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Abstract 

Breast cancer is the most frequently diagnosed cancer in women, accounting for over 

25% of cancer diagnoses and 13% of cancer-related deaths in Canadian women.  There are many 

types of therapies for treatment or management of breast cancer, with chemotherapy being one of 

the most widely used.  Taxol (paclitaxel) is one of the most extensively used chemotherapeutic 

agents for treating cancers of the breast and numerous other sites.  Taxol stabilizes microtubules 

during mitosis, causing the cell cycle to arrest until eventually the cell undergoes apoptosis.  

Although Taxol has had significant benefits in many patients, response rates range from only 25-

69%, and over half of Taxol-treated patients eventually acquire resistance to the drug.  Drug 

resistance remains one of the greatest barriers to effective cancer treatment, yet little has been 

discerned regarding resistance to Taxol, despite its widespread clinical use.    

 Kinases are known to be heavily involved in cancer development and progression, and 

several kinases have been linked to resistance of Taxol and other chemotherapeutic agents.    

However, a systematic screen for kinases regulating Taxol resistance is lacking.  Thus, in this 

study, a set of kinome-wide screens was conducted to interrogate the involvement of kinases in 

the Taxol response.   Positive-selection and negative-selection CRISPR-Cas9 screens were 

conducted, whereby a pooled library of 5070 sgRNAs targeted 507 kinase-encoding genes in 

MCF-7 breast cancer cells that were Taxol-sensitive (WT) or Taxol-resistant (TxR) which were 

then treated with Taxol.  Next generation sequencing (NGS) was performed on cells that 

survived Taxol treatment, allowing identification and quantitation of sgRNAs. 

 STK38, Blk, FASTK and Nek3 stand out as potentially critical kinases for Taxol-induced 

apoptosis to occur.  Furthermore, kinases CDKL1 and FRK may have a role in Taxol resistance.  
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Further validation of these candidate kinases will provide novel pre-clinical data about potential 

predictive biomarkers or therapeutic targets for breast cancer patients in the future. 
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Chapter 1 

Introduction 

1.1 Breast cancer 

1.1.1 Introduction to breast cancer 

 Breast cancer is the most commonly diagnosed cancer in women in Canada and in 

most countries around the world (1,2).  In 2012, 1.7 million new breast cancer diagnoses 

were documented, accounting for 25% of all new cancer cases in women globally (3).  In 

that same year, it was documented that breast cancer was the cause of death of about 521 

900 women, making up 6.4% of all cancer-related deaths (3).  In Canada, breast cancer 

accounts for over 13% of cancer-related deaths in women (1).  Although it is possible for 

men to have tumours in the breast, nearly all cases arise in women.  In fact, 1 in 9 females 

in Canada are expected to be diagnosed with breast cancer in their lifetime (1). 

1.1.2 Molecular profiling of breast cancer 

Breast cancers are often characterized into one of four major intrinsic subtypes: 

luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-overexpressing, 

and basal-like (commonly referred to as triple-negative) (4–9).  These classifications are 

based upon gene expression profiling data regarding factors such as luminal epithelium 

differentiation, basal differentiation, proliferation, and the HER2 pathway (4,5,10,11).   

 Each of the 4 major subtypes is characterized by several key features (Table 1).  The 

luminal A subtype is the most common, comprising about 40% of all breast cancer cases.   
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Table 1  Key molecular features of breast cancer subtypes 
Modified from Sonnenblik et al. 2014 (12) 
 

 
 

  TIL: tumour infiltrating lymphocytes   
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These tumours are usually estrogen receptor alpha (ERα)+/ progesterone receptor (PR)+/ 

HER2–, lower grade, and tend to have better prognosis than other subtypes (13–16).  

Luminal B tumours account for 10-20% of cases, and are often ERα+/ PR+/ HER2+; they 

tend to have lower expression of ER and ER-regulated genes and higher expression of 

proliferation-related genes than luminal A tumours (4,11,16).  Compared to the luminal 

tumours, hormone receptor-negative tumours tend to be more aggressive and have poorer 

prognosis (11).  HER2-overexpressing breast cancers represent about 20-30% of cases and 

are ERα–/ PR–/ HER2+.  They commonly present with elevated expression of HER2 and 

proliferative genes, TP53 mutations, and low luminal gene expression (8,16).  Finally, basal 

tumours make up 12-15% of breast tumours, and they often display a “triple negative” 

receptor phenotype, ERα–/ PR–/ HER2– (13,16,17).  The basal-like subtype is characterized 

by high expression of proliferation-associated genes as well as basal epithelial cytokeratins, 

epidermal growth factor receptor (EGFR), and by low expression of luminal and HER2-

associated genes (8,18,19).  Individuals harbouring BRCA1 mutations are most likely to 

develop breast tumours with a basal-like subtype, and there is an overrepresentation of 

patients with basal-like tumours who are young and/or African-American (8,18,19).   

 Defining the intrinsic subtype is a key component of characterizing a tumour and is 

an important consideration for treatment.  To supplement subtyping information, further 

analysis can be performed to produce a more thorough molecular and genetic description of 

the tumour.  This can be achieved through the use of: immunohistochemical (IHC) staining 

for ERα, PR and HER2 expression status; TNM staging based upon the size of the primary 
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tumour, whether it has spread to lymph nodes, and extent of metastasis; histologic grade; 

and proliferation markers, such as Ki-67 and aurora kinase A (AURKA) expression (12,20).  

These genetic and molecular profiles are essential considerations for patient prognosis and 

for selecting an effective treatment regimen. 

1.1.3 Breast cancer therapies 

The treatment of breast cancer varies by patient, tumour, and tumour environment.  

Designing a treatment regimen is dependent on a variety of factors, including intrinsic 

subtype, hormone expression, genetic features, stage of progression, and pathological 

grading.  Many patients are treated with one or a combination of surgery, radiation therapy, 

chemotherapy, targeted therapies and/or immunotherapy.  Treatment may be administered 

in a neoadjuvant setting (before surgery) in order to shrink the tumour margins and aid in 

minimizing the invasiveness of the surgical procedure (21).  Alternatively, a therapy may be 

given in the adjuvant setting (following surgery) in an effort to eliminate cells left behind 

from the surgery. 

 In general, localized treatments are used to manage less invasive tumours, while 

systemic treatments are often required for metastatic cancers (21).  Treatment regimes for 

both localized and invasive tumours commonly involve chemotherapy.  Chemotherapeutic 

agents include: taxanes (paclitaxel and docetaxol), anthracyclines (doxorubicin and 

epirubicin), alkylating agents (cyclophosphamide), antimetabolites (5-fluorouracil and 

methotrexate), platinum compounds (cisplatin and carboplatin), and vinca alkaloids 

(vinblastine) (22,23).  These agents act in various ways to disrupt the cell cycle, therefore 
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their effects are seen preferentially in highly proliferative cells, such as cancer cells, cells of 

the gastrointestinal tract, and cells of the bone marrow.  While targeted therapies allow for 

greater tumour cell specificity, chemotherapeutics remain staple in breast cancer treatment 

regimens.  They have been especially important for the treatment of triple negative breast 

cancers, which lack all three targetable hormone markers. 

 

1.2 Taxol for treatment of breast cancer 

1.2.1 Overview of Taxol 

The taxanes paclitaxel and docetaxel are among the most commonly used cytotoxic 

drugs for breast cancer treatment (24).  Taxanes are currently used in the management of 

both early stage and metastatic breast cancer, often in association with other 

chemotherapeutic agents (24–27).  In addition to breast cancer, paclitaxel has been 

demonstrated as an effective treatment for numerous other forms of cancer, including 

ovarian cancer, non-small cell lung cancer (NSCLC), pancreatic cancer, and bladder cancer 

(28–31).  Paclitaxel is a plant derivative of the Pacific yew tree, Taxus brevifolia, that was 

originally described in 1971 (32).  A commercially viable semi-synthetic version of the 

drug was produced, and paclitaxel was approved for the treatment of advanced ovarian 

cancer in 1992, shortly followed by metastatic breast cancer in 1994 (33).   

Paclitaxel is a highly hydrophobic compound, and is therefore prepared in a solution 

to enhance drug solubility upon administration to a patient.  Taxol® (Bristol Myers-

Squibb), the first approved formulation of paclitaxel, is prepared in a solution with ethanol 
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and non-ionic surfactant polyoxyethylated castor oil, Cremophor® EL (CrEL) (34).  CrEL 

can cause acute anaphylactoid hypersensitivity reactions in 25-30% of paclitaxel-treated 

patients (35–37).  These reactions can be fatal, therefore most patients are pre-medicated 

with H1, H2 blockers, and corticosteroids (38).  Nanoparticle albumin-bound (nab)-

paclitaxel (Abraxane®; Abraxis BioScience) binds paclitaxel to human serum albumin 

instead of CrEL, thus reducing drug toxicity and improving drug delivery (39).  Several 

other variations of paclitaxel have also been formulated, namely paclitaxel polyglutamex 

(XYOTAX, CT-2103), in which paclitaxel is bound to a α-poly-L-glutamic acid (40), and 

cationic liposomal paclitaxel (EndoTAGTM-1), in which paclitaxel is encapsulated by a 

phospholipid membrane (41).    

Paclitaxel is administered to patients through intravenous infusion, then it is 

metabolized by cytochrome P450 enzymes in the liver, namely CYP3A4 and CYP3C8 (42).  

Primary excretion of paclitaxel is through bile, with only a small percentage being excreted 

through urine (42).  The distribution and elimination properties of Taxol are likely the cause 

of its non-linear pharmacokinetic behaviour, which is an important consideration for 

clinical administration (43,44).  Based on the results of randomized clinical trials, the “gold 

standard” for anthracycline pre-treated metastatic breast cancer is weekly paclitaxel at 

80mg/m2 (45).  Side effects that have been associated with Taxol treatment include 

alopecia, neurotoxicities (peripheral peristhesias or hypesthesias, myalgia, althralgia), 

myelosuppression (neutropenia, thrombopenia, anemia), CrEL anaphylactoid 

hypersensitivity, gastrointestinal symptoms, and hypotension (33,46). 
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Taxol is administered in both adjuvant and neoadjuvant settings in combination 

treatment regimes with other drugs.  These drugs include: doxorubicin, epirubicin, 

cyclophosphamide, 5-fluorouracil, methotrexate, trastuzumab, bavituximab, and others (47–

50).  Taxane-containing regimens have demonstrated statistically significant benefits in 

overall survival, objective tumour response rate, and time to progression (51). 

1.2.2 Mechanisms of Taxol action 

The advantages of taxanes in tumour management stem from their potent cytotoxic 

anti-mitotic properties.  Some anti-mitotic drugs are microtubule destabilizing agents; these 

drugs (such as vinca alkaloids, colchicines, and nocodazole) act on microtubules to inhibit 

polymerization, thereby preventing microtubule attachment to chromatid kinetochores (52).  

In contrast, taxanes are microtubule stabilizing agents, as are epothilones, eleutherobin, 

monstral and discodermalide (52).  Paclitaxel exerts its effects by binding to microtubules, 

promoting their polymerization and stabilization (53–55).    

