detachment of the integrins from collagen during the metastatic process arrests 

cell growth, and induces apoptosis, as described above. An interesting mechanism of 

anoikis resistance beginning to emerge in the literature involves the overexpression and 

secretion of collagen by tumour cells as a means of maintaining the integrin-collagen 

interaction in the absence of attachment. This form of autocrine collagen signaling was 

first described by Burnier et al., who observed an enhanced liver-metastasizing potential 

in murine lung carcinoma cells overexpressing type IV collagen (255). These cells 

demonstrated a sustained activation of the α2 integrin-FAK-PI3K pathway in the absence 

of ECM attachment, which protected the cells from anoikis and promoted metastasis. In 

an independent study, overexpression of NOTCH3 in epithelial ovarian cancer cells was 

shown to promote anoikis resistance through the upregulation of COL4A2, the gene 

encoding the α chain of type IV collagen (256). This, again, led to sustained FAK 

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 maintain pro-survival integrin 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 Rac1, to cholesterol-enriched membrane microdomains (CEMMs), which act as 

platforms to regulate the localization and activation of these effector molecules (257). 

Following integrin detachment from the ECM, CEMMs are endocytosed as a means of 

shutting down the associated signaling pathways (258). The process of internalizing 

integrins following detachment from the ECM is regulated by caveolin-1 (Cav-1), the key 

structural protein of a specific type of CEMM called caveolae. Loss of Cav-1 has been 

shown to impair detachment-induced 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 Cav-1 levels (260), while targeted down-regulation of Cav-1 was shown to 

be sufficient to drive NIH 3T3 transformation (261). These results suggest that targeting 

of Cav-1 could be a commonly used mechanism in tumorigenesis to evade anoikis.  

An alternative role for Cav-1 in the acquisition of anoikis resistance involves its 

interaction with the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1). Mcl-1 is a 

member of the Bcl-2 family of proteins which prevents apoptosis by binding to and 

sequestering pro-apoptotic proteins Bak and Bax, preventing their assembly into homo-

oligomers in the OMM and the subsequent release of cytochrome c (217,262). Cell 

detachment from the ECM has been shown to induce a rapid ubiquitination and 
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proteasome-dependent degradation of Mcl-1 followed by Bax activation and apoptosis 

(263). Interestingly, Cav-1 has been shown to interact with Mcl-1 and prevent its 

degradation by blocking Mcl-1 ubiquitination (264). As mentioned previously, Cav-1 is 

major structural component of CEMMs/caveolae which are endocytosed in response to 

cell detachment. Following endocytosis, Cav-1 within the endosome is ubiquitinated 

which targets endosomal Cav-1 for degradation via lysosomal fusion (265). As a result, 

Cav-1 protein levels decrease following cellular detachment from the ECM 

(264,266,267). Taken together, this data suggests a model in which Mcl-1 is bound to 

Cav-1 within caveolae preventing its degradation. Following detachment from the ECM, 

Cav-1 and Mcl-1 are internalized leading to Cav-1 ubiquitination and degradation. Loss 

of Cav-1 exposes the ubiquitination site within Mcl-1 leading to its degradation and 

activation of Bak and Bax resulting in the induction of apoptosis. In agreement with this 

model, treating human lung cancer cells with hydrogen peroxide or nitric oxide has been 

shown to prevent Cav-1 degradation following cell detachment resulting in sustained pro-

survival signaling and anoikis resistance (266,267). 

 

 4.1.3.5 Autophagy 

Autophagy is an intracellular degradation system through which unnecessary or 

dysfunctional cellular components are catabolically degraded (268). This process begins 

with the engulfment of intracellular cargo by an isolation membrane (also known as a 

phagophore) which sequesters the cargo in a double-membraned autophagosome. The 

autophagasome fuses with a lysosome promoting the degradation of its contents by 

lysosomal acidic proteases. Amino acids and other by-products of the degradation are 
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exported into the cytoplasm by lysosomal permeases and transporters where they can be 

re-used in protein synthesis and metabolism (268). While autophagy plays a well-defined 

role in several physiological processes including adaptive responses to starvation (268), 

antigen presentation (269), elimination of intracellular microbes (270) and quality control 

of intracellular proteins and organelles (271), its role in cancer progression is complicated 