 Paclitaxel binds to the intermediate domains on β-tubulin, which are on the interior 

of microtubules (56) (Figure 1).  This taxane site is within a hydrophobic cleft near the 

surface of the β-tubulin, allowing paclitaxel to interact with proteins by means of hydrogen 

bonds and hydrophobic contacts (57). These interactions promote microtubule 

polymerization and suppress dynamic instability, which alters microtubule tension across 

chromatid kinetochores during mitosis (58).  Without the chromosomes in proper 

alignment, the spindle assembly checkpoint (SAC) is activated, causing G2/M arrest and  
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Figure 1  Paclitaxel binding site on microtubules.  α-tubulin and β-tubulin heterodimers 
that have associated together in a head-to-tail fashion form a microtubule nucleus, which 
elongates to form a microtubule. Net microtubule growth occurs at the more kinetically 
dynamic (+) end, while net shortening occurs at the (–) end.  Paclitaxel binds near the 
surface of β-tubulin along the interior of the microtubule, suppressing microtubule 
dynamics by preventing microtubule depolymerization. 
 
Modified from Dumontet & Jordan 2010 (59) 
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halting the cell cycle until the errors are corrected or until the cell eventually undergoes 

apoptosis (60,61). 

 There are a variety of molecular mechanisms that contribute to paclitaxel-induced 

apoptosis. When Taxol alters the tension across microtubules and sister chromatids, the 

SAC becomes activated (62).  Checkpoint proteins Mad2 and BubR1 inhibit the anaphase-

promoting complex/ cyclosome and its co-activator Cdc20 (APC/CCdc20), resulting in cell 

cycle arrest and accumulation of cells in metaphase (63–65).  Activation of cyclin-

dependent kinase 1 (Cdk1) occurs with mitotic block following Taxol treatment, even at 

inappropriate times in the cell cycle (in the absence of mitosis or DNA synthesis) (66).  

Moreover, Taxol treatment leads to stimulation and stabilization of cyclin B1; its expression 

is induced, degradation is prevented, and inhibition of the APC/CCdc20 results in its 

accumulation (67,68).  Another key response to effective Taxol treatment is 

phosphorylation and inactivation of the anti-apoptotic protein Bcl-2.  Taxol causes 

increased Bcl-2 and Bcl-xL phosphorylation and increased apoptosis (69,70).  Furthermore, 

Taxol-induced phosphorylation is associated with reduced Bcl-2:Bax heterodimers, which 

de-represses pro-apoptotic Bax (70,71).  Caspase-3, a key member of the apoptotic 

pathway, is activated upon Taxol treatment (72).  Interestingly, caspase-3 activation and 

Bcl-2 and Bcl-xL suppression occur independently of Taxol-induced Cdk1 activation and 

mitotic arrest (72).   

 Recently, several non-mitotic effects of Taxol-induced microtubule stabilization 

have been identified and are thought to contribute to its anti-cancer abilities.  Microtubule-
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associated intracellular trafficking is critical for the normal function of a variety of proteins 

including BRCA1, p53, survivin, androgen receptor, and Rb (73).  Moreover, Taxol 

suppresses tumour angiogenesis, as it inhibits endothelial cell proliferation and motility 

(73,74).  

Although numerous players in the Taxol response have been identified, many of the 

pathways involved remain unclear. 

1.2.3 Taxol resistance 

Although several mechanisms of Taxol action have been identified, the 

chemotherapeutic is not effective in all patients.  Some studies have rates of Taxol response 

(partial and complete) for metastatic breast cancer of as low as 25-34% (75), while others 

state a range of 25-69% response rates when it is used as a first line therapy (33).  When 

used as a single-agent systemic therapy for metastatic breast cancer, Taxol response rates 

were found to be only 17-54% (40).  Resistance to Taxol may be de novo (inherent) or it 

may be acquired from the expansion of resistant populations (76).  Both forms of resistance 

are commonly seen in response to taxane treatment and are a major barrier to effective 

breast tumour management. 

1.2.3.1 Mechanisms of Taxol resistance 

Attempts to characterize Taxol resistance have produced several proposed 

mechanisms by which cancer cells may survive Taxol treatment.  These include β-tubulin 

alterations, SAC proteins and regulators, apoptotic signalling, HER2 signalling, and P-

glycoprotein (Pgp) overexpression.  
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 As Taxol is a microtubule stabilizing agent, it is not surprising that mutations in β-

tubulin or alterations in isotype expression are associated with reduced paclitaxel response.  

β1 (HM40)-tubulin is the major β-tubulin isotype and is constitutively expressed across 

tissues (77).  Most β-tubulin mutations occur in β1-tubulin, and those that occur near the 

paclitaxel interaction site can weaken drug binding (78,79).  Mutations outside the 

interaction site have also been correlated with Taxol resistance, likely due to their ability to 

alter microtubule dynamics and reduce stability (78,79).  Another isoform of β-tubulin, βIII-

tubulin, is less stable than other isoforms and is more prone to depolymerisation (80,81); it 

has been reported that βIII-tubulin overexpression is correlated with poor Taxol response 

(82,83).  Despite the in vitro evidence supporting the role of β-tubulin alterations in Taxol 

resistance, clinical in vivo evidence is limited and contradictory. 

SAC proteins and regulators are known to be involved in the Taxol response, thus it 

is not surprising that their deregulation has been shown to have a role in Taxol resistance.  

BubR1 and Mad2 are SAC proteins that prevent Cdk1 from activating the APC/CCdc20 (60), 

and they are involved in sensing microtubule tension and attachment at kinetochores, as 

well as prevention of anaphase until microtubule conditions are correct (84).  Sensitivity of 

cells to Taxol has been found to be dependent upon a functional SAC (60).  Resistance to 

Taxol has been correlated with overexpression of stathmin (85,86)—a microtubule 

destabilizing phosphoprotein active in G2/M transition (87)—and with loss of BRCA1 (33), 

which regulates expression of BubR1 and Mad2 (88,89), and induces apoptosis by 
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activating C-jun N-terminal kinase (JNK)/ stress-activated protein kinase (SAPK), Fas, and 

caspase-9 (90,91). 

Apoptotic signalling is critical for Taxol to induce cell death.  Some studies suggest 

that over-expression of anti-apoptotic Bcl-2 and Bcl-xL contribute to taxane resistance (78) 

or that over-expression of pro-apoptotic proteins increase sensitivity (92), while others 

show no correlation (93).   Up-regulation of NF-κB, an activator of Bcl-2 and Bcl-xL 

transcription (94), has been shown to reduce paclitaxel-induced apoptosis (95), while its 

inhibition has been shown to be sensitizing (96). 

 Overexpression of HER2, an erbB epidermal growth factor receptor protein encoded 

by ERBB2 (97), confers Taxol resistance that can be reversed with HER2 inhibition (98–

101).  The reason for said resistance may relate to Cdk1: overexpression of HER2 up-

regulates p21 expression (which inhibits Cdk1), and may increase direct phosphorylation 

and inactivation of Cdk1 by HER2 directly (102). 

Pgp, an ATP-dependent drug efflux pump encoded by MDR-1 (103), is involved in 

resistance of cell to a wide variety of drugs.  Paclitaxel is a Pgp substrate: Pgp can bind the 

drug and increase its efflux from the cell (104).  It has been shown that, across a 60-cell line 

screening panel, lower MDR-1 expression is correlated with greater Taxol sensitivity (105). 

Numerous contributors to Taxol resistance have been identified, but despite 

promising in vitro evidence, in vivo evidence for many of these mechanisms is limited 

and/or contradictory.  Ultimately, the response of Taxol-sensitive and -resistant cells to the 

drug remain poorly defined.  Furthermore, there has yet to be a major clinical advancement 
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that enables physicians to identify patients who will not respond to the drug or to modify 

Taxol treatment regimes to reduce resistance. 

1.3 Kinases and breast cancer 

1.3.1 Role of kinases in breast cancer 

Mutant kinases that are hyperactive or dysregulated often act as oncogenes, 

promoting cancer cell survival, proliferation, metastasis, and genomic instability (106,107).  

Of the 518 kinase-encoding genes in humans, 164 are located in genome regions that have 

been implicated with cancer, and about 120 of these have been associated with cancer driver 

mutations (108).  Kinases have critical roles in signal transduction, with many acting as 

nodes within a signalling pathway or between several pathways; nearly all signal 

transduction involves a phosphotransfer cascade (108).  Numerous kinases have been linked 

to the development and progression of cancer, including breast cancers.  

 HER2 (or ErbB2) is a transmembrane receptor tyrosine kinase (RTK).  While it has 

no known ligands, it is the preferential dimerization partner of other ErbB receptors, 

including epidermal growth factor receptor (EGFR or ErbB1) (109).  HER2 signaling is 

primarily transduced through the phosphatidylinositide 3-kinase (PI3K)/ protein kinase 

(PK) B, also known as Akt, and extracellular-regulated kinase (ERK)/ mitogen-activated 

protein kinase (MAPK) pathways (109).  HER2 signalling occurs in HER2-overexpressing 

and luminal B breast cancer subtypes, and these same subtypes are most prone to 

Cdk4/6:Cyclin D1 amplification (110).  Active Cdk4/6:Cyclin D1 phosphorylates Rb, 

lifting its repression on E2F, promoting G1/S transition (111).  Several studies have 
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demonstrated that inhibition or knockout of Cdk4/6 or Cyclin D1 attenuates tumour cell 

growth (112–114). 

 Examples of other kinases whose dysregulation has been linked to breast cancer are 

c-Met, PKD, and breast tumour kinase (Brk).  c-Met is an RTK whose aberrant signalling 

has been seen in pre-malignant and malignant lesions of the breast and other sites (115–

118), and it is associated with poorer prognosis in TNBC patients (119).  PKD is a family of 

calcium/calmodulin-dependent serine/threonine kinases.  In some highly aggressive breast 

tumours, PKD1 (the predominant isoform in normal breast tissue) is epigenetically silenced 

(120,121), while PKD3 expression is up-regulated (122).  Brk (or tyrosine-protein kinase 6, 

PTK6) is not expressed in normal breast tissue, but is overexpressed in 60% of breast 

cancers (123).  It associates with EGFR, increasing proliferation, migration, and MAPK 

signalling (124–127). 

1.3.2 Kinases as therapeutic drug targets 

The effects of alterations in kinase expression or function can be perpetuated 

throughout that kinase’s entire network of interaction partners and downstream proteins.  

This has made kinase inhibition a popular method of signalling pathways manipulation for 

therapeutic purposes. 

 Although ATP binding sites on kinases have a fairly high degree of conservation, 

they are also often well enough characterized for the development of highly selective small 

molecule kinase inhibitors (KIs) (128).  Furthermore, binding sites for substrates and 

ligands also tend to be specific enough for targeting with KIs (108).  Normal cells are fairly 
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well able to tolerate the inhibition of kinase activity, giving KIs increased tumour cell 

selectivity and reduced side effects (129).  Many KIs that have been developed thus far 

have surprisingly low toxicities, especially when compared to other cancer therapeutics. 