by the fact that it performs both tumour-suppressing and –promoting functions. Under 

conditions of starvation and hypoxia, frequently observed in poorly vascularized tumours, 

autophagy can provide an alternate energy source and provide protection from metabolic 

stress (272,273). As a result, inhibition of autophagy has been shown to decrease cell 

survival in response to metabolic deprivation (272). In contrast, loss-of-function 

mutations in the autophagy pathway are associated with tumour progression in multiple 

types of cancer, including both breast and ovarian cancer (274-276). Tumour suppression 

has been shown to be mediated, at least in part, by the role of autophagy in maintaining 

genomic integrity. Autophagy clears cells of damaged ROS-producing mitochondria. In 

autophagy-deficient cells, ROS accumulates leading to DNA damage (277). Furthermore, 

autophagy can influence the dynamics of DNA repair by regulating the levels of dNTPs 

(278) and supplying ATP (279) required for DNA synthesis during repair. ROS 

accumulation has also been shown to promote the degradation of anaphase blockers 

securin and cyclin B1 leading to a compromised SAC (280). Accordingly, deficiencies in 

autophagy have been shown to be associated with increased DNA damage, gene 

amplification and aneuploidy (281) which promotes tumorigenesis. 

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

detachment, as reduced integrin signaling 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 anoikis (282). Accordingly, up-regulation of Bcl-2 

nineteen-kilodalton interacting protein 3 (BNIP3), a potent inducer of autophagy, has 

been recently shown to induce anoikis resistance in hepatocellular carcinoma cells (283). 

Furthermore, ID8 mouse ovarian cancer cells serially transplanted in mice develop 

anoikis resistance and display increased rates of autophagy, as compared to the starting 

anoikis-sensitive cell population (284). While the exact mechanism through which 

autophagy 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, I identify increased anoikis resistance as the mechanism behind 

the increased proliferation rates observed in MDA-MB-231 shPRP4K cells transplanted 

in zebrafish embryos that was described in Chapter 3. Using an ID8 shPRP4K cell model 

I confirm increased proliferation in zebrafish embryos following PRP4K knockdown. By 

recapitulating the three-dimensional microenvironment of the zebrafish yolk sac through 

in vitro spheroid culture, I demonstrate that loss of PRP4K enhances cell viability when 

cells are grown under non-adherent conditions. The mechanism through which loss of 

PRP4K induces anoikis resistance may be a consequence of, or relate to, an inability to 

internalize and degrade Cav-1 following detachment.     

 

4.2 Materials and Methods  
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4.2.1 Cell Lines and Culture 

ID8 cells (a kind gift from Dr. Brent Johnston (Dalhousie University)), a cell line 

derived from spontaneous in vitro transformation of C57BL/6 mouse ovarian surface 

epithelial cells, were cultured in Dulbecco’s modified Eagle’s medium (Sigma) 

supplemented with 10% fetal calf serum, 1% penicillin/streptomycin at 37°C with 5% 

CO2. To create the ID8 PRP4K knockdown cell lines PRP4K-targeting GIPZ lentiviral 

shRNAs (shPRP4K-A = clone: V3LMM_463188, shPRP4K-B = clone: 

V3LMM_463189, shPRP4K-C = clone: V3LMM_463192, shPRP4K-D = clone: 

V3LMM_463191, Non-silencing shCTRL = RHS4346) were purchased from Thermo 

Scientific. Lentivirus was produced by co-transfection of the GIPZ shRNA, pMD2.G, 

pCMV-8.92, and pCMV-8.93 vectors into human HEK-293T cells as described in section 

2.2.6. Viral media was harvested from HEK-293T cells, diluted 1:1 with fresh media, and 

used to infect ID8 cells. For infection, target cells were incubated with viral media for 24 

h followed by the addition of fresh virus and an additional 24 h incubation. After a 48 h 

recovery in virus-free media, shRNA-expressing cells were selected for by adding 2 

µg/ml puromycin to the media. MCF-7 shPRP4K 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 2.2.5. For the western 

blots performed in this chapter, lysates were not treated with calf intestinal phosphatase 

in order to preserve Akt phosphorylation. Lysates were mixed with 2x sample buffer and 

boiled prior to separation by SDS-PAGE and western blot analysis. Antibodies used were 
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sheep anti-PRP4K antibody (H143) (11), rabbit anti-Caveolin-1 antibody (Cell Signaling, 

#4060), rabbit anti-Akt (pan) antibody (Cell Signaling, #4691), rabbit anti-Phospho-Akt 

antibody (Ser473) (Cell Signaling, #9271), rabbit anti-E-Cadherin (Cell Signaling, 

#3195), rabbit anti-β-Catenin (Cell Signaling, #8480), and mouse anti-actin antibody 

(Sigma, A3853). 

 

4.2.3 Quantification of In Vitro Proliferation Rates 

To determine the in vitro proliferation rates of ID8-shCTRL, ID8-shPRP4K-A 

and ID8-shPRP4K-B cells, 50 000 cells were plated in individual wells of a 6-well plate. 

Cells were trypsinized and counted using a haemocytometer at 24 and 48 h after plating 

to determine the total number of cells present. 

 

4.2.4 Zebrafish Xenotransplantation 

Xenotransplantation of ID8-shCTRL and ID8-shPRP4K cells into zebrafish 

embryos was carried out as described in section 3.2.3. Briefly, cells were labeled with the 

lipophilic cell tracking dye, CM-DiI, and 25-50 cells were delivered, as a single injection, 

into the yolk sac of 48 hour old casper zebrafish embryos. At 24 hpi, embryos 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 (at least 15 per 

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 

Spheroids were formed by dropping 2,500 cells in 50 µl regular DMEM onto the 

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 culture, spheroids were imaged using an 

Axio Zoom V16 fluorescent microscope (ZEISS) and individual spheroids were 

harvested by touching a PCR tube (Axygen) filled with medium to the hanging droplet 

containing the spheroid. Spheroids were allowed to settle to the bottom of the PCR tube 

and three quarters of the medium was removed. The tube was then filled with PBS to 

wash the spheroids and dilute the remaining medium. This process was repeated twice 

more to remove as much medium as possible. Spheroids were then re-suspended in 

trypsin and incubated at 37°C for 15 minutes to generate a single cell suspension. The 

cell suspension was plated in an individual well of a 6-well plate and grown for 7-10 days 

to allow colony formation. Once visible colonies had formed, plates were rinsed with 

PBS and fixed/stained with a solution of 6% glutaraldehyde (Electron Microscopy 

Sciences, 16220) and 0.5% crystal violet (SIGMA-ALDRICH (C6158), for 30 minutes at 

room temperature, as described previously (285). 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 H2O (Lonza, 50081) mixed 1:1 with 2X DMEM) 

and allowed to solidify. MCF-7 shCTRL and shPRP4K cells were re-suspended in 0.35% 

agarose at a concentration of 500 cells/ml 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 media was added to the top of the 

0.35% agarose layer and replaced every 4 days. At the end of the 12 day incubation, 

colonies were imaged under a 25X 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-1 cells were plated onto sterile coverslips in a 6-

well dish and treated with 2 µg/ml doxycycline for 72 hours to induce hairpin expression. 

Cells were washed once with PBS and fixed in 3% paraformaldehyde for 20 min. 

Immunolabeling was carried out as described in section 2.2.8 using a Caveolin-1 primary 

antibody (Cell Signaling) diluted 1:400 and an Alexa Fluor 488-donkey anti-rabbit 

secondary antibody (Life Technologies, A-21206) diluted 1:200. Fluorescent images 

were captured with a Zeiss Cell Observer Microscope under a 63× immersion oil 

objective lens. Images were processed using only linear adjustments 

(e.g.brightness/contrast) with Slidebook (Intelligent Imaging Innovations, Boulder, CO) 

and Adobe Photoshop CS5. 