 Examples of high-profile successes in KI development are the HER2 monoclonal 

antibody trastuzumab (Herceptin®, Genentech) for treatment of HER2+ breast cancer 

(130), and the BCR-ABL ATP competitive inhibitor imatinib (Gleevec®, Novartis) for 

treatment of chronic myelogenous leukemia (CML) (131).  The importance of kinases in 

cellular signalling pathways and the ease of kinase drug targeting makes the kinome 

attractive for investigation of molecular anti-cancer drug responses.  

1.3.3 Kinases involved in the Taxol response 

Numerous kinases have already been shown to have integral roles in the Taxol 

response of drug-sensitive and drug-resistant cancer cells.  Two main regulators of Taxol 

sensitivity have been described, and several kinases contributing to drug resistance have 

been identified. 

 Cdk1 and JNK are critical for Taxol-induced apoptosis (132–134).  Cdk1 is a critical 

regulator of mitosis; the Cdk1:Cyclin B1 complex regulates mitotic entry (135).  The 

complex is inhibited by phosphorylation by Myt1 and Wee1, and is activated by Cdc25, 

which dephosphorylates those sites (136).  Taxol treatment activates Cdk1, and the 

inhibition of Cdk1 and/or Cyclin B1 has been shown to prevent Taxol-induced Cdk1 

activation and subsequent apoptosis (133).  JNK signalling pathways are involved in cell 

differentiation and cell death, they are typically activated in response to stress signals (such 
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as inflammation, protein synthesis inhibition, and heat shock), and they can induce 

apoptosis (137–140).  Taxol activates JNK, which is closely followed by DNA 

fragmentation (134).  Furthermore, inhibition of JNK greatly reduces Taxol-induced cell 

death (134).   

 On the other hand, inhibition of certain kinases can increase Taxol-induced 

apoptosis.  Several proteins and protein families have been elucidated as contributors to 

Taxol resistance.  Src family kinases (SFKs) are key modulators of numerous signal 

transduction pathways; they integrate signals from various receptor and receptor-associated 

molecules (141–145), then translate them into activation of multiple target proteins 

(including PI3K, STAT3, Ras-MAPK, FAK, p27Kip1, and Bcl-2) (141,144,145).  Increased 

expression of SFKs is commonly seen in solid tumours, including those of the breast (144).  

Inhibition of SFKs can enhance tumour sensitivity to Taxol by modulating microtubule 

stabilization, apoptosis, autophagy and angiogenesis (146–148).  Another important kinase 

whose knockout induces Taxol sensitivity is MAPK phosphatase (MKP)-1.  MKPs are 

negative regulators of MAPKs (149), and overexpression of MKP-1 occurs in a large 

proportion of breast cancers (150).  MKP-1 overexpression has been found to to confer 

resistance of breast cancer cells to Taxol-induced apoptosis (151).  Furthermore, MKP-1 

induction is correlated with inhibition of JNK and ERK1/2, and MKP-1 inhibition was 

found to increase JNK and ERK1/2 phosphorylation and decrease cell survival upon 

paclitaxel treatment (152). 
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 Several other noteworthy kinases have been correlated with reduced Taxol-induced 

cell death.  These include: polo-like kinase 1 (Plk1), a mitotic kinase involved in cell cycle 

regulation (153); SET, an inhibitor of protein phosphatase 2A (PP2A) and activator of 

PI3K/Akt signalling (154); and interleukin-1 receptor-associated kinases 1 (IRAK1), which 

drives NF-κB signalling and is found to be a key driver of chemotherapy resistance in 

TNBC (155). 

Kinase-related Taxol resistance may be due to inhibition or down-regulation of 

known Taxol sensitizers, overexpression of known resistance-conferring proteins, or by 

dysregulation of kinases that have yet to be associated with the Taxol response.  A large-

scale screen of the kinome would allow for interrogation of all human kinases so that 

regulators of the Taxol response can be identified.  

1.4 CRISPR-Cas9 for functional screens 

1.4.1 Tools for functional screening 

To obtain a deeper understanding of cellular processes, both in normal and disease 

states, it is crucial to elucidate which genes are involved in a biological phenotype.  Two 

broad types of genetic studies are used to investigate the relationship between genes and a 

particular phenotype: reverse and forward genetic studies.  Reverse genetic studies rely on 

making modifications to a specific gene or small gene set, then analyzing any resulting 

phenotypic changes.  Forward genetic screens, on the other hand, involve selecting a 

phenotype of interest, then identifying mutations or changes in gene expression that results 

in that specific phenotype.  Forward functional screening allows for modifications affecting 
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the expression of a large number of genes.  Cells of a certain phenotype (resistance to a 

drug, for example) are selected for, then the mutations in those cells are characterized.  

 A variety of tools are employed to perform functional screens both large and small. 

One such tool is RNA interference (RNAi), whereby gene expression is silenced by 

targeting messenger RNA (mRNA) (156,157).  Several more modern systems act directly 

on the DNA to knock out gene expression by inducing targeted DNA double-stranded 

breaks (DSBs); these methods involve zinc-finger nucleases (ZFNs), meganucleases, 

transcription activator-like effector nucleases (TALENs), and clustered regularly 

interspaced short palindromic repeats (CRISPR) (158–160). 

 RNAi is a natural, conserved mechanism by which specific mRNA transcripts are 

down-regulated (157).  Double stranded RNA (dsRNA) targets mRNA for degradation or 

translational inhibition based upon sequence complementarity (156,157).  The RNAi system 

has been adapted for artificial, targeted gene knockdown using specialized mRNA-targeting 

transcripts including: short hairpin RNA (shRNA), synthetic small interfering RNA 

(siRNA), and long dsRNA (161).  RNAi has been widely used for investigating the 

functions of candidate genes, as well as for large-scale loss-of-function screens through the 

generation of RNAi libraries (162,163).  There are critical shortcomings associated with 

RNAi.  For example, gene expression knockdown by RNAi is inherently incomplete and 

temporary (164).  Moreover, RNAi has a known propensity for off-target effects (164–166). 

 While RNAi knocks down gene expression at the RNA level, gene editing through 

DSB formation allows for total gene knockout at the DNA level.  Targeted DSBs can be 
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induced using ZFN, TALEN, meganuclease, and CRISPR-based technologies.  The cleaved 

DNA then undergoes one of two major repair pathways: homology-directed repair (HDR), 

or non-homologous end joining (NHEJ).  HDR occurs in the presence of a repair template, 

thereby allowing specific inserts to be incorporated into the DNA (167) (Figure 2a).  By 

contrast, NHEJ occurs in the absence of a template, making DNA repair highly error-prone.  

Non-functional gene products are often produced following NHEJ as a result of insertion or 

deletion (indel) mutations that are large or create a frameshift that results in a premature 

stop codon (168,169) (Figure 2b). 

 Genome editing through DSB formation by ZFNs and TALENs is based on the 

creation of fusion proteins: engineered DNA-binding domains within a zinc finger or TALE 

are fused to the catalytic domain of the endonuclease FokI (168,170).  While both of these 

systems have demonstrated usefulness in the laboratory, several inherent weaknesses have 

hindered their widespread use.  The utility of ZFNs has been limited by the context-

dependent effects between individual zinc finger domains (171).  TALENs, by contrast, can 

recognize virtually any DNA sequence.  The challenge with TALENs is that assembly of 

the TALE repeats can be quite complex and laborious, and certain viral vectors are unable 

to carry them (172–174).  Meganucleases are artificial versions of naturally occurring 

endonucleases that contain large DNA recognition sites (175).  The major barrier to their 

widespread use is the difficulty in engineering caused by their DNA recognition and 

cleavage sites being within the same domain (176).  The system that has effectively taken 

over DNA-editing technologies is that of CRISPR.  CRISPR is an adaptive immune 
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Figure 2  DNA repair mechanisms following engineered nuclease-induced DSB 
Formation.  Following nuclease-induced DSB formation (by ZFNs, TALENs, or CRISPR, 
for example), cleaved DNA is primarily repaired by one of two mechanisms.  (A) If a repair 
template is present, homology-directed repair (HDR) occurs.  This can be exploited as a 
method of inserting gene or sequence into DNA.  (B) In the absence of a repair template, 
cleaved DNA undergoes non-homologous end joining (NHEJ).  This process is highly 
error-prone and often results in an insertion or deletion (indel) mutation.  If these mutations 
are large and/or cause a shift in the reading frame, the gene product will likely be non-
functional. 
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pathway in prokaryotes that has since been adopted for mammalian genome editing 

(160,177,178).  It uses an RNA-guided system to cleave complementary DNA (177,178).  

Relative to the aforementioned methods of gene editing, the CRISPR system is simple to 

design, modify, construct and execute (179).  These properties have been exploited for the 

most facile construction of candidate-based gene interrogation and large-scale gene 

knockout libraries for functional screening. 

1.4.2 CRISPR-Cas9 for gene knockout 

CRISPR-based gene editing technology is quickly transforming molecular biology; 

its efficiency, specificity, simplistic execution, and ease of adaptation have led to adoption 

into laboratories world-wide.  The modern CRISPR and CRISPR-associated (Cas) system 

originates from a bacterial adaptive immune system.  CRISPRs were first described in the 

genome of Escherichia coli (180), and were subsequently found in numerous other bacteria 

and archaea (181).  It was then discovered that many sequences within CRISPRs have 

plasmid and viral origin (182–184), that Cas proteins have nuclease domains (183–185), 

and that CRISPR segments are transcribed (186).  These transcribed CRISPR RNAs 

(crRNAs) complex with Cas proteins and guide them toward invading DNA (160).  

 Recognition and cleavage of DNA in types I and III involves a large complex of Cas 

proteins (187–190), while type II uses only a single Cas protein (160,191); this has made 

type II CRISPR-Cas an appealing system to exploit and for directed genome engineering.  

CRISPR type II using the endonuclease Cas9 from Streptococcus pyogenes is the best 

characterized and most extensively used form of CRISPR.  S. pyogenes Cas9 (SpCas9) 
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contains two nuclease domains, HNH and RuvC, that introduce DSBs following guidance 

by a dual-RNA (160,191).  In order for DNA recognition and cleavage to occur, however, 

the crRNA-targeted sequence (“protospacer”) must lie immediately upstream of a 

protospacer adjacent motif (PAM) (192–194).  For Cas9, the PAM is –NGG (N, any 

nucleotide; G, guanine) (192–194). 

The dual RNA is a duplex of crRNA and trans-activating crRNA (tracrRNA); 

tracrRNA is essential for stabilization and maturation of crRNA (160).  The 

crRNA:tracrRNA duplex has been adapted as a chimeric RNA guide, a single guide RNA 

(sgRNA), that contains a “spacer” –a 20 nucleotide-long sequence complementary to target 

DNA– adjacent to the double-stranded structure required for complexing with Cas9 (160).  

Therefore, the CRISPR-Cas9 system for candidate-based and large-scale screening for gene 

function only requires 3 components: 1) a sgRNA containing a specially designed spacer 

sequence, 2) DNA containing the target protospacer sequence immediately adjacent to the 

PAM, and 3) Cas9 endonuclease to cleave the target DNA (Figure 3). 