 

 

4.2.8 Anoikis Assay Using PolyHEMA Coated Plates 

Poly 2-hydroxyethyl methacrylate (PolyHEMA) (SIGMA-ALDRICH, P3932) 

was dissolved in 95% ethanol at a concentration of 20 mg/ml by stirring for several hours 
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at 65°C. Tissue culture plates were coated 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, ID8-shCTRL, ID8-shPRP4K-A and ID8-shPRP4K-B cells were 

plated on PolyHEMA coated and non-coated tissue culture dishes for 24 h then 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 MDA-MB-

231 cell proliferation in zebrafish embryos (section 3.3.3), I generated ID8 cell lines 

stably expressing either a control hairpin (shCTRL), or one of four unique hairpins 

targeting PRP4K (shPRP4K-A through D). The ID8 cell line was derived from mouse 

ovarian surface epithelial cells which were allowed to spontaneously transform in vitro 

(286), and is routinely transplanted in mice as an orthotopic, syngeneic model of 

epithelial ovarian cancer (EOC) which replicates the phenotype of the human disease 

(287). I chose this cell line in anticipation of future mouse studies. As shown in Figure 

4.2A, expression of each of the four PRP4K-targeted hairpins resulted in a substantial 

decrease in PRP4K protein levels. To determine the impact of PRP4K knockdown on in 

vitro cell proliferation rates, a defined number of ID8-shCTRL and two of the ID8-

shPRP4K cell lines (ID8-shPRP4K-A, ID8-shPRP4K-B) were plated and the number of 

cells counted every 24 hours to determine the rate of growth. As shown in Figure 4.2B, 

knockdown of PRP4K had no significant impact on the rate of in vitro cell proliferation.  
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To determine if knockdown of PRP4K in ID8 cells altered their ability to 

proliferate in the zebrafish XT model, as was observed with MDA-MB-231 shPRP4K 

cells, ID8-shCTRL and ID8-shPRP4K-A cells were transplanted into 48-hour old 

zebrafish embryos as described in section 3.2.3. At 24 hours post injection embryos were 

screened for the presence of a fluorescent mass 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 3 (Figure 4.2D). Over the 48 hour time period, ID8-shCTRL cells showed very 

little growth within embryos while there was approximately a 2-fold increase in ID8-

shPRP4K-A cell number over the same time period. These results are in agreement with 

those presented in Chapter 3; knockdown of PRP4K enhances cell growth in zebrafish 

embryos. 
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Figure 4.2 Knockdown of PRP4K increases ID8 cell proliferation in zebrafish. (A) 

ID8 cells were transduced with control or PRP4K-targeting shRNA lentiviral vectors to 

generate cell lines stably expressing the indicated hairpin. Knockdown of PRP4K was 

confirmed by western blot analysis. (B) In vitro proliferation rates were determined by 

plating 50 000 cells for each cell line and performing cell counts every 24 hours. Data is 

presented as mean of four independent experiments (± SD). (C) Representative 

brightfield and fluorescent images are shown of zebrafish embryos transplanted with 

either ID8-shCTRL or ID8-shPRP4K-A cells at 24 and 72 hours post injection (hpi). (D) 

Groups of at least 15 embryos 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 Enhances Cell Growth in 3D Cell Culture Models 

Perhaps the most significant difference between the in vitro environment of a 

tissue culture plate and the in vivo environment of a zebrafish embryo is the attached 

versus suspended conditions under which the cells are forced 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 three-dimensional environment lacking an adherent hydrophilic surface. To 

determine if the increased proliferation rates of PRP4K-knockdown cells engrafted in 

zebrafish embryos was due to an enhanced ability to proliferate under non-adherent 

conditions, ID8-shCTRL and shPRP4K cells were grown as spheroids using a hanging 

drop culture. Spheroids were cultured for 7 days (Figure 4.3A), after which individual 

spheroids were harvested, trypsinized and plated in individual wells of a 6-well plate. The 

cells were allowed to adhere and proliferate until visible colonies had formed (Figure 

4.3B). Quantifying the number of colonies per well (Figure 4.3C) revealed that 

knockdown of PRP4K increased cell viability in ID8 cells grown as spheroids. Similarly, 

knockdown of PRP4K in the MCF7 human breast cancer cell line (described in 2.2.6) 

increased colony formation for cells suspended in soft agar (Figure 4.4A & B). Together, 

this data supports the hypothesis that knockdown of PRP4K enhances the ability of 

cancer cells to survive and proliferate under non-adherent conditions. 