CRISPR-Cas9 was adapted for human genome modification using “humanized” 

SpCas9 and custom-designed sgRNA-encoding sequences.  Upon transfection or infection 

into human cells, sgRNA-encoding sequences are stably integrated into the genome and 

transcribed into sgRNAs.  Multiplexing can also be employed, as more than one sgRNA-

encoding sequence can be integrated into the genome, permitting the creation of multiple  
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Figure 3  Gene knockout by CRISPR-Cas9.  sgRNAs contain a 20-nucleotide spacer 
sequence corresponding to a matching protospacer sequence on the target DNA gene of 
interest.  The sgRNA guides Cas9 to the protospacer sequence immediately upstream of a 
PAM.  The Cas9:sgRNA binds the target through complementary base pairing.  Cas9 
cleaves the DNA with its RuvC and HNH endonuclease sites 3 base pairs upstream of the 
PAM.  The DSB is repaired by NHEJ, likely resulting in an insertion (or deletion) mutation. 
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sgRNAs and DSBs (195,196).  Once an sgRNA complexes with Cas9, it directs Cas9 to the 

corresponding site in target DNA adjacent to the PAM, i.e. –NGG (193,195,197,198).  –

NGG occurs very frequently in the human genome, at approximately every 8-12 nucleotides 

(195,199); this makes nearly ever gene in the human genome accessible for CRISPR-Cas9 

cleavage, both introns and exons.  The sgRNA:Cas9 complex binds the target DNA by 

complementary Watson-Crick base-pairing, and cleaves it 3 base pairs upstream of the 

PAM (160).  Repair of this DSB by NHEJ frequently causes an indel mutation (168,169) 

(Figure 3); should the repair be correct, the sgRNA:Cas9 will be able to recognize and 

cleave the DNA again until a mutation arises.  Although there is no guarantee that a 

mutation will lead to gene knockout, knockout does usually occur following the formation 

of large indels or those that lead to transcriptional frameshift, and several groups have 

reported near complete gene knockout at the protein level (200,201). 

The off-target effects of CRISPR-Cas9 are controversial and remain a major concern 

of the technology.  Despite several studies finding few to no off-target effects of Cas9 

cleavage (202,203), others have revealed that Cas9 has sgRNA mismatch tolerance (204–

206).  Thus, specificity-improving modifications have been investigated, and several 

effective methodologies have been elucidated; truncated sgRNA spacers (from 20 to 19 or 

17 nucleotides) (204), sgRNAs with modified hairpin loops (207), Cas9 orthologues 

(208,209), and Cas9 nickases (one mutated nuclease domain) with paired sgRNAs 

(210,211) have all demonstrated effectiveness at minimizing off-target mutagenesis. 
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As the use of CRISPR-Cas9 is adopted into laboratories around the world, 

modifications to enhance on-target efficiency and specificity are constantly coming to light.  

Furthermore, algorithms have been designed and continue to be developed for the 

optimization of sgRNA design for small- and large-scale applications. 

1.4.3 CRISPR-Cas9 for large-scale screening 

The ease and efficiency of CRISPR-Cas9 use has made it a popular tool for large-

scale loss-of-function screens that are more efficient and specific than previously possible 

with RNAi.  There are two primary formats for large-scale screens: arrayed and pooled.  

Arrayed screens use multi-well plates with a single sgRNA per well (212).  Treatment with 

each sgRNA can be achieved via transfection (for transiently high sgRNA concentration), 

or by viral transduction with a low multiplicity of infection (MOI).  Since the exact genetic 

modification is known for each well, many  resulting phenotypes can be analyzed based on 

growth, fluorescence, luminescence, and/or high-content image analysis (213–215).  

Arrayed screens are more versatile than pooled screens, but they come at higher financial 

and time cost, and often require specialized equipment to handle large volumes of multi-

well plates.  A pooled approach to large-scale screening involves the use of oligonucleotide 

pools (libraries) of sgRNA-encoding sequences that have been cloned into plasmids (212).  

The plasmids are then made into virus for low MOI introduction of a cell population.  As 

the cells have been exposed to the entire sgRNA library, only growth phenotypes or those 

that can be sorted are able to be selected for analysis.  Furthermore, identification of the 

gene knockout that led to said phenotype requires sgRNA quantification through next 
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generation sequencing (NGS).  Despite these limitations, the pooled screening approach 

tends to be more popular than the arrayed approach because it is less costly, less labour-

intensive, and the availability of pooled plasmid libraries. 

 Many plasmid CRISPR-Cas9 knockout libraries have been developed and are 

available for purchase.  Numerous libraries are available for targeting the entire genome or 

specific sets of genes (the kinome, for example) in humans (196,216–218), mice (218,219) 

and drosophila (220).  When libraries are designed, there are several important 

considerations to achieve maximum efficiency and specificity of gene knockout.  sgRNA 

design is important; sgRNAs are more effective if the guanine and cytosine (G/C) content is 

not very high or low, if they target an earlier coding exon, and if they target the non-

transcribed strand (196,217).  Moreover, sgRNAs are better able to bind Cas9 if the sgRNA 

contains purines in the last 4 nucleotides of the spacer sequence (196).  Algorithms have 

been designed to optimize these conditions to design the most effective sgRNA possible.  

Importantly, libraries feature sgRNA redundancy, with multiple different sgRNAs (usually 

6-10) targeting a single gene (196,200,216–220).  This greatly increases the likelihood of 

gene function being completely knocked out. 

 Following application of the sgRNA library and collection of a cell population with 

a selected phenotype, sgRNA-encoding sequences in the population are quantified using 

NGS.  Several NGS platforms are available, including the fluorescence-based Illumina 

platforms (221) and the pH-based Life Technologies platforms (222). 
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1.4.4 Positive- and negative-selection screens using the CRISPR-Cas9 system 

Large-scale screening can be performed as positive-selection or as negative-

selection.  In positive-selection screens, the aim is to identify genetic changes that allow 

cells to survive the selection treatment (Figure 4a).  It is generally expected that few genetic 

changes will allow survival, therefore most cells should die from selection.  Those that do 

survive (the “winners”) are expanded, then the sample is collected and prepared for NGS.  

Following NGS, sgRNA enrichment is examined.  sgRNAs that have a higher read count 

after selection and expansion compared to before are said to be enriched.  Enriched sgRNAs 

represent genes whose knockout confers treatment resistance. 

Negative-selection screens seek out the opposite phenotype.  Here, the aim is to 

identify genetic changes that confer a selective disadvantage (Figure 4b).  Cell populations 

undergo a selection treatment that they are usually resistant to, therefore it is expected that 

most cells will survive the treatment.  The aim is to identify changes in the cells that die (the 

“dropouts”).  The aim is to identify sgRNAs that have been diminished or lost following 

treatment are those of interest; these sgRNAs represent genes whose loss confers treatment 

sensitivity.  When designing these screens, it is important to consider that some cells will 

inevitably die due to sgRNA-induced knockout of a gene essential for cell survival and not 

due to knockout-induced treatment sensitivity.  Furthermore, it is important to remember 

that not all NHEJ-induced indels will abolish gene function.  Although negative-selection 

screens require greater sensitivity, they are especially useful for identification of potential 

drug targets. 
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Figure 4  Positive- and negative-selection screen outlines.  General visual overview of 
how positive- and negative-selection large-scale screens are conducted.  A library (of 
sgRNAs, for example) is applied to a cell population, then the population is exposed to 
selection (to an anti-cancer drug, for example).  Surviving cells are collected for NGS.  (A) 
Positive-selection screen outline.  After treatment, most cells die; the “winners” that survive 
are collected for NGS.  (B) Negative-selection screen outline.  After treatment, most cells 
survive; the “dropouts” that died are identified by comparing untreated versus treated 
collected populations using NGS. 
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1.5 Rationale, Hypothesis and Experimental Aims 

Taxol remains one of the most widely used therapeutics for the treatment and 

management of early-stage and metastatic breast cancer.  Over the years, Taxol’s properties 

as a microtubule stabilizing chemotherapeutic agent have led to its use in first- and second-

line treatments, adjuvant and neoadjuvant treatments, and single-agent and combination 

treatment regimes for cancers of the breast and various other sites.  Many tumours display 

either intrinsic or acquired resistance to Taxol treatment, however, which limits its clinical 

benefits.   

Although several possible mechanisms of resistance have been elucidated, many of 

these mechanisms have not been proven in vivo, and impactful clinical benefits have yet to 

be established from these mechanistic insights.  Therefore, much remains to be discerned 

regarding the key pathways and regulators involved in the Taxol response in drug-sensitive 

and drug-resistant tumour cells.  Understanding which genes underlie Taxol resistance is 

critical for effective treatment of many breast cancer patients.  It is likely that kinase-

encoding genes are involved in this resistance, as kinases have been implicated in the 

development and growth of many forms of cancer and in anti-cancer therapy resistance.  

Thus, it is hypothesized that novel kinases are involved in drug resistance in Taxol-resistant 

breast tumours. 

To test this hypothesis, a large-scale functional screen was conducted using 

CRISPR-Cas9-induced gene knockout.  A kinome-wide sgRNA library enabled targeting of 

kinase-encoding genes in both Taxol-sensitive cells for a positive-selection screen, and 

Taxol-resistant cells for a negative-selection screen. 
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The main experimental aims pursued in this project were:  

• Positive-selection CRISPR-Cas9 screen for kinases involved in the Taxol 

response. 

• Negative-selection CRISPR-Cas9 screen for kinases involved in Taxol 

resistance. 

• Validation of candidate genes involved in Taxol sensitivity and resistance. 
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Chapter 2 

Materials and Methods 

2.1 Cell culture 

Wild-type MCF-7 (human breast adenocarcinoma) cells (MCF-7–WT) were a gift 

from Dr. Kenneth Nephew, and Taxol-resistance MCF-7 cells (MCF-7–TxR) were a gift 

from Dr. Amadeo Parissenti.  MCF-7–WT, MCF-7–TxR and lentiviral packaging HEK-

293T (human embryonic kidney) cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; 

Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich).  MCF-7–TxR cells were 

maintained in culture medium containing 99nM Taxol.  Cells were maintained at 37oC with 

5% CO2. 

2.2 Cell proliferation assays 

 Cells were plated at 2×105 cells/ well in 12-well plates.  20-24 hours after plating, 

cells were 20-35% confluent and were treated with varying concentrations of Taxol.  Cells 

were treated for 5 days at 0, 1, 5, 10, 25, 50, 100, 250 and 500nM Taxol; or for 10 days at 0, 

10, 20, 30, 40 and 50nM Taxol.  Treatments were concluded with a cell proliferation 

assay.  Experiments were conducted in duplicate or triplicate. 

2.3 DNA transfection 

Cells were plated into wells of 12-well or 6-well tissue culture plates 18-24 hours 

prior to transfection.  30-60 minutes prior to transfection, fresh culture medium was added 
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to the wells.  At the time of transfection, cells were 75-90% confluent.  Plasmid DNA and 

PolyJet transfection reagent (SignaGen) at a ratio of 3µl PolyJet : 1µg DNA was added to 

DMEM and incubated at room temperature for 15 minutes, then added drop-wise to the 

culture medium on the cells.  Culture medium was replaced 14-20 hours after transfection. 