The ability of transformed cells to grow under anchorage-independent conditions 

provides an indication of tumorigenic potential and is often associated with a transition 

from an epithelial-to-mesenchymal (EMT) phenotype (288). To determine if PRP4K was 

enhancing anchorage-independent growth by promoting EMT, MCF-7 shCTRL and 
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shPRP4K cells were harvested and subjected to western blot analysis to determine the 

protein levels of 2 canonical EMT marker proteins (Figure 4.4C). E-Cadherin is a 

calcium-dependent cell-cell adhesion molecule which is down-regulated during EMT, 

while β-catenin is a transcription factor in the Wnt signaling pathway involved in 

regulating cell adhesion and is also down-regulated during EMT. Knockdown of PRP4K 

had no effect on either E-Cadherin or β-catenin protein level suggesting the cells have not 

undergone EMT, and that an alternative mechanism was promoting anchorage-

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

spheroids. (A) Representative images of ID8 spheroids after 7 days in culture. Scale bars 

= 250 µm. (B) Individual spheroids were harvested, trypsinized and plated in individual 

wells of a 6-well 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-7 growth in soft agar. (A) 

Representative images of indicated cell lines growing as colonies in soft agar 12 days 

after plating. Scale bars = 500 µm (B) Colonies were counted from 4 random fields of 

view and represented as the mean from 3 independent experiments. Error bars = SD. 

*p<0.005. (C) MCF-7 shCTRL, shPRP4K-1 and shPRP4K-2 cell lines were cultured 

under adherent conditions and analysed by western blot analysis for PRP4K, E-Cadherin, 

β-Catenin and actin protein steady-state levels.  
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4.3.3 Loss of PRP4K Affects Caveolin-1 Localization and Prevents its Degradation 

Following Cell Detachment 

 The ability of adherent cells to be grown as anchorage-independent spheroids, or 

as colonies in soft agar, requires a resistance to anoikis; an apoptotic program induced by 

loss of cell adhesion (289). One mechanism through which cells trigger apoptosis 

following detachment is through the internalization and degradation of Cav-1. Cav-1 is 

an essential protein constituent of the plasma membrane caveolae, and has been shown to 

interact with the anti-apoptotic protein Mcl-1, preventing its ubiquitin-mediated 

proteasomal degradation (264). It has been proposed that cell detachment leads to the 

internalization and degradation of Cav-1 resulting in the release, and subsequent 

degradation, of Mcl-1. Loss of PRP4K induces an aggregated Cav-1 localization at the 

cellular membrane of MCF-7 cells suggesting a potential defect in Cav-1 trafficking or 

function (Figure 4.5). To determine if loss of PRP4K was impacting Cav-1 degradation 

following detachment, ID8-shCTRL, ID8-shPRP4K-A and ID8-shPRP4K-B cells were 

cultured for 24 hours either as an attached monoloayer or as a non-adherent suspension 

using Poly-HEMA coated plates. After 24 hours in suspension ID8-shCTRL cells had 

significantly decreased levels of Cav-1 which corresponded with a reduction in Akt 

serine 473 phosphorylation (Figure 4.6) indicating a reduction in Akt signaling. 

Interestingly, this is also accompanied by a decrease in PRP4K expression. In contrast, 

PRP4K-knockdown cells failed to degrade Cav-1 and had increased Akt phosphorylation 

(Figure 4.6). This data suggests that loss of PRP4K prevents Cav-1 degradation resulting 

in activation of Akt and increased resistance to anoikis. 
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Figure 4.5 Knockdown of PRP4K affects Cav-1 localization. MCF-7 shCTRL and 

shPRP4K cells were cultured in the presence of doxycycline for 72 hours to induce 

hairpin expression. Cells were fixed and analysed by immunofluorescence confocal 

microscopy using an anti-Cav-1 antibody (Green). Nuclei were stained with DAPI (blue). 

Images on the left are a 3D rendering of 20 z-stacks captured at 0.5µm intervals. Images 

on the right are a single plane from the centre of the z-stack showing membrane 

localization. Scale bars = 10 µm.  
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Figure 4.6 Knockdown of PRP4K prevents Caveolin-1 degradation following cell 

detachment. ID8 shCTRL, shPRP4K-A and shPRP4K-B cells were cultured for 24 hours 

as an attached monolayer (A) or in suspension (S). Total cell lysates were prepared and 

subjected to western blot analysis for presence of the indicated proteins. 
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4.4 Discussion 

Anoikis acts as a critical barrier to metastasis by inducing apoptosis in tumour 

cells which have detached from the 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 non-adherent conditions is important in understanding 

the process by which cancer cells disseminate from the primary tumour site to ectopic 

locations. 