2.4 Protein extraction and quantitation 

Cells were grown in 12-well or 6-well tissue culture plates to a density of 60-80% 

confluency.  Plates were kept on ice, rinsed with 1× phosphate-buffered saline (PBS), and 

treated with 100-500µL RIPA lysis buffer (50 mM Tris HCl, 150mM NaCl, 0.02% sodium 

azide, NP-40, 0.1% SDS, 0.5% sodium deoxycholate) and 1× Complete™ EDTA-free 

Protease Inhibitor Cocktail (Roche).  Cells were scraped from wells and transferred to a 

1.5mL tube, incubated on ice for 30 minutes and spun down, then the lysate (supernatant) 

was collected. 

Quantitation of protein lysates was performed using the DC™ Protein Assay kit 

(Bio-Rad).  Diluted bovine serum albumin (BSA) was used for standards. 

2.5 Western blots and antibodies 

2.5.1 Western blot 

Protein lysate (10µg) was mixed with 5× protein loading buffer (0.29M Tris HCl, 

8.57% SDS, 30% glycerol, 4.2% β-mercaptoethanol, 0.2mg bromophenol blue) and RIPA 

lysis buffer to a volume of 10-20µL per sample.  Lysates were resolved on 10% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to a 
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nitrocellulose membrane (Bio-Rad) at 4oC.  Membranes were blocked in 5% skim milk 

dissolved in tris-buffered saline and Tween 20 (TBS-T) at room temperature for 1 

hour.  Membranes were probed with their respective primary antibodies at 4oC overnight, 

and with 4× concentrated secondary antibodies at room temperature for 15 minutes.  Protein 

bands were visualized using enhanced chemiluminescence and x-ray film development. 

2.5.2 List of antibodies 

Antibodies for Western blotting are listed in Table 2. 

2.6 Establishing MCF-7–Cas9 

2.6.1 Stable expression of Cas9 in MCF-7 cells 

pCW-Cas9 plasmid was purchased from Addgene (Addgene plasmid 

#50661).  Plasmid was extracted using the QIAprep® Spin Miniprep Kit (QIAGEN) and 

eluted in elution buffer (EB) (10mM Tris-HCl, pH 8.5).  Cas9-containing lentivirus was 

produced in HEK-293T cells as described in Section 2.8. 

MCF-7–WT and MCF-7–TxR cells were plated at 1×105 and 1.5×105 cells/ well, 

respectively, in 6-well plates 24 hours prior to infection.  At the time of infection, cells were 

40-50% confluent.  Each cell line was infected with 100 and 500µL of lentivirus expressing 

doxyxycline (Dox)-inducible Cas9 with 8µg/mL polybrene in a total volume of 1mL/ 

well.  18 hours after infection, culture medium was refreshed.  24 hours after the medium 

was refreshed, 1µg/mL puromycin was added to the medium.  Puromycin selection lasted 3 

days, then MCF-7–WT cells with 100µL virus and MCF-7–TxR cells with 500µL virus 

were kept for further experiments.  Cells were cultured with puromycin for an additional 2   
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Table 2  Antibodies for Western blot 
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weeks.  Expression of Cas9 was tested by incubating MCF-7–WT–Cas9 and MCF-7–TxR–

Cas9 cells in the absence or presence of Dox for 2 days, followed by protein extraction and 

western blot analysis (Section 2.5). 

2.6.2 Establishing a monoclonal MCF-7–WT–Cas9 population 

Monoclonal MCF-7–WT–Cas9 cell lines were generated through limit 

dilution.  Cells were diluted and plated at 0.5 cells/ well in a 96-well plate.  3 clones were 

expanded.  One clone was selected for further experiments based on Dox-induced Cas9 

expression. 

2.7 CRISPR kinome library amplification 

The Human Lentiviral sgRNA Library - Enriched Against Kinases (sgKL) was 

purchased from Addgene (Addgene plasmid #51044).  200ng sgKL plasmid was 

transformed into DH5α cells.  1% of total reaction volume was used for dilution plating to 

ensure a transformation efficiency of at least 20-fold greater than the library size of 5070 

sgRNAs (10 sgRNAs for each of 507 genes).  About 72-fold coverage was ultimately 

achieved.  sgKL plasmid was extracted from the liquid culture using the QIAprep® Spin 

Midiprep Kit (QIAGEN) and eluted in EB. 

2.8 Lentivirus production 

2.8.1 Lentivirus production and purification 

HEK-293T cells were plated at 1.5×106 cells/ well in poly-L-lysine -coated plates 

18-24 hours prior to transfection.  30-60 minutes before transfection, culture medium was 
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refreshed.  At the time of transfection, cells were 80-90% confluent.  Mixtures of 3µg 

lentiviral expression plasmid, 2.25µg psPAX (packaging plasmid), 0.75µg pMD2G 

(envelop protein plasmid), PolyJet transfection reagent at a ratio of 3µL PolyJet : 1µg DNA, 

and DMEM were incubated at room temperature for 15 minutes, then added drop-wise to 

the culture medium on the cells. 

16-20 hours after transfection, culture medium was changed to fresh medium 

containing 10mM sodium butyrate (NaBut).  40-48 hours after NaBut treatment, culture 

medium containing the virus was collected from the plate.  Virus was purified either by 

centrifugation or by filtering through 0.45µm filters (Sarstedt).  Purified virus was used 

either for immediate infection, or flash-frozen and stored in liquid nitrogen. 

2.8.2 Lentivirus titering 

 MCF-7–WT or MCF-7–TxR cells were plated at 1×105 cells/ well in 6-well 

plates.  20-24 hours after plating, one well was counted and the remainder were treated with 

8µg/mL polybrene and with increasing volume of sgKL virus or control.  16-18 hours after 

virus treatment, medium was replaced with fresh medium containing 30µg/mL 

blasticidin.  Blasticidin selection lasted 3 days, then cells were counted to determine titer.  

Optimal titer was that at which 30% of cells survived treatment (MOI of 0.3), and this 

amount of virus was scaled up for larger plates for screening. 

2.9 CRISPR functional genomic screening procedures 

MCF-7–WT and MCF-7–TxR cells were plated at 6×106 and 5×106 cells/150mm 

plate, respectively.  20-24 hours after plating, cells were 50-60% confluent and were 
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infected with 8µg/mL polybrene and sgKL virus at an MOI of 0.3.  16-18 hours after 

infection, medium was replaced with fresh medium containing 30µg/mL blasticidin for a 3-

day selection period (blasticidin concentration was reduced to 15µg/mL for the duration of 

the screen following the 3-day selection).  Following selection, cells were untreated 

(control) or treated with 2µg/mL Dox or control for 4-6 days (Dox treatment throughout 

screen), then cells were harvested, and genomic DNA (gDNA) was extracted as described 

in Section 2.10.  Both screens were conducted in triplicate. 

2.9.1 Positive-selection screen 

Cells were treated with or without Dox for 4 days, then 5×106 to 1×107 cells were 

collected (T0 Dox– / Tx–; T0 Dox+ / Tx–) for gDNA extraction.  All remaining cells were 

then treated with 5nM Taxol.  Cells were passed at 70% confluence, and collected after 10 

days of treatment (T10 Dox– / Tx+; T10 Dox+ / Tx+) for gDNA extraction.  gDNA was 

collected at 4 time points for each of 3 replicates, for a total of 12 samples.  This protocol is 

summarized in Figure 5. 

2.9.2 Negative-selection screen 

 Cells were treated with or without Dox for 6 days, then 5×106 to 2×107 cells were 

collected (T0 Dox– / Tx–; T0 Dox+ / Tx–) for gDNA extraction.  Remaining dox– cells 

were left untreated, while Dox+ cells were untreated or treated with 5nM Taxol.  Cells were 

passed at 70% confluence, and collected after 10 days of treatment (T10 Dox– / Tx–; T10 

Dox+ / Tx–; T10 Dox+ / Tx+) for gDNA extraction.  gDNA was collected at 5 time points 

for each of 3 replicates, for a total of 15 samples.  This protocol is summarized in Figure 6. 
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Figure 5  Positive-selection screen with sgKL and Taxol treatment.  MCF-7–WT–Cas9 
cells (Taxol-sensitive) were infected with sgKL-containing lentivirus.  Blasticidin selection 
(3 days) was used to develop an MCF-7–WT–Cas9–sgKL stable line.  Cells were then 
treated with or without Dox for 4 days, and some cells were collected for gDNA extraction.  
All remaining cells, Dox (–) and (+), were treated with Taxol for 10 days.  Surviving cells 
were collected for gDNA extraction.  Cell collection points are indicated with red dots. 
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Figure 6  Negative-selection screen with sgKL and Taxol treatment.  MCF-7–TxR–
Cas9 cells (Taxol-resistant) were infected with sgKL-containing lentivirus.  Blasticidin 
selection (3 days) was used to develop an MCF-7–TxR–Cas9–sgKL stable line.  Cells were 
then treated with or without Dox for 6 days, and some cells were collected for gDNA 
extraction.  All Dox (–) cells were left untreated with Taxol.  Dox (+) cells were either 
untreated or treated with Taxol for 10 days.  Surviving cells were collected for gDNA 
extraction.  Cell collection points are indicated with red dots. 
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2.10 Genomic DNA extraction 

gDNA was extracted using DNAzol® Genomic DNA Isolation Reagent 

(ThermoFisher) according to the manufacturer’s protocol.  Cells were lysed with DNAzol®, 

and DNA was precipitated using 100% ethanol.  The DNA was then transferred to a fresh 

tube and washed twice with 75% ethanol.  DNA pellets were dissolved and re-suspended in 

500µL-2mL EB, depending on the sample. 

2.11 Preparation of samples for sequencing 

Two rounds of PCR were used to prepare gDNA for next generation 

sequencing.  The first round (PCR1) amplified the target region containing the sgRNA out 

from the gDNA; the second round (PCR2) added Ion Torrent™ sequencing adaptors and 

unique barcodes to each sample (Figure 7).  Oligonucleotides containing barcodes and 

adaptors are listed in Table 3. 

2.11.1 PCR1 for target sequence amplification 

Under the assumption that each cell contains 6.6pg DNA (223,224), PCR of 8µg of 

gDNA allows for 239-fold coverage of the sgKL library from each sample.   

8µg gDNA  ÷  6.6pg gDNA/ cell  ÷  5070 sgRNAs  =  239.077× coverage 

Ion-pLX-Out-F/R primers were used to amplify the target sgRNA-containing region 

from 8µg gDNA per sample at a concentration of 1µg gDNA per 50µl PCR reaction.  The 

PCR enzyme used was PrimeSTAR GXL DNA Polymerase (Clontech), and the number of 

cycles used varied by sample (19-26 cycles).  PCR conditions were optimized extensively  
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Figure 7  Nested PCR to prepare gDNA for NGS.  Two rounds of PCR are performed in 
order to prepare gDNA for NGS.  The first round, PCR1, isolates and amplifies the target 
region (sgRNA spacer-encoding) from the gDNA.  OutF/R primers are used here.  The 
second round, PCR2, adds Ion TorrentTM sequencing adaptors, as well as a unique barcode 
for each sample.  InF/R primers—containing adaptors and barcodes—are used here. 
 