 In this study I identify loss of PRP4K as a novel mechanism of anoikis resistance. 

Knockdown of PRP4K expression in human breast (MDA-MB-231) and mouse ovarian 

(ID8) cancer cell lines resulted in increased proliferation rates when cells were engrafted 

into 48 hour old zebrafish embryos (Figure 3.8 and 4.2), but had no effect on in vitro 

proliferation rates (Figure 4.2B). The greatest difference between in vitro culture 

conditions and the conditions within a zebrafish embryo is the three-dimensional 

environment and lack of ECM contacts within the yolk sac of the embryo, as compared to 

the two-dimensional adherent conditions of a tissue culture plate. Therefore, I 

hypothesized that loss of PRP4K was increasing cell proliferation within the embryo by 

promoting anchorage-independent growth. This hypothesis was confirmed by showing 

that loss of PRP4K increased viability when cells were grown as spheroids (Figure 4.3) 

or as colonies in soft agar (Figure 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 three-dimensional microenvironment of the yolk sac requires evasion of the 

detachment-induced apoptotic pathway. This consideration was originally overlooked 
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during the development of the zebrafish XT model due to our choice of anoikis-

insensitive leukemia cell lines used in proof-of-principal studies. Interestingly, by 72 

hours post injection most of the yolk has been consumed by the embryo (Figure 4.2C) 

and the transplanted cells had re-established contact with the developing zebrafish tissue. 

This process would be similar to a 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 applied to solid tumours, may more accurately predict 

drug response in metastases due to selection for anoikis resistance. To confirm this, 

additional studies are required to determine if the developing zebrafish tissue offers 

enough similarities to human tissue to support ECM contacts with engrafted cancer cells 

and activate integrin-mediated signaling pathways. In addition, the characterization of 

cell lines serially transplanted in zebrafish embryos will determine what impact the 

selection process has on the cellular response to anoikis, which can then be compared to 

similar studies carried out in mice (284).  

How PRP4K loss contributes to anoikis resistance appears to be linked to Cav-1 

stability following detachment. Degradation of Cav-1 in response to integrin detachment 

from the ECM has been shown to reduce Akt signaling (259) and induce apoptosis 

through the ubiquitin-mediated degradation of Mcl-1 (264). I have shown that 

knockdown of PRP4K prevents degradation of Cav-1 in cells cultured under conditions 

of low-attachment for 24 hours (Figure 4.6). I have also demonstrated that the inability to 

degrade Cav-1 is accompanied by increased Akt signaling which is known to activate the 

pro-apoptotic protein Bad (237) and activate mTOR signaling (121) to protect cells from 
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anoikis. The inhibition of Cav-1 degradation following ECM detachment has been 

demonstrated previously in lung cancer cells which have been treated with nitric oxide 

(267) or hydrogen peroxide (266). It would therefore be interesting to determine if either 

of these treatments has any impact on PRP4K expression. It is also important to 

determine the mechanism through which PRP4K is regulating Cav-1 degradation. 

Preliminary immunofluorescence staining for Cav-1 in adherent MCF7 shPRP4K cells 

reveals a more aggregated Cav-1 localization at the cell membrane, suggesting a potential 

defect in Cav-1 trafficking (Figure 4.5).  Immunofluorescence staining for Cav-1 in 

MCF7 shPRP4K cells grown under conditions of low attachment will determine whether 

loss of PRP4K is preventing Cav-1 internalization. In addition, Cav-1 

immunoprecipitation followed by western blot analysis using an anti-ubiquitin antibody 

will show whether loss of PRP4K prevents Cav-1 ubiquitination 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 

zebrafish embryos following the knockdown of PRP4K. My data indicates that loss of 

PRP4K expression prevents the degradation of Cav-1 following cell detachment which 

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

5.1 Preface 

PRP4K is 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 response while identifying a novel role for PRP4K in the 

regulation of anoikis aided by the development of a zebrafish xenotransplantation model. 

This chapter will discuss the future of zebrafish xenotransplantation and suggest a 

potential common mechanism though which PRP4K could be regulating multiple cellular 

processes.  Finally, the conclusions drawn from this thesis will be combined to offer a 

potential mechanism which links relapse from taxanes with metastatic spread.  