Adapted from Addgene plasmid #51044 Sub-pool Protocol, based on Wang et al 2014 (196)  
 



 

 

 

44 

Table 3  Oligonucleotides for PCR1 and PCR2 
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to minimize background noise, non-target fragments, and oversaturation.  They are 

summarized in Table 4. 

2.11.2 PCR2 for addition of barcodes and sequencing adaptors 

Ion-pLX-In-F-1-15 primers contain the Forward sequencing adaptor as well as a 

barcode unique to each primer/ sample.  The Ion-pLX-In-R primer contains the Reverse 

sequencing adaptor. 4µL PCR1 product per 60µL PCR reaction underwent PCR2 with one 

of the forward primers and the reverse primer at a concentration of 2µg DNA per 50µl PCR 

reaction.  The PCR enzyme used was Platinum® PCR SuperMix High Fidelity (Invitrogen), 

and the number of cycles used varied by sample (22-27 cycles).  As with PCR1, conditions 

were optimized extensively to minimize background noise, non-target fragments, and 

oversaturation.  They are summarized in Table 4. 

2.12 Next generation sequencing using Ion TorrentTM PGM 

Prior to sequencing, the quality of all samples was analyzed using the 2100 Expert 

Bioanalyzer (Aligent) and diluted to 100pM.  Samples were then clonally amplified on Ion 

Sphere™ particles (ThermoFisher) using emulsion PCR. Next generation sequencing was 

performed using the Ion Torrent™ Personal Genome Machine (PGM) (ThermoFisher), and 

raw read processing was performed using Ion TorrentTM Torrent SuiteTM software.  The 

services were provided by Amy McNaughton at the Queen’s Genomics Lab at Ongwanada 

(Q-GLO) under the direction of Dr. Xudong Liu. 
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Table 4  Conditions for PCR1 and PCR2 
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2.12.1 sgRNA alignment and read quantitation 

 The Ion TorrentTM PGM sequencer produces fastq files, which were processed using 

an in-house perl script.  The script determined whether reads were valid based on the 

presence of the sgKL vector directly preceding the sgRNA sequence, then the valid reads 

were mapped to a particular sgRNA based on sequence homology.  Mapped sgRNA reads 

were quantified and normalized using Partek® Flow® software (225).  Mapping was 

performed by Dr. Calvin Sjaarda at Q-GLO under the direction of Dr. Xudong Liu. 

2.13 Statistical analysis of sequencing results 

 Differential representation of sgRNA reads was determined using the Partek Flow’s 

Gene-Specific Analysis algorithm.  sgRNA reads were represented as fold change between 

two time points.  Only sgRNAs with fold change that was significant (p-value <0.05) and 

>1.5-fold or <–1.5-fold were considered for further analysis.  Volcano plots were generated 

by Partek Flow.  Statistical analysis was performed in part by Dr. Calvin Sjaarda at Q-GLO 

under the direction of Dr. Xudong Liu. 
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Chapter 3 

Results 

3.1 Preparation for functional genomic screen 

 In preparation for the screens, MCF-7 cell lines expressing the necessary CRISPR-

Cas9 components were established.  Stable genomic integration of Cas9 was required for 

both MCF-7–WT and MCF-7–TxR cell lines, followed by integration of sgRNA-encoding 

sequences from the sgKL.  Additionally, it was critical to optimize Taxol treatment 

conditions for both cell lines before commencing the screen. 

3.1.1 Establishment of MCF-7 cells with inducible expression of Cas9 

For increased control of CRISPR-induced gene knockout, the Cas9 endonuclease 

and the sgRNA library are contained in separate vectors and therefore separate 

lentivirus.  MCF-7 derivative cell lines containing the Cas9 were thus established prior to 

sgKL infection and screening.  To develop Cas9-containing MCF-7–WT and MCF-7–TxR 

stable lines, cells were infected with pCW-Cas9, a humanized S. pyogenes Cas9 containing 

a FLAG-tag at its N terminus and a tetracycline (Tet)-On Dox-inducible promoter.  The 

Cas9 induction in these MCF-7–WT–Cas9 and MCF-7–TxR–Cas9 cell lines was confirmed 

(Figure 8a): in the absence of Dox, both cell lines showed little to no expression of Cas9; 

conversely, when cultured in the presence of Dox for 3 days, both cell lines had high Cas9 

expression. 
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Figure 8  Inducible expression of Cas9 in MCF-7-Cas9 stable lines.  This Cas9 construct 
(pCW-Cas9) requires Dox induction in order for Cas9 to be expressed.  MCF-7–Cas9 cells 
were cultured in the absence or presence of Dox for 3 days and the expression of Cas9 was 
analyzed by Western blot.  (A) MCF-7–WT–Cas9 and MCF-7–TxR–Cas9 cells cultured in 
the absence of Dox expressed little to no Cas9, while cells cultured with Dox strongly 
expressed Cas9.  (B) Of the 3 MCF-7–WT–Cas9 clones, one clone had high Cas9 
expression after treatment with Dox.  This clone was used for further experiments 
(screening). 
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To reduce background Cas9 expression within MCF-7–WT–Cas9 populations, 

monoclonal populations were derived.  The clone selected for further experiments had no 

Cas9 expression in the absence of Dox, and the highest Cas9 expression of all clones in the 

presence of Dox (Figure 8b).  Clonal MCF-7–TxR clones were not derived.  Although 

working with a mosaic population increases the variability of Cas9 expression, it also 

reduces the likelihood of developing a monoclonal population containing a specific Taxol 

resistance-inducing mutation that may bias the screening results.   

3.1.2 Optimization of Taxol treatment conditions for functional genomic screen 

MCF-7–WT cells are sensitive to Taxol, while MCF-7–TxR cells are not.  TxR cells 

are resistant to Taxol treatment and are continuously cultured in its presence.  To confirm 

that these responses are maintained in the Cas9-expressing cell lines, MCF-7–WT–Cas9 

and MCF-7–TxR–Cas9 cells were each treated with Taxol at various concentrations and 

durations (Figure 9).  These experiments were performed in duplicate. 

Both cell lines were treated with Taxol for 5 days, and a cell proliferation assay 

showed that at concentrations as high as 500nM Taxol, MCF-7–TxR–Cas9 remained 

resistant to the drug, with over 50% of cells survived the treatment.  Meanwhile, less than 

12% of MCF-7–WT–Cas9 cells survived the treatment at concentrations as low as 5nM 

(Figure 9a).  Based on these results, a longer-term treatment was conducted.  

Other drug resistance screens have selected 10 days as the optimal treatment 

duration for their screen.  The response of MCF-7–WT–Cas9 and MCF-7–TxR–Cas9 to a 

10-day Taxol treatment was characterized, and TxR resistance was even more pronounced  
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Figure 9  MCF-7-Cas9 cell survival after Taxol treatment.  MCF-7–WT–Cas9 and 
MCF-7–TxR–Cas9 cells were treated with Taxol to determine cell survival at various 
treatment times and concentrations. (A) A cell proliferation assay was performed after 
MCF-7–Cas9 cells were treated with Taxol for 5 days.  TxR cells survived treatment at 
much higher concentrations than WT cells.  (B) A cell proliferation assay was performed 
after MCF-7–Cas9 cells were treated with Taxol for 10 days.  At low, equimolar 
concentrations, most TxR cells survived, while almost no WT cells did. 
The data are shown as mean ± SD (n=2).   
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than with the 3-day treatment (Figure 9b).  At concentrations as high as 50nM Taxol, nearly 

78% of MCF-7–TxR–Cas9 cells survived; conversely, less than 0.2% of MCF-7–WT–Cas9 

cells survived 10-day Taxol treatment at concentrations as low as 5nM Taxol. 

During the screen, some cells would become resistant to Taxol.  Thus it was 

important to choose a treatment concentration that was as low as possible while killing 

nearly all Taxol-sensitive cells.  Based on the results of both proliferation assays, 5nM was 

selected as the optimal treatment concentration for screening. 

3.2 Positive-selection screen identified novel genes involved in the Taxol response 

In the positive-selection screen, clonally-derived Taxol-sensitive MCF-7–WT–Cas9 

cells were plated, infected with sgKL-containing lentivirus, selected with blasticidin, and 

treated with Dox and/or Taxol according to the methodology outlined in Section 2.9.1 and 

Figure 5.  An sgRNA that causes a cell to survive Taxol treatment becomes enriched as 

cells harbouring it proliferate while non-resistant cells die.  This enrichment is detected by 

next generation sequencing of gDNA from the surviving population of cells.   

During the screen, most cells died, but a small number of Dox (+) (Cas9-expressing) 

cells survived the treatment and were able to proliferate. 12 samples were collected (4 time 

points from each of 3 replicates) and sequenced using Ion TorrentTM PGM. Once loading 

density and polyclonal wells were taken into consideration, a total of nearly 69 million (68 

757 220) reads were usable, with 4.5 to 6.5 million reads per sample (Figure 10 and Table 

5).  Only reads that contained a perfect match to an sgRNA sequence were considered for 

mapping and used for further analysis.   
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Figure 10  Raw Ion TorrentTM PGM sequencing read processing (positive-selection 
screen).  Summary of Ion TorrentTM PGM run of 12 samples from positive selection screen 
with MCF-7–WT–Cas9 and sgKL.  The Ion PGMTM semiconductor chip is made up of 
wells that DNA-coated Ion SphereTM particles (ISPs) sit in for sequencing.  For this screen, 
read sequencing length was set to 50 base pairs (bp).  If multiple sequences have been 
amplified over a single ISP, the well is considered polyclonal and the reads from that well 
are not usable.  (A) 76% of chip wells contained a DNA-coated ISP.  (B) The average read 
length was 51 bp.  (C) Once empty wells and polyclonal wells were taken into 
consideration, there were 68 757 220 reads usable for mapping. 
 
Modified from figures produced with Ion TorrentTM Torrent SuiteTM software 
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Table 5  Raw Ion TorrentTM PGM total read counts per sample (positive-selection 
screen) 
Adapted from a table produced with Ion TorrentTM Torrent SuiteTM software 
 

 
s          
 Ctrl: control;  bp: base pairs 
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3.2.1 Identification of genes involved in the Taxol response 

A large number of sgRNAs were found to be enriched by at least 1.5-fold in the 

post-treatment population (T10 Dox +/ Tx +) compared to the pre-treatment population (T0 

Dox +/ Tx –) (Figure 11).  Some of these genes are likely background results and are not 

truly involved in Taxol sensitivity, so the gene list was narrowed down based on total read 

count of an sgRNA, degree of sgRNA enrichment, and number of sgRNAs enriched.  For 

an sgRNA to be considered “enriched,” the degree of enrichment (represented by fold 

change) was at least 1.5-fold and significant (P<0.05).  Genes were added to the list of 

candidates if at least 2 of the 10 possible sgRNAs for that gene were enriched.  A total of 29 

genes fit these criteria and were considered candidate kinases that are involved in the Taxol 

response (Table 6).  Of the 29 genes, the greatest fold change (enrichment) was 3.58 for 

SRPK1, and the highest number of enriched sgRNAs for a single gene was 3. 