 

5.2 Comments on the Future of Zebrafish Xenotransplantation 

A significant achievement of this thesis work 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. While this technique has 

been applied in several studies exploring drug responses in leukemia (199,200,290), 

several questions remain that need to be addressed before the goal of drug screening or 

clinical application can be realized. Most importantly: how similar is the zebrafish 

microenvironment to that of humans? As discussed in Chapter 4, cellular interactions 

with the microenvironment 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 cancer cells. 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 to in vitro growth will experience a degree of cell 

death when grown under low-attachment conditions due to the induction of anoikis. With 

the yolk sac as the preferred site of injection and 48 hpf the preferred stage of embryo in 

which to inject, transplanted cells could remain suspended in yolk for up to 48 hours, at 

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 human cancer cells 

and stimulate integrin-mediated signaling pathways. If yes, then the engraftment of 

anoikis-sensitive adherent cell lines may result in the selection of an anoikis-resistant 

population followed by re-activation of integrin signaling and more accurately 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 in using a living vertebrate model to 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 toxicology. First, zebrafish develop from a single-cell 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 develop ex utero 

allowing for visualization 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 

(291). 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 doxorubicin-induced cardiomyopathy (290). Doxorubicin is a 

DNA binding anti-cancer agent used in the treatment of a wide variety of human cancers 

including both leukemia and solid tumours. The use of doxorubicin is limited by 

cardiotoxicity and an increased risk of heart failure associated with use of the drug. In a 

recent study from the lab of Randall Peterson, zebrafish treated with doxorubicin were 

shown to develop extensive pericardial edema and cardiac defects which recapitulated 

several aspects of doxorubicin-induced cardiomyopathy in humans (290). Taking 

advantage of the amenability of the zebrafish to high-throughput 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 doxorubicin on the zebrafish heart. To ensure that visnagin 

would not interfere with the anti-tumour activity of doxorubicin, our lab transplanted 

human T-ALL cells (Jurkat) into 48-hour old zebrafish embryos. Engrafted embryos were 

treated with doxorubicin or a combination of doxorubicin and visnagin and cell 

proliferation was quantified using the in-vivo 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 interfere with the doxorubicin-induced inhibition of T-ALL cell 

proliferation. These results suggest that visnagin could be used clinically to prevent 

cardiac toxicity in doxorubicin-treated patients without interfering with the anti-tumour 

activity of the drug (290). This study highlights the ability to simultaneously evaluate 
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anti-tumour activity and toxicity using the zebrafish XT model. This will be invaluable in 

helping prioritize compounds as we move toward drug-screening 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, host-viral interaction, response to anti-cancer 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 transcripts (21) it is possible that PRP4K is functioning, in part, to maintain 

proper splicing of the genes directly involved in each process. In this thesis, PRP4K was 

identified as a novel HER2 regulated mediator of taxane sensitivity in breast and ovarian 

cancer (Chapter 2). While increased cellular resistance to taxanes following PRP4K 

knockdown is consistent with defects in the spindle assembly checkpoint (37), several 

alternative splice events have been linked to taxane resistance which could be impacted 

by the loss of a splicing kinase like PRP4K. For example, survivin, a member of the 

inhibitor of apoptosis (IAP) protein family, is expressed as five different isoforms (WT, 

2B, 3B, ΔEx3 and 2α) arising from alternative splicing of the survivin (BIRC-5) gene 

(292-294). Increasing evidence suggests that the survivin splice variants each have 

different, and sometimes opposite, biological functions (294-296). In particular, increased 

expression of the survivin-2B splice variant is associated with increased resistance to 

taxanes in human ovarian cancer cell lines and poor progression-free survival in epithelial 

ovarian cancer patients treated with taxanes (297). Other proteins with splice variants 
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linked to taxane resistance include Shugoshin-like 1 (SGOL-1) (298), caspase 9 (20), and 

Tau (299). Understanding 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 the internalization and degradation of Cav-1 following cell detachment was identified 

in this thesis (Chapter 4). The endocytic pathway through which Cav-1 is degraded also 

relies on regulated alternative splicing as several endocytic adaptor proteins are expressed 

as multiple splice variants which can impact the rate of endocytosis. For example, at least 

11 splice variants have been identified for intersectin-1 (ITSN1), an adaptor protein 

involved in multiple aspects of clathrin-mediated endocytosis (300,301). While the exact 

function of each individual splice variant remains unknown, several of the variants have 

been suggested to be possible targets for nonsense mediated decay (300). With loss of 

ITSN1 shown to reduce caveolae-dependent endocytosis in endothelial cells (302,303), 

an increase in nonsense mediated decay targeted ITSN1 splice variants could result in 

inhibited Cav-1 internalization following detachment. Other endocytic adaptor proteins 

with splice variants that can alter the rate of endocytosis include Rab15 (304) and SH3-

domain GRB2-like (endophilin) interacting protein 1 (SGIP1) (305).      

Determining how changes in PRP4K expression affect alternative pre-mRNA 

splicing will be important in elucidating the mechanisms of the various functions of 

PRP4K.   
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5.4 Ascites Development and Chemoresistance    

More than one third of ovarian cancer patients present with an accumulation of 

fluid in the peritoneal cavity, known as ascites, at the time of diagnosis (306,307). The 

accumulation of fluid is believed to result from a combination of the altered vascular 

permeability of tumour microvasculature (308) and tumour-mediated obstruction of 

lymphatic drainage (309). Treatment for ascites is limited to treatment of the underlying 

disease; that is, intravenous treatment with a combination of platinum and taxol-based 

chemotherapy. While the clinical response to first-line chemotherapy is quite high, 

ranging from 70 to 80% (310-312), the majority of patients (50-75%) relapse due to the 

development of chemoresistant disease (313). In most cases, recurrent disease is 

accompanied by intractable ascites requiring frequent paracentesis for temporary relief of 

symptoms (307). It has been suggested that the development of ascites upon recurrence 

has to do with an increased number of metastases in the peritoneal cavity (transcoelomic 

metastases), as reduction in peritoneal tumour bulk corresponds with a reduction in the 

volume of ascites (314).  

PRP4K was identified as a novel HER2-regulated mediator of taxane sensitivity 

in breast and ovarian cancer in this thesis (Chapter 2). PRP4K levels decrease in cells 

which have acquired a resistance to paclitaxel both in vitro and in vivo. Importantly, 

PRP4K protein levels are decreased in ascites-derived tumour cells isolated from a high-

grade serous ovarian cancer patient following relapse from taxane-based therapy, as 

compared to a matched cell line derived from the solid tumour at the time of diagnosis. 

The knockdown of PRP4K was found to increase resistance to anoikis in breast and 
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ovarian cancer cell lines grown either under conditions of low attachment (Chapter 4) or 

in a zebrafish xenotransplantation model (Chapter 3). Given that acquisition of anoikis 

resistance is a prerequisite for epithelial ovarian cancer cells to survive in ascitic fluid, 

PRP4K could provide a link between chemoresistance and intractable ascites. Ovarian 

tumours treated with a taxane-based chemotherapy regimen could acquire drug resistance 

through the downregulation of PRP4K. As a consequence of this downregulation, cells 

would also lose the ability to degrade Cav-1 following detachment from the primary 

tumour, resulting in evasion of anoikis. The ability to survive suspended in ascitic fluid 

would promote transcoelomic metastasis resulting 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 potentially impact cancer progression, this concept could be applied 

to any cancer in which taxanes are used as a first-line therapy. It should be noted, 

however, that loss of PRP4K does not induce EMT. Therefore, in tumours which require 

intravasation to metastasize, 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 progression and relapsed disease.  
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Appendix B ImageJ Macro 

The following is the cell quantification macro used to count fluorescent cancer 

cells within images of dissociated zebrafish material. Individual fluorescent images are 

opened in imageJ and the macro applied. 

 

run("Images to Stack", "name=Stack title=[] use"); 

run("8-bit"); 

//run("Brightness/Contrast..."); 

setMinAndMax(50, 200);  

run("Apply LUT", "stack"); 

run("Close"); 

setAutoThreshold("Default dark"); 

//run("Threshold..."); 

setAutoThreshold("Default dark"); 

setOption("BlackBackground", true); 

run("Convert to Mask", "method=Default background=Default black"); 

run("Close"); 

run("Analyze Particles...", "display summarize stack"); 
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