3.2.2 Candidate genes required for Taxol-induced apoptosis 

To ensure the screen was successful, analysis was first conducted on the enrichment 

of sgRNAs targeting kinases known to be required for Taxol-induced apoptosis.  Both 

MAPK8, which encodes JNK1 (also known as MAPK8), and CDK1, which encodes Cdk1, 

were enriched following Taxol treatment (T10) compared to before T0.  MAPK8-targeting 

sgRNAs were enriched 1.50-fold (P<0.0001, Figure 12) and 1.78-fold, and the CDK1-

targeting sgRNA was enriched 1.51-fold (P=0.1676, Figure 12).  Enrichment of these two 

genes was confirmation that the screen was able to identify genes involved in the Taxol 

response. 
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Figure 11  Volcano plot of sgRNA enrichment (positive-selection screen).  sgRNA 
enrichment (represented by fold change) is a comparison of each sgRNA’s absolute read 
count in the post-Taxol treatment population (T10 Dox +/ Tx +) and the pre-treatment 
population (T0 Dox +/ Tx –).  This plot shows each sgRNA’s fold change and the 
significance of that change.  Red dots represent sgRNAs that are significantly enriched by at 
least 2-fold. 
 
Modified from a figure produced with Partek® Flow® software (225) 
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Table 6  Candidate kinases involved in the Taxol response 
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Figure 12  Enrichment of sgRNAs for genes involved in Taxol-induced apoptosis.  
Enrichment is shown for sgRNAs targeting MAPK8 and CDK1.  Fold change of sgRNA 
enrichment at T10 from T0 was determined by averaging the total read count for each of the 
3 replicates at each time point.  MAPK8-targeting sgRNs were enriched 1.50-fold, while 
CDK1-targeting sgRNAs were enriched 1.51-fold. 
The data are shown as mean ± SD (n=3).  *P<0.05. 
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Selection of kinases of interest from the list of 29 candidates was based upon read 

count, degree of sgRNA enrichment, and known functions of the kinase.  Thus, serine/ 

threonine kinase 38 (STK38, or nuclear Dfb2-related kinase (NDR) 1), B lymphoid tyrosine 

kinase (Blk), Fas-activated serine/ threonine kinase (FASTK, or FAST) and NIMA-related 

kinase 3 (Nek3) were chosen for further analysis.  STK38-targeting sgRNAs were enriched 

by 3.53-fold (P=0.0089, Figure 13a) and 1.72-fold (Figure 13a); BLK-targeting sgRNAs 

were enriched by 2.28-fold (P=0.0208, Figure 13b) and 2.20-fold; FASTK-targeting 

sgRNAs were enriched by 1.91-fold (P=0.0204, Figure 13c) and 1.93-fold; and NEK3-

targeting sgRNAs were enriched by 1.68-fold (P=0.0383, Figure 13d) and 1.91-fold. 

3.3 Negative-selection screen identifies novel genes responsible for Taxol resistance 

Taxol-resistant MCF-7–TxR–Cas9 cells were used for the negative-selection screen.  

The methodology for this screen is outlined in Section 2.9.2 and Figure 6.  Like with the 

positive-selection screen, cells were first infected with sgKL-containing lentivirus and 

selected with blasticidin, then treated with or without Dox and/or Taxol.   

As expected, most cells survived the Taxol treatment, but there was noticeable cell 

death in the Dox (+) Taxol-treated cells.  In total, 15 samples were collected from the screen 

(5 time points in triplicate) for sequencing with Ion TorrentTM PGM.  

3.3.1 Identification of genes involved in Taxol resistance 

sgRNAs of interest are those whose gene knockout induced Taxol sensitivity in a 

previously resistant cell, therefore cells containing it should have died and should be  
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Figure 13  Enrichment of sgRNAs for candidate genes involved in Taxol-induced 
apoptosis.  Enrichment is shown for sgRNAs targeting STK38, BLK, FASTK and NEK3.  
The dot plots illustrate the total normalized number of reads for a given sgRNA from a 
population before Taxol treatment (T0) and after treatment (T10) for each of the 3 replicates.  
The number of reads from the triplicate trials was averaged and used to determine fold 
change of sgRNA enrichment at T10 from T0.  (A)(i) Dot plot for an sgRNA targeting 
STK38; (ii) fold change graph showing the same STK38-targeting sgRNA enriched by 3.3-
fold after Taxol treatment.  (B)(i) Dot plot for an sgRNA targeting BLK; (ii) fold change 
graph showing the same BLK-targeting sgRNA enriched by 2.5-fold after Taxol treatment.  
(C)(i) Dot plot for an sgRNA targeting FASTK; (ii) fold change graph showing the same 
FASTK-targeting sgRNA enriched by 2.0-fold after Taxol treatment.  (D)(i) Dot plot for an 
sgRNA targeting NEK3; (ii) fold change graph showing the same NEK3-targeting sgRNA 
enriched by 1.9-fold after Taxol treatment. 
The data in (ii) are shown as mean ± SD (n=3).  *P<0.05 
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depleted or absent from sequencing results.  Dox only-treated samples (T10 Dox + / Tx –) 

were compared to untreated samples (T10 Dox – / Tx –) to determine which sgRNAs had 

dropped out of the screen due to an sgRNA knocking out an essential survival gene.  Dox-

treated and Taxol-treated samples (T10 Dox + / Tx +) were also compared with Dox only-

treated samples (T10 Dox + / Tx –).  sgRNAs that had dropped out of the Dox- and Taxol-

treated population and were not one of the established survival genes were considered 

candidate kinases that confer Taxol resistance. 

 A compendium of sgRNAs were significantly (P< 0.05) depleted by at least 1.5-fold 

in the T10 Dox (+) Taxol-treated Tx (+) versus Taxol-untreated Tx (–) samples (Figure 14).  

However, only 4 genes were found to have multiple sgRNAs depleted.   

3.3.2 Candidate genes required for Taxol resistance 

Of the 4 novel kinases that qualified as candidates, 2 were selected for further 

investigation: cyclin-dependent kinase-like 1 (CDKL1) and Fyn-related kinase (FRK).  Like 

with the positive-selection screen, these genes were selected based on degree of sgRNA 

depletion, total sgRNA read count, and known kinase function.  CDKL1-targeting sgRNAs 

were depleted by 1.74-fold (P=0.0230, Figure 15a) and 2.38-fold, and FRK-targeting 

sgRNAs were depleted by 2.19-fold (P=0.0121, Figure 15b) and 1.53-fold.  A profile of 

sgRNA depletion for one of each candidate-targeting sgRNA is given in Figure 15. 
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Figure 14  Volcano plot of sgRNA depletion (negative-selection screen).  sgRNA 
depletion (represented by fold change) is a comparison of each sgRNA’s absolute read 
count in the Taxol-treated population (T10 Dox +/ Tx +) and the Taxol-untreated population 
(T10 Dox +/ Tx –).  This plot shows each sgRNA’s fold change and the significance of that 
change.  Green dots represent sgRNAs that are significantly depleted by at least 2-fold. 
 
Modified from a figure produced with Partek® Flow® software (225) 
 

 
  



 

 

 

67 

 

 

 
 
 
 
 
 
 
 
 
Figure 15  Depletion of sgRNAs for candidate genes involved in Taxol resistance.  
Depletion is shown for sgRNAs targeting STK38, BLK, FASTK and NEK3.  The dot plots 
illustrate the total normalized number of reads for a given sgRNA from a population treated 
with Taxol, Tx (+), and a population untreated with Taxol, Tx (–) for each of the 3 
replicates.  The number of reads from the triplicate trials was averaged and used to 
determine fold change of sgRNA depletion in Tx (+) compared to Tx (–).  (A)(i) Dot plot 
for an sgRNA targeting CDKL1; (ii) fold change graph showing the same CDKL1-targeting 
sgRNA fold change of 0.564 (depletion of 1.74-fold) upon Taxol treatment.  (B)(i) Dot plot 
for an sgRNA targeting FRK; (ii) fold change graph showing the same FRK-targeting 
sgRNA fold change of 0.452 (depletion of 2.19-fold) upon Taxol treatment.   
The data in (ii) are shown as mean ± SD (n=3).  *P<0.05. 
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Chapter 4 

Discussion 

This study was a large-scale investigation of kinases involved in Taxol sensitivity 

and resistance.  Furthermore, it tested the efficacy of these CRISPR screen designs to 

identify genes involved in a cellular drug response.  The present findings highlight the 

utility of CRISPR drug resistance screens, both positive-selection and negative-selection, 

and suggest a role for several novel kinases in tumour cell sensitivity and resistance to 

Taxol.  The kinases STK38, Blk, FASTK and Nek3 stood out as potential requirements for 

Taxol-induced apoptosis to occur, while kinases CDKL1 and FRK appear to be possible 

contributors to Taxol resistance.   

4.1 CRISPR-Cas9 is an effective tool for large-scale functional screens 

We chose CRISPR-Cas9 as the method of gene expression knockout for this project 

due to the numerous qualities it has been reported to possess; total DNA-level gene 

knockout, high on-target efficiency and specificity, and ease of preparation and execution.  

Other groups that have performed CRISPR-Cas9 screens have reported that they are an 

effective method of investigating drug resistance through functional knockout of candidate 

genes or gene pools of interest. 

 As the cellular response to Taxol remains fairly unclear, the enrichment or dropout 

of a few select genes served as indicators of the efficacy of our screen design and 

methodology.  In the positive-selection screen using WT, Taxol-sensitive cells, sgRNAs 
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targeting CDK1 and MAPK8 were found to be enriched following Taxol treatment.  Both 

Cdk1 and JNK1 (the protein products of CDK1 and MAPK8, respectively) are known to 

have essential roles in Taxol-induced apoptosis.  Following Taxol treatment, Cdk1 

activation is dramatically increased, which contributes to prolonged mitotic block and 

eventual apoptosis (226,227).  Furthermore, cancer cell can be protected from Taxol-

induced apoptosis by inhibiting Cdk1 (226,227).  Thus, CDK1-targeting sgRNAs were 

expected to be enriched in our screen.  Of note, only one CDK1-targeting sgRNA displayed 

enrichment of greater than 1.5-fold.  MAPK8-targeting sgRNAs were also anticipated to be 

enriched in this screen due to the association between JNK1 and induction of apoptosis 

following Taxol treatment (228), and because cells with inhibited or negative-mutant JNK1 

become resistant to Taxol-induced apoptosis (134,228).  

4.2 STK38, Blk, FASTK and Nek3 may be key components of Taxol-induced apoptosis 

4.2.1 STK38 is a possible regulator of Taxol sensitivity 

STK38-targeting sgRNAs displayed high fold-change after Taxol treatment, ranking 

second highest on the list of candidate kinases possibly involved in the Taxol response.  

Interestingly, its counterpart STK38-like kinase (STK38L, also known as NDR2) is also a 

candidate, although the sgRNA enrichment was not as high as with STK38.  With the large 

tumour suppressor kinases (LATS) 1/2, STK38 and STK38L make up the NDR subfamily, 

belonging to the PKA/PKG/PKC-like (AGC) kinase family (229). 

Activation of STK38/L has been identified as a requirement for proper chromosomal 

alignment during mitosis following activation by the microtubule-binding protein Fry (230).  
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Furthermore, STK38/L have been associated with cell proliferation by regulating p21 

stability (231), and they are essential for Fas receptor-induced and RASSF-induced 

apoptosis (232).  Mice lacking STK38 were found to be more prone to development of T-

cell lymphoma (233).  STK38 is a promising candidate for involvement in Taxol sensitivity 

due to the enrichment of STK38L and the association of STK38/L with microtubule 

dynamics, the cell cycle, and apoptosis. 

4.2.2 Blk is a possible regulator of Taxol sensitivity 

Enrichment of sgRNAs targeting BLK is not surprising, considering that its gene 

product, Blk, is a pro-apoptotic protein that is structurally and functionally related pro-

apoptotic Bik (234).  Like pro-apoptotic Bik, Bak and Bax, Blk is able to bind and interact 

with anti-apoptotic Bcl-2 and Bcl-xL (234).  Overexpression of Blk has been shown to 

induce apoptosis in MCF-7 cells, causing up to 97% of cells to undergo apoptosis (234).  

These pro-apoptotic abilities occur through the activation of caspase-9 (234).  Down-

regulation of Blk has been associated with resistance to DNA damage-induced apoptosis 

(235). 

Interestingly, Dam1, a 10-protein complex that is essential for proper microtubule 

attachment to kinetochores, interacts with Blk and leads to increased apoptosis (236,237).  

The pro-apoptotic role of Blk and its association with microtubule dynamics makes it a 

likely contributor to Taxol-induced cell death. 
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4.2.3 FASTK is a possible regulator of Taxol sensitivity 

FASTK is a likely candidate for a kinase involved in the Taxol response.  We are 

interested in investigating this serine/ threonine kinase further due to its dramatic activation 

during Fas-mediated apoptosis (238).  Upon Fas receptor ligation, FASTK is activated and 

able to phosphorylate and activate TIA1, an RNA-binding protein implicated in apoptosis 

(238).  Moreover, FASTK has been found to associate with Bcl-xL (239).   

 We would not be the first to investigate the role of FASTK in response to anti-

cancer treatments.  Fas-mediated apoptosis has been shown to be increased in response to 

UV-Tianjin radiation therapy in MCF-7 cells (240) and to the calcium channel blocker 

tetandrine in prostate cancer cells (241), and up-regulation of FASTK has been associated 

with higher cisplatin sensitivity in ovarian cancer cells (242,243).  In the clinic, breast 

cancer patients treated with chemotherapy regimens that include paclitaxel were shown to 

have increased concentrations of soluble Fas after receiving chemotherapy compared to 

before (244).  When paired these findings, our result of enriched FASTK-targeting sgRNAs 

following Taxol treatment strongly suggests a role for FASTK in Taxol sensitivity. 

4.2.4 Nek3 is a possible regulator of Taxol sensitivity 

Nek3, encoded by NEK3, is a fascinating kinase to have entered our list of 

candidates, as the role of Nek3 remains largely uncharacterized.  The primary reason that 

we consider this to be a candidate of particular interest is because of its involvement in 

regulating microtubule structures and stability, which are of critical importance in the Taxol 

response.  Chang et al. (245) found that the Nek3 phosphorylation site Thr475 and the 
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domain it is located in, PEST, are important for Nek3 function.  When they mutated and 

inactivated these domains, they noted a dramatic reduction in microtubule acetylation.  

Deacetylation of α-tubulin causes reduced microtubule stability (245,246). 

 Although overexpression of kinase-dead Nek3 in T47D breast cancer cells has been 

associated with increased apoptosis (247), we feel that the involvement of Nek3 with 

microtubule acetylation and stability warrants it as a top candidate for involvement in 

Taxol-induced apoptosis. 

4.2.5 Limitations of this positive-selection screen 

Although this screen produced numerous exciting results, there are a few limitations 

to be considered.  In the genes that qualified as candidates for involvement in the Taxol 

response, the highest number of enriched sgRNAs for any gene was 3 of a possible 10.  It is 

important to consider, however, that each individual sgRNA has not been tested for gene 

knockout efficacy, nor were we able to guarantee that each sgRNA was present in the 

library.  Thus, we cannot know how many of the 10 sgRNAs were in fact present and able 

to cause gene knockout in the treated population.  Another shortcoming that we did notice is 

that many sgRNAs did not seem to display the depletion we had anticipated following 

Taxol treatment.  It is possible that many sgRNAs may have been depleted, but the number 

of sgRNA-encoding sequences became falsely increased during sample preparation for 

NGS.  Some of the samples may have become saturated during PCR1 or PCR2, biasing the 

results such that sgRNAs with lower reads became falsely enriched.  
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4.3 CDKL1 and FRK may be involved in resistance of breast cancer cells to Taxol 

treatment 

4.3.1 CDKL1 as a possible contributor to Taxol resistance 

CDKL1 is an exciting candidate for further investigation, as 2 CDKL1-targeting 

sgRNAs were significantly depleted by >1.5-fold in Tx (+) compared to Tx (–) cell 

populations.  Depleted sgRNAs represent genes whose loss caused a previously Taxol-

resistant cell to become sensitized to the drug.  The known functions of CDKL1 also make 

it a top candidate as a kinase potentially involved in Taxol resistance in breast cancer cells.  

Although members of the CDKL family are Cdk-like, they are not known to interact with 

cyclins, and have more functional similarities to MAP family kinases (248).   

CDKL1 has been found to be up-regulated in breast cancer, gastric cancer, and 

melanoma (249–251).  RNAi knockdown of CDKL1 has been shown to stimulate 

expression of pro-apoptotic Bik and attenuate expression of anti-apoptotic Bcl-2 (250), and 

to increase MCF-7 sensitivity to several chemotherapeutic agents including the taxane 

docetaxel (249).  With these and our results in mind, therapeutic targeting of CDKL1 may 

increase breast tumour sensitivity to Taxol treatment.  

4.3.2 FRK as a possible contributor to Taxol resistance 

Like with CDKL1, FRK-targeting sgRNAs were significantly depleted by >1.5-fold 

upon cell treatment with Taxol.  Thus, sgRNA-induced knockout of FRK induced Taxol 

sensitivity and increased cell death.  FRK appears to have tissue-specific effects, having 

tumour suppressor-like roles in some tissues, and oncogenic roles in others (252).  In breast 
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tissue, FRK suppresses cell proliferation and migration (252).  Interestingly, over-

expression of FRK has been found to significantly inhibit the phosphorylation and 

activation of JNK, a critical regulator of Taxol sensitivity (253).   Knowing the role of JNK 

in the Taxol response, and given our finding of MAP8-targeting sgRNA enrichment from 

the positive-selection screen on Taxol-sensitive cells, FRK has piqued our interest for 

further investigation. 

4.3.3 Limitations of this negative-selection screen 

Many of the same limitations apply to this screen as to the positive-selection screen.  

The knockout efficacy of each sgRNA could not be guaranteed, nor could the presence of 

each sgRNA in the screen.  Furthermore, although all possible steps were taken to minimize 

PCR saturation, it is possible that low-read sgRNAs were improperly amplified, reducing 

the number of qualifying candidates.  This is of particular concern in negative-selection 

screens, as the vast majority of cells containing an sgRNA need to die in order for the 

sgRNA depletion to be detectable.  Finally, it would be of benefit to confirm the efficacy of 

the screen by analyzing whether sgRNAs targeting known survival-related genes were 

depleted following Taxol treatment. 

4.4 Future Studies 

4.4.1 Validation of candidate kinases 

Candidate-specific sgRNAs will be used to validate results from both screens.  

Rather than use a pooled library, sgRNAs will be custom designed to target the candidate 

genes.  Multiple sgRNAs will be designed for each candidate genes, with the spacer 
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sequences being designed based on the most effective sgRNAs from the original screen.  

These sequences will be cloned into LentiCRISPRv1 vectors, which contain both the Cas9 

and sgRNA transcripts.  Lentivirus containing the custom LentiCRISPR-sgRNAs will be 

made and used to infect MCF-7–WT or MCF-7–TxR cell lines, which will then be treated 

with Taxol, and cell death will analyzed.  If the kinases are truly involved in the Taxol 

response, sgRNA infection followed Taxol treatment should show WT cells surviving the 

treatment, while TxR cells should die. 

 It would be interesting to validate these kinases in a variety of cancer cell lines, as 

Taxol is used to treat a variety of cancer types.  A triple negative breast cancer cell line 

would be particularly interesting to investigate, as these tumours are resistant to many 

chemotherapeutic agents and are not targetable the way ER+ and HER2+ tumours are.  

Furthermore, it could be fascinating to investigate whether these kinases are involved in the 

sensitivity or resistance of cancer cell lines to other taxanes and anti-microtubule agents. 

4.4.2 Investigation of candidate kinases with respect to Cdk1 

 It is possible that some of the candidate kinases contribute to the Taxol response 

through interaction (direct or indirect) with Cdk1 or Cdk1 signalling.  Very little is known 

about the signalling events that take place between Taxol binding/ stabilizing microtubules 

and the Cdk1 activation that culminates in mitotic arrest and apoptosis.  We are currently in 

the process of developing a Cdk1 activation biosensor; if the biosensor is successful, it can 

be used in conjunction with candidate kinase transfection or knockout to investigate 
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whether that kinase acts upstream or independently of Cdk1 in its contribution to Taxol 

sensitivity or resistance. 

4.4.3 Correlation of candidate kinase levels with clinical outcomes of Taxol-treated 

patients 

 To determine the relevance of these results in a clinical setting, the expression levels 

of candidate kinases will be compared to the treatment response and outcome of breast 

cancer patients treated with Taxol.  Tissue microarrays (TMAs) from the clinical trial 

MA21 can be obtained from the NCIC Clinical Trials Group; patients in this trial were 

combination therapy regimens that include paclitaxel.  IHC analysis of the TMAs will allow 

us to analyze candidate kinase expression patterns and compare them to patient treatment 

response and outcomes.  These experiments would put the screening results into a clinical 

perspective, potentially demonstrating a role for the candidates as predictive biomarkers or 

targets for future therapeutics. 

4.5 Summary and Conclusions 

This project used novel screening methodology for interrogation of kinase 

involvement in breast cancer cell sensitivity or resistant to Taxol treatment.  The findings 

from this project demonstrate that our screening methods were effective for large-scale 

investigation of drug resistance, and they identified possible ,novel contributors to the Taxol 

response in breast cancer cells.  Lists of candidate kinases with critical roles in Taxol 

sensitivity and resistance were produced, leading us to be particularly interested in the 

functions of kinases STK38, Blk, FASTK and Nek3 in Taxol sensitivity, and kinases 
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CDKL1 and FRK in Taxol resistance.  Validation and further investigation into the 

functions of these kinases will hopefully culminate in some sort of clinical benefit for 

cancer patients being treated with or being considered for treatment with Taxol.  The 

findings from this study may provide novel prognostic biomarkers for Taxol response, and 

may novel targets for anticancer therapeutics. 
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